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Iluminating the Roles of Outer Membrane Proteins and Outer Membrane
Vesicles in Vibrio cholerae Biofilm
by
William Garvey
ABSTRACT

Biofilms are matrix-encased microbial communities, composed of lipids, proteins,
exopolysaccharides, eDNA, and outer membrane vesicles. Residence in biofilm
facilitates increased microbial fitness in both the environment and host. Biofilm
formation is critical for the infection cycle of Vibrio cholerae, the causative agent of
cholera. To gain insight into the V. cholerae biofilm matrix we performed proteomic
analysis of the biofilm matrix and identified a set of outer membrane proteins (OMPs)
in the V. cholerae biofilm matrix. Strains lacking these OMPs were generated and
assessed for biofilm formation potential and production of matrix components. The
role of outer membrane vesicles (OMVs), the primary mechanism of OMP
extracellular secretion, in formation of biofilm was also investigated. The results of
this study suggest that both outer membrane proteins and outer membrane vesicles
participate in V. cholerae biofilm architecture, helping fill a knowledge gap regarding

an aspect of the infection cycle of this pathogen.
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CHAPTER 1: Introduction

William Garvey & Fitnat H. Yildiz



Vibrio cholerae and Cholera

Vibrio cholerae is the Gram-negative causative agent of cholera. Cholera is an
infectious, gastrointestinal disease caused by the consumption of contaminated food
and water'. After ingestion, the disease can result in severe diarrhea and dehydration,
which, in the absence of treatment, may result in death. Historically, there have been
seven cholera pandemics, having first been cataloged in South-East Asia and moving
as far as South America’. The most recent epidemiological survey, published in 2015,
estimates there still remain 2.9 million cases of cholera annually in endemic
countries, primarily those in Sub-Saharan Africa, alongside a number of disturbing
outbreaks across the globe®. However, the World Health Organization predicts that
only 5-10% of annually occurring cases are ever reported, increasing the difficulty in
truly understand the global burden of this disease. Said cases are also estimated to
result in 95,000 deaths annually?. Levels of morbidity and mortality have remained
almost constant over the past decade, highlighting how cholera still remains an

important public health concern.

Biofilms Have Wide-Ranging Impact

Biofilms are microbial-produced matrices, composed of microorganisms and cell-
produced secreted substances* > and have important implications for human health,
environmental, and industrial fields®. Microbes living within the biofilm community

are able to function cooperatively in their actions and compete with other



microorganisms’. Microbial growth and secretion of biofilm matrix components
results in the formation of mature, three-dimensional biofilm structures. The multi-
component matrix aids in the coaggregation of microbes on both biotic and abiotic
surfaces® °. Production of and subsequent protection by biofilms has been shown to
increase bacterial resistance to a number of environmental stresses such as nutrient
limitation, reactive oxygen species, acid stress, heat stress, protozoa and
bacteriophages!® . In addition to increased survivability, against the aforementioned
factors, biofilm has also been shown to increase the difficulty in treating bacterial
infection and contamination through the use of antibiotics and disinfectants, when
compared to non-biofilm-associated cells'?. Increased bacterial persistence is a threat
to both heath and food industries, in the context of both patient welfare and as hot
beds for horizontal gene transfer of antibiotic resistance cassettes and virulence genes,
respectively'>. Biofilm production has been shown to be involved in the persistence
of certain chronic infections, such as cystic fibrosis-induced pneumonia, urinary tract

infections, and contaminated implants (catheters, artificial heart valves, etc...)'.

Composition of Gram-Negative Biofilms

Composition of biofilm is diverse, varying between different bacterial species, but
contain a number of conserved components: exopolysaccharides (EPS), proteins,
DNA molecules, and outer membrane vesicles (OMVs) % 1°. Different matrix

components serve specific roles:



EPS: The major component of the biofilm matrix is exopolysaccharide, massive
sugar molecules with molecular masses ranging from 0.5x10°to 2.0x10° daltons'®
Exopolysaccharide molecules are consistently implicated in antimicrobial peptide
resistance, host colonization, and mature biofilm formation!” '®. EPS is secreted from
cells through a number of mechanisms: a WZY secretion mechanism exports
polysaccharide precursors to the periplasm, where they are oligomerized before being
exported across the outer membrane'’; ATP binding cassette systems transport fully
formed polysaccharide molecules across the inner membrane, but rely on a
WZY/WZA-like channel protein to cross the outer membrane?’; synthase-dependent
exopolysaccharide secretion uses a membrane-associated glycosyl transferase which
polymerizes monomers while facilitating transport across the inner membrane and
ultimately relies on a B-barrel porin for final secretion®!. Produced by single cells in
response to growth phases shift and chemical signals, the EPS meshwork has been
shown to increase resistance to antimicrobial compounds??, host immune system
factors®?, and various chemical disinfectants®*. EPS connects individual microbes and
microcolonies, small masses of bacteria, forming the major meshwork that constitutes
the biofilm?. Additionally, the EPS matrix has been shown to provide mechanical
stability to biofilm?®. One notable EPS molecule, identified in E. coli, is cellulose.
The cellulose glucose polymer is observed to form wide sheets, with the polymeric
layers produced from one cell interacting with those of another cell?’. Additionally,
cellulose structures can be observed to form composite structures with the curli

matrix protein forming tissue-like sheaths which cover and connect cells within the



matrix?’. Certain species of bacteria are identified to produce multiple types of
exopolysaccharides; for example, Pseudomonas aeruginosa produces the EPS
molecules alginate, Pel, and Psl, with each EPS playing a different role in biofilm
formation®®. Alginate, composed of B-1,4-linked D-mannuronic acid and L-guluronic
acid?’, has been shown to be essential to forming microcolonies during early stages of
biofilm formation and maintenance of mature biofilms?®. Pellicle formation, biofilm
growth at air-liquid interface, is dependent on Pel, a positively charged
polysaccharide composed of partially acetylated 1-4-glycosidic linkages of N-
acetylgalactosamine and N-acetylglucosamine®’. Psl, a pentasaccharide containing D-
glucose, D-mannose, and L-rhamnose, is shown to be involved in P. aeruginosa
surface attachment and cell-surface interaction®'. Pel has also been identified to
interact with another biofilm matrix component, eDNA, to promote matrix structural
stability®2. V. cholerae biofilm formation involves, among other things, the
production of Vibrio polysaccharide (VPS), a Vibrio-specific exopolysaccharide
molecule and major component of the V. cholerae biofilm*> 7. V. cholerae produces
two VPS variants: the major variant is composed of [-4)-a-GuINAcAGly3OAc-(1-
4)-B-D-Glc-(1-4)-0-Glc-(1-4)-a-D-Gal-(1-] repeating units; in the minor structure, the
a-D-Gal is replaced with 0-D-GcINAc**. VPS is required for the formation of mature
biofilm, intestinal colonization, and subsequent pathogenesis, as several of the VPS
genes have been shown to be expressed in human infection®>. One mechanism of

VPS-mediated biofilm strength is recruitment and retention of VPS molecules to the



cell surface through interaction with the fibronectin type IlI-containing RbmA matrix

protein’® 37,

Matrix Proteins: Matrix proteins, secreted proteins identified to contribute to biofilm
formation and stabilize the biofilm matrix, either through facilitating cell-surface,
cell-cell, or cell-exopolysaccharide interaction. Development of E. coli biofilm
includes expression of type I fimbriae and curli fimbriae®®. Type I fimbriae,
filamentous adhesins, are implicated in initial attachment of E. coli to surfaces® *°.
fimA, the major fimbriae subunit, mutants are noted to suffer from decreases in initial
attachment*!. Interestingly, activity of type I fimbriae has been shown to decrease
expression of certain outer membrane proteins (OmpA, OmpX), which in turn
upregulates pili expression and associated adhesion*?. Curli fimbriae, cell surface
aggregating proteins*®, form extracellular structures that facilitate attachment to
extracellular proteins, like fibronectin and plasmidogen**. Additionally, adhesive curli
fibers also promote biofilm formation by facilitating initial cell-surface interactions
and subsequent cell—cell interactions*> 4. Other proteins, implicated in E. coli biofilm
formation are AidA and TibA. Both AidA and TibA are surface autotransporter
proteins involved into both adhesion to eukaryotic surfaces and formation of biofilm
through both auto and cellular aggregation’. LecA and LecB are two secreted lectin
proteins, proteins specifically characterized to bind carbohydrates, identified to be

essential to P. aeruginosa biofilm construction and preservation; competitive

inhibitors for LecB have been shown to prevent biofilm formation and induce



dispersal of mature matrix structure*®. In addition to lectin proteins, adhesins, proteins
that facilitate cell-surface, cell-EPS, and EPS-surface connections, also aid in biofilm
structure. LapA and LapF are two secreted proteins identified in Pseudomonas putida
biofilms. LapA has been shown to be important for cell-surface attachment, while
LapF has been shown to be important for cell-cell interaction along with biofilm
maturation*’. In addition to their aforementioned functions, LapA and LapF have
been observed to bind exopolysaccharide molecules in P. aeruginosa biofilms>.
Interestingly, expression of the Lap proteins are influenced by the absence or
presence of certain EPS in P. putida®, further highlighting the importance of
interactions between the different species of biofilm components. In V. cholerae,
RbmA, Bap1, and RbmC, three secreted proteins’!, facilitate biofilm formation
through several mechanisms including mother-daughter cell attachment>2, cell-surface
attachment™, and protein-protein interaction>*. Interesting work has been done in
determining a timeline for protein-mediated V. cholerae biofilm formation and
structure in V. cholerae. Following bacterial attachment to the environmental surface,
RbmA was noted to accumulate sporadically on the cell surface, this is later described
as aiding in the aggregation of mother and daughter cells>>. RbmA is observed to be
critical for Vibrio cholerae biofilm structure and affords increased resistance to
sodium dodecyl sulfate>®. Increased biofilm durability is thought to be garnered
through the cleavage of RbmA, into the cationic “RbmA*” form, to recruit additional
anionic VPS molecules, as the addition of exogenous RbmA* was show to

significantly increase incorporation of VPS into biofilm structure’’. Other studies



have also shown that one of the two FnIII domains of RbmA binds to VPS¢, The
same study showed that RbmA has a bistable switch, which affects protein
dimerization and VPS-binding potential*®. Regulation of RbmA structure by plays an
essential role in its ability to participate in biofilm formation. Bap1 was then observed
to accumulate between cells and at the surface of the biofilm. Shown to be specific to
cells forming the biofilm-surface interface, Bapl promotes biofilm adhesion to the
surface, perhaps through self-aggregation of the proteins after having been secreted”’.
Upon expression, Bapl and RbmC were finally noted to form sheath-like structures,
incorporating VPS molecules, around the cells within the biofilm>>. RbmC was
discovered to contain two B-prism domains. These domains were observed to target a
number of complex N-glycans containing a GlcNAc>-Mans polysaccharide core™,
defining a role for RbmC in binding extracellular polysaccharide molecules in the
environment or present by host cells. Finally, V. cholerae matrix proteins are post-

translationally regulated via proteolytic activity, namely HapA, a secreted protease®’.

eDNA: Extracellular nucleic acid polymers, or eDNA, have been identified as a
fundamental component of various bacterial biofilms. Varying greatly in length,
eDNA is observed to be a structural component of the biofilm, linking its various
components into the network necessary for proper function. eDNA is found to be
produced through multiple mechanisms: cell lysis®, active secretion of genomic
DNA®’, and synthesis of non-genomic, linear DNA molecules®’. eDNA has been

identified to have at least two roles in biofilm, such as an adhesin, aiding bacterial



adhesion to physical surfaces®! and as a connective polymer to facilitate bacterial
aggregation®’. One form of eDNA induced biofilm structure has been identified in
uropathogenic E. coli (UPEC). DNABII family proteins play a role in binding and
shaping nucleic polymers within the biofilm, increasing biofilm integrity>> 4°,
Additionally, the negatively charged phosphate backbone of DNA has been shown to
chelate environmental cations®*. The PhoPQ signal transduction pathway, common to
intracellular pathogens such as Pseudomonas aeruginosa, is known to respond to
limited Mg?" conditions, a common condition during the infection cycle®. It has been
shown that the PhoPQ two component system regulates multiple lipopolysaccharide
modifications, resulting in an increase in outer membrane resistance to bile salts®.
This system highlights an interesting interplay between different biofilm components.
Furthermore, eDNA-induced cation-limitation, namely magnesium, has been shown
to promote LPS modification increasing P. aeruginosa biofilm resistance to
aminoglycosides, like gentamycin and tobramycin®. eDNA, in V. cholerae biofilm, is

t%7. V. cholerae encodes two

shown to be involved in both formation and detachmen
extracellular endonucleases: Dns and Xds®. Xds is observed to be expressed during
late stage of infection®, perhaps suggesting a role in degradation of biofilm-

associated eDNA. Dns and Xds mutants show increases in biofilm formation®’,

leading authors to establish eDNA as an integral component of V. cholerae biofilm.

OMYVs: Outer membrane vesicles (OMVs) are phospholipid micelles, ranging from

20 — 200 nm in diameter’®, observed to be released constitutively from Gram-negative



bacterial outer membranes during the growth cycle. OMVs are observed to be
composed of the same materials that compose the bacterial outer membrane: lipids,
lipopolysaccharides, and proteins’®. There are two different identified species of
OMVs: larger OMVs, associated with fimbriae, pili, and other proteins; slightly
smaller OMVs with more LPS compared to protein content’!. Each species of OMV
is identified to associate with either high density or low density biofilms,
respectively’!. During production, OMV:s are decorated with outer membrane
proteins and lipopolysaccharides, while also being filled with periplasmic content,
including proteins and nucleic acid polymers*, from their progenitor cells. OMV
production rates and composition have been shown to vary due to environmental and
cellular conditions. A series of genetic experiments, spanning a number of bacterial
species, have revealed a number of OMV production mechanisms: maintenance of
outer membrane leaflet asymmetry by the Yrb/Vac] ABC system’™ ™ 75; peptide
mediators of cell wall and outer membrane crosslinking (YnhG’¢, YcbB’6, NIpA”7,
OmpA’%), endopeptidase (MepA, DacB, PbpG’®), and lipoprotein (Lpp’®) regulators
of covalent crosslinking of the cell wall to the outer membrane>®>!; accumulation of
peptidoglycan fragments’® and toxic-misfolded proteins®! in the periplasm;
accumulation of quorum sensing and signaling molecules in the outer leaflet®> 8384,
OMVs are similar to Swiss Army knives in that they have a number of diverse
functions. Vesicles have been observed to facilitate both inter- and intraspecies
72,85,86 A

transformation of genetic material, at equal efficiencies of transformation

series of mechanisms for OMV-mediated horizontal gene transfer have been

10



observed: vesicle fusion with bacterial-acceptor membrane; lysis of OMVs in
proximity or attached to host-cell membranes®’; internalization of OMVs by acceptor
bacteria and subsequent lysis in the lumen®. Another example of interspecies OMV
interaction is the transfer of proteins between bacteria and host cells’>*. In E. coli, it
has been established that OMVs can protect both E. coli and other Gram-negative
organisms from antibiotic that specifically target the outer membrane like colistin and
melittin®. The protective mechanism is facilitated by both OMV protease and
peptidase cargo and saturation of the environment with outer membrane decoys.
Additionally, OMVs from B-lactam-resistant E. coli can also increase survivability of
antibiotic susceptible bacteria against B-lactam antibiotics®'. The E. coli OmpT
protease has an interesting relationship with E. coli OMV production, in that, in ompT
mutants authors observe a significant decrease in vesicle production, while also
observing an increase in vesicle diameter and concentration of content®?. Authors
speculate that expression of OmpT alters OMV production and composition in
response to different stimuli, allowing for intercellular communication. OMVs have
been identified to act as a novel effector secretion system. P. aeruginosa OMVs have
been shown to successfully translocate effector proteins and virulence factors
including B-lactamase, alkaline phosphatase, and hemolytic proteins directly into the
host cytoplasm via vesicle and host-membrane fusion®* **. The OMV-secretion
system has also been shown to function as a stress response mechanism, i.e. removal
of toxic-misfolded proteins promoted by antimicrobials’> *>. OMVs have been

observed to perform a number of functions in V. cholerae, including transport of

11



virulence factors’S, trafficking of functional proteins>*, and acting a bacteriophage

decoys, increasing V. cholerae resistance to phage®’.

Heightened resistance to environmental and chemical stresses can be attributed to the
complexity and various molecular mechanisms within the matrix, highlighting a need

to further investigate these biofilm components.

Vibrio cholerae Biofilms

Vibrio cholerae uses biofilm to increase successful transmission between aquatic and
host environments'. Biofilm formation occurs in a stepwise process: surface
scanning/motility; initial attachment; formation of microcolonies and expression of
matrix components'®. Initial attachment to surfaces uses the toxin-coregulated pilus®®
and the type IV mannose-sensing hemagglutinin (MSHA) pilus®”. V cholerae bears a
single polar flagellum which is reported to facilitate initial colonization!?. Finally,
products of the biofilm matrix components discussed above lead to formation of
mature biofilms. Similar to other organisms, biofilm enhances V. cholerae resistance
to antimicrobial and chemical agents'!. The biofilm cycle ends in detachment of
biofilm clumps or single cells from the primary mass. The importance of biofilm in
the infection cycle was highlighted in the decontamination of water with 40 pm
filters, almost 20 times the size of a single V. cholerae'®. Additionally, biofilm-
associated V. cholerae were shown to be hyper-infectious, when compared to

planktonic cells'®.

12



Conclusion

Vibrio cholerae is an important pathogen, in that it causes a disease that still ravages
an untold number of people. Biofilm formation, and the mechanisms within that lead
to increased bacterial resistance, is critical to the survival and turnover of the
infection cycle. However, we still do not fully understand the contribution of a
number of the matrix-associated components: outer membrane proteins and outer
membrane vesicles. This work focuses on and works to fill in knowledge gaps
regarding the critically important Vibrio cholerae biofilm and the functions of the

outer membrane proteins and outer membrane vesicles found within.
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CHAPTER 2: Outer Membrane Proteins Influence Vibrio cholerae Biofilm

Architecture

William Garvey & Fitnat H. Yildiz
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Introduction

Vibrio cholerae is the pathogen responsible for the disease cholera!, which still
affects approximately 2.9 million people annually, resulting in high levels of both
morbidity and mortality?. Biofilm formation is critical for the V. cholerae infection
cycle, increasing successful transmission to and from the host and aquatic

environment !>

. Biofilm-associated V. cholerae cells are resistant to a number of
antibiotics and disinfectants'®. Residence in biofilm also results in a hyper-infectious
state, when compared to planktonic cells'®. The majority of what we understand
regarding V. cholerae biofilm comes from strains with enhanced biofilm forming
ability. These are rugose strains of V. cholerae, with more high-volume and distinctly
patterned biofilms due to increased production of VPS and the major biofilm matrix
proteins. In this study, we use an A1552 V. cholerae rugose variant strain, which
attributes its enhanced biofilm phenotype to a point mutation in vpvC, called VpvC!®.
This mutation, via an unknown mechanism, increases intracellular levels of cyclic-di-
GMP, which enhances expression of matrix components. Increased abundance of
matrix components results in increased incidents of component interaction.
Understanding molecular underpinnings, such as the complete protein and
exopolysaccharide interactomes of critical matrix components, like the RbmA, Bapl,

and RbmC matrix proteins, of V. cholerae biofilm formation is needed to develop

enhanced techniques and treatments for combating biofilms.

15



Recently, proteomic analysis was performed on the extracellular material of the V.
cholerae biofilm®*°!. The analysis revealed a number of proteins theretofore
unknown to exist in the matrix, suggesting a function therein. Most curiously, a set of
outer membrane proteins (OMPs) were observed to exist in the extracellular matrix.
These OMPs were then confirmed to be present in OMVs as proteinaceous

accessories!%% 107,

OMPs are proteins found in and/or on the outermost membrane of Gram-negative
bacteria. OMPs are identified to come in two different flavors, integral and peripheral
membrane proteins. Containing only one hydrophobic region, peripheral proteins are
anchored into the membrane by, either, a hydrophobic tail or a post-translational
modulation!%®. Some bind the bacterial membrane by adhering to additional proteins
embedded in the membrane!?, attaching via a protein anchor and not the stitching
pattern of the integral membrane proteins. Integral membrane proteins are amino acid
polymeric chains which weave in and out of the membrane, allowing hydrophobic
stretches of the protein sequence to sequester within the hydrophobic center of the

bilayer membrane!!?

. Adhesin proteins are common examples of integral membrane
proteins. OMPs have been shown to be important in facilitating attachment and
coaggregation between bacteria and various environmental surfaces. CdrA, a 150 kDa
protein identified in Pseudomonas aeruginosa, has been identified to facilitate

bacterial aggregation and biofilm formation via an adhesin protein mechanism>.

CdrA has been shown to be secreted into the extracellular space via CdrB, an outer

16



membrane transporter encoded in the same operon as CdrA. OMPs, more specifically
porin proteins or porin complexes, are one of the primary ways in which bacteria are
able to interact with and gain information about their environment’. Through multiple
passages of the protein through the membrane and/or protein polymerization within
the membrane, porin proteins form channels in the membrane. The primary function
of these passages allows for the transportation of a number of molecular cargos, ions,

or proteins.

The outer membrane proteins of interest, identified in the aforementioned proteomic

analyses, and discussed in this project, are listed in Table 2.1.
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Table 2.1. Select Proteins Identified in Proteomic Analysis of V. cholerae
Biofilm and Outer Membrane Vesicles

Abundance

. Abundance Presence in
Known in . inV. V. cholerae
Gene ID | Annotation . Function | cholerae ) "
Localization Biofilm cholerae Biofilm
Matrix (i) OMVs (ii) Matrix (iii)
Porin
VC0633 OmpU OM Transporter 6055 691 X
Activity
Porin
V(C2213 OmpA OM Transporter 445 43 X
Activity
Porin
VC1854 OmpT OM Transporter 1854 27 X
Activity
Porin
VCA0867 OmpW OM Transporter 11 12 -
Activity
Porin
VC1318 OmpV OM Transporter - 16 -
Activity

18




Table 2.1. Select Outer Membrane Proteins Identified in Proteomic Analysis of
V. cholerae Biofilm and Outer Membrane Vesicles. Bioinformatic analysis of
selected outer membrane proteins. (i) Spectral count of select proteins from mass
spectrometry analysis of V. cholerae A1552 rugose variant extracellular matrix
(Yildiz, Unpublished). (i) Abundance of select proteins via liquid chromatography-
mass spectrometry of outer membrane vesicles from V. cholerae El Tor C6706
extracellular matrix (Mekalanos, 2014). (iii) Presence of select proteins, identified via
proteomic analysis by mass spectrometry, in V. cholerae MO10 extracellular matrix
(Watnick, 2011).
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V(2213 (OmpA)

Outer Membrane Protein A, or OmpA, has been identified in many bacterial species:
Vibrio cholerae, Yersinia enterica, Acinetobacter baumannii, and thousands more
(http://eggnogdb.embl.de/#/app/results#COG2885 datamenu). OmpA is an integral
outer membrane porin observed to have two domains; the first is a hydrophobic -
barrel domain, imbedded in the outer membrane and a periplasmic domain, which,
via perhaps two conserved residues, functions in linking the peptidoglycan cell wall
to the outer membrane; the second domain is a globular periplasmic C terminal

domain'!"

. Dimerization of OmpA has been shown to alter interaction with the
peptidoglycan cell wall modulating outer membrane rigidity. Initially identified as
“outer membrane protein 38” in Acinetobacter baumannii, electron microscopy
revealed that OmpA is essential for outer membrane stability, evidenced by an
increase in vesicle-like structures on an ompA deficient A. baumannii mutant cell

surface!!?

. A. baumannii OmpA has been shown to be essential for adhesion to the
pili of Candida albicans, an opportunistic pathogenic yeast species common to
human gut flora, and A549 human alveolar epithelial cells, a common facet of
Acinetobacter nosocomial infection'!?, suggesting a role of OmpA during infection.
In E. coli, specifically the K12 strain, OmpA has been shown to bind colicin, a

bacteriocin''?, brain microvascular endothelial cells''*

, and bacterial F conjugation
partners'!®. ompA deficient E. coli mutants were observed to be more sensitive to

environmental stresses, such as: acidity, osmolarity, and human serum''; suggesting

OmpA, as an outer membrane accessory, is also an important stress response factor.
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Additionally, ompA deficient A. baumannii''’, V. cholerae''®, and E. coli'"® strains

have been shown to produce altered biofilms.

VC1854 (OmpT)

OmpT, an outer membrane aspartyl protease important for the cleavage of
extracellular peptides, is a virulence factor common to most uropathogenic E. coli'?.
Analysis of ompT deficient mutants revealed that the outer membrane protein is
important for: adhesion to human epithelial cells and human extracellular matrix
components'?’; invasion of human bladder epithelial cells (cell line 5637)'?°. Vibrio
ichthyoenteri OmpT functions as a pore, facilitating transport of amino acids,
peptides, and antibiotics'?!. Interestingly, V. cholerae OmpT, presented to the matrix
via OMYV transport, was observed to associate with Bap1, enhancing V. cholerae
resistance to Polymyxin B through binding and seclusion of the antimicrobial
compound®*. In V. cholerae, expression of OmpT is regulated by ToxR, a
transcriptional regulator highly associated with expression of virulence factors, like
cholera toxin'?2. In the presence of bile salt, ToxR down regulates expression of

OmpT, suggesting an inverse relationship between OmpT, infection, and sensitivity

to bile salts'?3.

VC0633 (OmpU)
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One of the most abundant outer membrane proteins, OmpU is noted for its role in
facilitating passage of hydrophobic solutes and select cationic ions'?*. Similar to
OmpT, in V. cholerae, expression of OmpU is regulated by the virulence regulator
ToxR!?2, mediating resistance to bile and anionic detergents such as sodium dodecyl
sulfate'?°. In the presence of bile salt, ToxR up regulates expression of OmpU,
suggesting a direct relationship between OmpU, infection, and resistance to bile
salts'>*. OmpU has also been implicated to function in a fascinating regulatory
pathway, promoting resistance to Polymyxin B and P2, two human defense peptides.
Both Polymyxin B and P2 increase the permeability of bacterial outer membranes
through interaction with LPS and membrane lipids'?. This manipulation of the outer
membrane results in an OmpU confirmation change, exposing a DegS binding site on

the RseA anti-o factor'?’

. OMP induced cleavage of RseA results in alteration of the
bacterial transcriptome through freeing of the RseB ¢ factor. OmpU is also a major
immunostimulant, with OmpU having been noted to interact with host toll-like
receptor 2 when present in cholera vaccines'?® 12°. Additionally, V. cholerae lacking
ompU induce decreased IL-8 expression and adherence to HT-29 intestinal epithelial
cells compared to the parental strain'*°. In Vibrio anguillarum, ToxR-mediated
expression of OmpU is also shown to be upregulated in the presence of bile salt,
suggesting a role of OmpU in response to conditional stresses'*!. Additionally, in V.
anguillarum, OmpU expression increased in the presence of high salinity, suggesting
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a role in NaCl transport or resistance . As a porin, OmpU has been identified to

promote resistance to bile acids and antimicrobial peptides while also increasing
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success of host invasion through observed adhesin activity in Vibrio spendidus and

Vibrio vulnificus''> 14 115,

VC1318 (OmpV)

In Vibrio cholerae, OmpV is observed to be a peptidoglycan-associated porin-like

136

protein'°°. OmpV has also been shown to be a critical osmoregulatory mechanism in a
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number of Vibrio bacteria. Vibrio parahaemolyticus'’, Vibrio anguillarum’
Vibrio alginolyticus'® have all be shown to utilize OmpV in resistance to osmolarity
stress. V. parahaemolyticus OmpV, acting as an efflux pump, is one of the
mechanisms by which the organism attenuates the effect of antimicrobial peptides'’.
Additionally, in V. anguillareum, the OmpV homologue (96% similarity to V.

cholerae OmpV) functions in response to low salinity'2.

VCA0867 (OmpW)

OmpW is noted to be an important asset in the E. coli resistome. OmpW has been
shown to work in concert with EmrE, an inner membrane multidrug resistance efflux
pump'*’. EmrE and OmpW work together to export a broad range of bactericidal
quaternary cationic compounds, like surfactants and antiseptics, from the cytoplasm
into the periplasm and finally into the extracellular space'*’. OmpW-mediated

movement of quaternary cationic compounds has also been shown to mediate osmotic
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stress!3®

. Additionally, OmpW has been observed to be required for resistance to
phagocytosis. An ompW deficient E. coli K12 strain displayed an increased rate of
uptake during phagocytosis by macrophages'*'. OmpW has been suggested to be a
vaccine target with inhibition of OmpW resulting in an increased ability of host
macrophages to fight infection. Additionally, in V. anguillarum, OmpW expression
increased in the presence of increased salinity, further suggesting a role in NaCl

transport, resistance, or modulation of osmolarity'2.

The goal of this study was to determine if these outer membrane proteins play a role
in V. cholerae biofilm formation. Our data has shown that, via unknown

mechanism(s), these outer membrane proteins indeed function in biofilm architecture.

Materials and Methods
Bacterial strains, plasmids, and culture conditions

Bacterial strains and plasmids used in this study are listed in Table 2.2. Escherichia
coli CC118\pir, DHS5aApir, and E. coli SM10Apir were used for DNA and plasmid
construction and manipulation. E. coli S17Apir was used for conjugation with V.
cholerae. E. coli and V. cholerae strains were grown aerobically at 30°C and 37°C,
respectively. Cultures were grown in Luria-Bertani (LB) broth (1% Tryptone, 0.5%

Yeast Extract, 1% NaCl), pH 7.5. Strain colonies were grown on LB agar medium,
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containing 1.5% (wt/vol) granulated agar. Antibiotics were used at the following
concentration: ampicillin 100 pg/ml; rifampicin 100 pg/ml; gentamicin 50 pg/ml;

polymyxin B 12.5 pg/ml.

Generation of in-frame deletion and Tn7 complementation strains

57 (500 bp) and 3’ (500 bp) regions of the respective genes, including start and stop
codons, were amplified by PCR with the appropriate primers, A and B, C and D,
respectively. The amplified 503-bp deletion fragments were cloned into pGP704-
sacB28 via Gibson Assembly (NEB E2611L). Recombinant “deletion” plasmids were
transformed into any of the three aforementioned E. coli strains. Deletion constructs
were purified and sequenced (UC Berkeley DNA Sequencing Facility, Berkeley CA).
Successful constructs were transformed into the appropriate E. coli strain.
Transformants were then conjugated with V. cholerae. Trans-conjugants were
selected on LB agar medium containing ampicillin (100 pg/ml) and rifampin (100
pg/ml). Sucrose-based selection was used to select V. cholerae deletion clones that
had undergone homologous recombination between the wild-type chromosomal copy
of the gene and rejected the plasmid. Briefly, independent ampicillin and rifampin-
resistant trans-conjugants were randomly selected, streaked on LB agar plates
containing of ampicillin (100 pg/ml) and rifampin (100 pg/ml), and incubated at
37°C. Single colonies were then inoculated into liquid LB and incubated over day at
37°C, shaking (200 rpm). From liquid culture, approximately 10 pl was streaked on
LB agar plates containing 6% (wt/vol) sucrose without NaCl, pH 6.8-6.9 to test for

sucrose sensitivity. Sucrose plates were incubated at room temperature over the
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course of 48 hours. Single colonies were selected from sucrose plates and were
patched on two LB agar plates, one containing ampicillin (100 pg/ml) and one not
containing ampicillin. After incubation overnight at 37°C, presence of the deletion
was verified by PCR. Deletion mutants were stored at -80°C. Complementation
plasmids were constructed by cloning an amplified multi-kilobase pair fragment of
the respective gene (including 500 bp upstream of the predicted open reading frame
thought to contain the native promoter for each respective gene), using the
appropriate primers, into pPG704Tn7 via Notl sites. Accuracy of complementation
constructs were verified by sequencing (UC Berkeley DNA Sequencing Facility,
Berkeley CA). Successful plasmids were transformed into appropriate E. coli strains,
then purified for transformation of conjugational E. coli. Construct-positive E. coli
and helper E. coli S17\pir cells harboring pUX-BF13 containing the Tn7 transposase
gene, was then conjugated with V. cholerae. Trans-conjugants were selected on LB
agar medium containing rifampicin (100 pg/ml) and gentamicin (15 pg/ml). Plates
were incubated at 37°C overnight. Single colonies were selected from rifampicin and
gentamicin plates and were patched on rifampicin and gentamycin LB agar plates.
After incubation overnight at 37°C, presence of the complementation was verified by
PCR. Complementation mutants of the respective genes generated in mutant

backgrounds were stored at -80°C.
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Table 2.2. Bacterial Strains

E. coli Strain

CC118pir
S17Apir

DH5a

V. cholerae Strains

FY Vc 2

FY_Vc 222
FY_Vc_ 240
FY_Vc 4327
FY_Vc 6431

FY_Vc_10559

FY_Vc_9250
FY_Vc_9286
FY_Vc 9935

FY Ve 9949

FY_Vc_ 15181
FY_Vc 15182
FY_Vc 15183
FY_Vc 15184
FY_Vc 15185
FY_Vc_ 15186
FY_Vc_ 15187
FY_Vc_ 15188
FY_Vc_ 15189

Relevant Genotype

A(ara-leu) araD AlacX74 galE galK phoA20 thi-1 rpsE
rpoB argE(Am) recAl Apir

Tp" Sm" recA thi pro rxmx RP4 : : 2-Tc : : MuKm Tn7
Apir

F’ endAl hsdR17 supE44 thi-1 recAl gyrA96 relAl
A(argF-lacZYA) U169 (¢80dlacAM15)

Relevant Genotype

V. cholerae O1 El Tor A1552, rugose wild-type variant,
Rif'
Rugose mTn7-gfp, Rif" Gm"

Rugose-gfp, V. cholerae O1 El Tor A1552, rugose variant,
Rif" Gm'

RAvps-1Avps-11, rugose variant with deletion of vps4-K and
vpsL-Q, Rif'

Rugose rbmA (Myc tag), rbmC (3XFLAG tag), bap!
(3xHA tag), Rif"

Rugose ArbmAAbap I ArbmC Avps-opl//opll, Rif*

Rugose AtoxR, Rif"
Rugose AtoxR::Tn7 GFP (488nm), Rif Gm"
Rugose AhapA Rif*

Rugose AhapA, AprtV, AvesB Rif'

Rugose AompA, Rif*

Rugose AompA::Tn7 GFP (488nm), Rif" Gm"
Rugose AompA::Tn7 ompA 1D4, Rif Gm"
Rugose AompT, Rif'

Rugose AompT::Tn7 GFP (488nm), Rif Gm"
Rugose AompT::Tn7 ompT 1D4, Rif" Gm"
Rugose AompU, Rif"

Rugose AompU::Tn7 GFP (488nm), Rif" Gm"
Rugose AompU::Tn7 ompU_1D4, Rif Gm"

Source

Herrero et al.
(1990)
Herrero et al.
(1990)

Promega

Source

Yildiz &
Schoolnik
(1999)

Fong et al.
(2005)
Beyhan &
Yildiz (2007)
Fong & Yildiz
(2010)

Fong & Yildiz
(2012)

Yildiz
(unpublished)
(2009)

This Study

This Study
Yildiz
(unpublished)
(2009)

Fong & Yildiz
(2015)

This Study

This Study

This Study
This Study
This Study
This Study
This Study
This Study
This Study
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FY_Vc_15190
FY_Vc_ 15191
FY_Vc 15192
FY_Vc 15193
FY_Vc_ 15194
FY_Vc 15195
FY_Vc_ 15196
FY_Vc_ 15197
FY_Vc_ 15198
FY_Vc_ 15199
FY_Vc_15200
FY_ Ve 15201
FY_Vc 15202
FY_Vc 15203
FY_Vc_15204

FY_Vc_15205
FY_Vc_15206
FY_Vc 15207
FY_Vc 15208
FY_Vc_ 15209
FY_Vc_15210
FY Ve 15211
FY Ve 15212
FY_Vc 15213
FY_Vc_15214
FY_Vc_ 15215

FY Vc_15216

Rugose AompUAompT, Rif*

Rugose AompUAompT::Tn7 GFP (488nm), Rif" Gm"
Rugose AompUAompT::Tn7 ompT 1D4, Rif" Gm"
Rugose AompV, Rif'

Rugose AompV::Tn7 GFP (488nm), Rif" Gm"
Rugose AompV::Tn7 ompV 1D4, Rif Gm"

Rugose Aomp W, Rif'

Rugose AompW::Tn7 GFP (488nm), Rif" Gm"
Rugose AompW::Tn7 ompW 1D4, Rif' Gm"
Rugose AompA::Tn7_ompA, Rif Gm'

Rugose AompT::Tn7 ompT, Rif Gm'

Rugose AompU::Tn7 ompU, Rif Gm"

Rugose AompV::Tn7 ompV, Rif* Gm"

Rugose AompW::Tn7 _ompW, Rif* Gm'

Rugose rbmA (Myc tag), rbmC (3xFLAG tag), bap!
(3xHA tag), AompA Rif'

Rugose rbmA (Myc tag), rbmC (3xFLAG tag), bap!
(3xHA tag), AompA::Tn7 GFP (488nm) Rif' Gm"
Rugose rbmA (Myc tag), rbmC (3xFLAG tag), bap!
(3xHA tag), AompA::Tn7 ompA_1D4 Rif" Gm"
Rugose rbmA (Myc tag), rbmC (3XxFLAG tag), bapl
(3xHA tag), AompT Rif"

Rugose rbmA (Myc tag), rbmC (3XxFLAG tag), bapl
(3xHA tag), AompT::Tn7 GFP (488nm) Rif Gm"
Rugose rbmA (Myc tag), rbmC (3xFLAG tag), bap!
(3xHA tag), AompT::Tn7 ompT 1D4 Rif' Gm"
Rugose rbmA (Myc tag), rbmC (3xFLAG tag), bap!
(3xHA tag), AompU Rif"

Rugose rbmA (Myc tag), rbmC (3xFLAG tag), bap!
(3xHA tag), AompU::Tn7 GFP Rif' Gm"

Rugose rbmA (Myc tag), rbmC (3xFLAG tag), bapl
(3xHA tag), AompU::Tn7 ompU I1D4 Rif Gm"
Rugose rbmA (Myc tag), rbmC (3XxFLAG tag), bapl
(3xHA tag), AompV Rif"

Rugose rbmA (Myc tag), rbmC (3xFLAG tag), bap!
(3xHA tag), AompV::Tn7 GFP (488nm) Rif Gm'
Rugose rbmA (Myec tag), rbmC (3xFLAG tag), bap!
(3xHA tag), AompV::Tn7 ompV 1D4 Rif Gm"

Rugose rbmA (Myc tag), rbmC (3xFLAG tag), bap!
(3xHA tag), Aomp W Rif'

This Study
This Study
This Study
This Study
This Study
This Study
This Study
This Study
This Study
This Study
This Study
This Study
This Study
This Study

This Study
This Study
This Study
This Study
This Study
This Study
This Study
This Study
This Study
This Study
This Study
This Study

This Study
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FY_Vc 15217
FY_Vc 15218

FY_Vc 15219
FY_Vc_ 15220

Rugose rbmA (Myc tag), rbmC (3xFLAG tag), bap!
(3xHA tag), AompW::Tn7 GFP (488nm) Rif" Gm"
Rugose rbmA (Myc tag), rbmC (3XxFLAG tag), bapl
(3xHA tag), AompW::Tn7 ompW 1D4 Rif' Gm"
Rugose AVC2519, Rif

Rugose ArbmAAbap I ArbmC Avps-opl//opll, AVC2519,
Rif'

This Study

This Study
This Study

This Study
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Table 2.3. Plasmids
pGP704sacB28

pGP704::Tn7-GFP
pUX-BF13
pMCM11

pGP704sacB28
pGP704sacB28
pGP704sacB28
pGP704sacB28
pGP704sacB28
pGP704sacB28
pGP704sacB28
pGP704::Tn7
pGP704::Tn7
pGP704::Tn7
pGP704::Tn7
pGP704::Tn7
pBAD myc-His A
pBAD myc-His A
pBAD myc-His A
pBAD myc-His A
pBAD myc-His A
pBAD myc-His A
pBAD myc-His A
pGP704::Tn7
pGP704::Tn7
pGP704::Tn7
pGP704::Tn7
pGP704::Tn7

pGP704 derivative, mob/oriT sacB, Ap"

Mini-Tn7 vector harboring a constitutively expressed gfp
cassette

Helper plasmid containing transposase gene for mini-Tn7
pGP704::mTn7-gfp, Gm" Ap"

pGP704SacB-AompA, Ap"
pGP704SacB-AompT, Ap"
pGP704SacB-AompU, Ap"
pGP704SacB-AompV, Ap*
pGP704SacB-AompW, Ap*
pGP704SacB-AfoxR, Ap"
pGP704SacB-A2519, Ap”
pTn7::ompA, Ap", Gm"
pTn7::ompT, Ap', Gm"
pTn7::ompU, Ap", Gm"
pTn7::ompV, Ap', Gm"
pTn7::ompW, Ap", Gm"

pBAD myc-His A

pBAD myc-His A _8Gly-1D4
pBAD myc-His A _ompA-8Gly-1D4
pBAD myc-His A _ompT-8Gly-1D4
pBAD myc-His A _ompU-8Gly-1D4
pBAD myc-His A _ompV-8Gly-1D4
pBAD myc-His A_ompW-8Gly-1D4
pTn7::ompA_8Gly-1D4, Ap", Gm"
pTn7:ompT 8Gly-1D4, Ap", Gm"
pIn7::ompU_8Gly-1D4, Ap', Gm"
pTn7::ompV_8Gly-1D4, Ap', Gm"
pTn7:ompW 8Gly-1D4, Ap", Gm'

G. Schoolnik
G. Schoolnik

G. Schoolnik

M. Miller/
G. Schoolnik

This Study
This Study
This Study
This Study
This Study
This Study
This Study
This Study
This Study
This Study
This Study
This Study
Invitrogen
This Study
This Study
This Study
This Study
This Study
This Study
This Study
This Study
This Study
This Study
This Study
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Table 2.4. Primers

Deletion

VC2213 del A
VC2213 del B
VC2213 _del C
VC2213 del D
VC1854 del A
VC1854 del B
VC1854 del C
VC1854 del D
VC0633_del_A
VC0633_del B
VC0633_del C
VC0633_del D
VC1318 _del A
VC1318_del B
VC1318 _del C
VC1318 del D
VCAO0867_del A
VCAO0867_del B
VCAO0867_del C
VCAO0867_del D
Complementation
VC2213 tn7 F
VC2213 tn7 R
VC1854 tn7 F
VC1854 tn7 R
VC0633_tn7_F
VC0633_tn7_R
VC1318 tn7 F
VC1318 tn7 R
VCAO0867 tn7 F

atccacgaagcttcccatggaggttttacatcgcetcag
aaataccatgtaatttacggtaatcatcaagattc
ccgtaaattacatggtatttccttttttctttatgattattg
actagagggtaccagagctcagcactgcatcac
atccacgaagcttcccatggcaattgattttgtagattttgataac
cgagatcttacaactctttgtttggtcac
caaagagttgtaagatctcgaacacgtttattg
actagagggtaccagagctccgacagattgecctttttc
atccacgaagcttcccatggecagcecacaaatcgec
caaatttatgtaattgttgacttcaggtcacacg
tcaacaattacataaatttgatttttgtgcg
actagagggtaccagagctcttggacaataaaaaatttccc
ctagccatggtetgecatcgecatacacg
aatgagcgattagagcgttgcctgegat
caacgctctaatcgctcattcacccate
ctattctagacgtgttgaaacaggacc
atccacgaagcttcccatggatttgtgccgeatagagag
aaacgtcatgtaacgccctatttcgaaaataaag
tagggcgttacatgacgttttccttttttg

actagagggtaccagagctccctctacttaactacggte

ggatccacgegtettaaggcageactgeatcacgtgate

ccegacgggeccggtaccgcttattcagtaacttggtactggaatte

ggatccacgegtcttaaggecaattgattttgtagattttgataac
ccegacgggeccggtaccgettaccagtagatacgage
ggatccacgcegtcttaaggettggacaataaaaaatttccc
cccgacgggeccggtaccgcttagaagtecgtaacgtagac
ggatccacgcegtcttaaggceattgaagegagtaccgte
ccecgacgggeccggtaccgectagaagtggtaagegac

ggatccacgegtettaaggecctctacttaactacggte
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VCAO0867_tn7 R

Taggin
pBADMycHisA-Gly(8)1D4 F
pBADMycHisA-Gly(8)1D4 R
Lin-pBAD1D4MycHisA F
Lin-pBAD1D4MycHisA R
pBADID4MHA Seq F
pBADID4MHA Seq R
pBADID4AMHA ompA inF
pBADID4MHA ompA inR
pBADID4MHA ompU in F
pBADID4MHA ompU in R
pBADID4AMHA ompW _in F
pBADID4AMHA ompW inR
pBADID4MHA ompT in F
pBADID4MHA ompT inR
Tn7_ompAl1D4 Insert F
Tn7_ompU1D4 Insert F

Tn7 _ompW1D4 Insert F

Tn7 ompT1D4 Insert F

Tn7 [X]1D4 InsertR

ccegacgggeccggtaccgettagaacttataaccacceg

gagaccagccaagtggcgcectgectaattcgaagettgggeccga
tgtacctecgecacctecgecacctecteccatatggtaccagetge
ggaggtggeggaggtggeg
tcccatatggtaccagetgeagatcteg

ttttgggctaacaggaggaa

atcttctctcatccgecaaa
geagetggtaccatatgggaagceactgeatcacgtgate
ccgcecacctecgecacctecttcagtaacttggtactggaatte
gcagcetggtaccatatgggattggacaataaaaaatttcee
ccgecacctecgecacctccgaagtegtaacgtagace
gcagctggtaccatatgggacctctacttaactacggtc
ccgecacctecgecacctecgaacttataaccacccge
geagetggtaccatatgggacaattgattttgtagattttgataactg
ccgecacctecgecacctecccagtagatacgageace
ggatccacgegtcttaaggeageactgeatcacgtgate
ggatccacgegtcttaaggettggacaataaaaaatttcccaacatce
ggatccacgegtcttaaggcecctctacttaactacggtcactattaatgg
ggatccacgcegtcttaaggccaattgattttgtagattttgataactgttgeg

ccecgacgggeccggtaccgettaggecaggegecacttg
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Colony Biofilm Morphology Analysis

For analysis of corrugated colony morphology development, cultures grown
overnight at 30°C shaking (200 rpm) were serially diluted (10"'-10"®) with LB
medium and 100 pl aliquots of the 107® dilution were plated onto 20 ml LB agar

medium. Samples were then incubated at 30°C for 120 hours before imaging.
Spot Biofilm Morphology Analysis

For analysis of corrugated colony morphology development, cultures grown
overnight at 30°C shaking (200 rpm), then 3 pl of diluted (1:200) culture were plated
onto LB agar medium (20 ml). Samples were then incubated at 30°C for 120 hours

before imaging.
Pellicle Morphology, Stability, and Hydrophobicity

For analysis of pellicle morphology development, cultures grown overnight at 30°C
shaking (200 rpm), then 25 ul of overnight culture were added to 4.975 mL of LB
media in either sterile 18mmx150mm test tubes or 24-well plate. Images were taken
after 5 days of growth, at which time pellicles were either vortexed briefly at 1,000xg
or removed from their culture and transplanted into a dish of deionized H2O to assess

hydrophobicity.
Microbial adhesion to hydrocarbon (MATH) test

For analysis of V. cholerae strain hydrophobicity, 2.5 ml of overnight culture was

pelleted at 4,000xg at 4°C for 10 minutes and resuspended in 5 ml of 25 mM PBS
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(5/2x PBS), this was repeated twice. Pellets were resuspended in 9 ml 25 mM PBS.
Samples were adjusted to ODgoo 0.6-0.7. 1.5 ml of culture suspension were mixed
various volumes (0, 100, 200, 300, 400, 500 ul) of hexadecane in test tubes, then
vortexed for 30 seconds at 2,500xg. ODsoo of the aqueous phase was measured after
30 minutes of equilibration at room temperature. Adherence to hexadecane was

determined as follows: (ODeooFinal/ ODsoomitial)x 100
Flow cells and confocal scanning laser microscopy (CSLM)

Cultures grown overnight at 30°C shaking (200 rpm) were diluted to ODgoo of 0.02
using 2% LB (0.2 g/liter tryptone, 0.1 g/liter yeast extract, 10 g/liter NaCl), and 150
ul aliquots were inoculated into flow cell chambers (Ibidi #80601). After inoculation,
the chambers rested for 1 hour, with no flow, at room temperature to allow for initial
cell attachment. Flow was resumed at a rate of 0.14 ml/min with chambers remaining
at room temperature. Confocal images of biofilms that formed in flow cell chambers
were captured with an LSM 5 PASCAL system (Zeiss) at 488-nm excitation. Three-
dimensional images of the biofilms were reconstructed using Imaris software

(Bitplane) and quantified using COMSTAT 42,
Western Blot Analysis

Biofilms were grown for 24 hours at 30°C, as described above (Spot Biofilm
Morphology Analysis) then harvested and resuspended in 400 pl protease inhibitor
(Sigma S8820) water. When samples were sufficiently suspended, 100 pl of 10%

SDS was added and samples were heated at 91°C for 10 minutes. Protein
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concentrations were determined using a bicinchoninic acid assay (Pierce). Before
loading samples for SDS-polyacrylamide gel electrophoresis (SDS-PAGE), -
mercaptoethanol was added to a final concentration of 5% (vol/vol). 85 pg of protein
was loaded into 12% SDS-PAGE, before protein was transferred to nitrocellulose
membrane with a Mini Trans-Blot Cell (Bio-Rad) apparatus in transfer buffer
containing 25 mM Tris (pH 8.3), 192 mM glycine, 20% (vol/vol) methanol, and 0.1%
(wt/vol) SDS. The blot was blocked with 5% (wt/vol) milk and washed with PBS
buffer containing 250 mM NacCl and 0.1% (vol/vol) Tween 20. Rabbit monoclonal
antibody against the Myc epitope and mouse polyclonal antisera against V. cholerae
RNA polymerase were used to detect RbomA-Myc and RnaP, respectively. RNA
polymerase was used as a loading control. Horseradish peroxidase-conjugated goat
anti-rabbit and anti-mouse secondary antibodies (Santa Cruz Biotechnology) were
used at a dilution of 1:2,500. Immunoblots were developed with a SuperSignal West
Pico chemiluminescent kit (Pierce). Immunoblot analyses were conducted using two

biological replicates and two technical replicates.

VPS immunoblot assays

Isolation of purified VPS from V. cholerae strains and immunoblot analyses of the
extracted VPS were carried out according to a protocol similar to those previously
published (Enos-Berlage & McCarter, 2000; Fong & Yildiz, 2007; Yildiz &
Schoolnik, 1999). Briefly, overnight-grown cultures on LB agar medium, overlaid
with a sterile dialysis membrane, were harvested and resuspended in 10 mM Tris (pH

8.0). Normalization was carried out by adjusting each culture to within one ODsoo
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unit. Equal volumes of cultures were pipetted into 2 ml Eppendorf tubes and the
suspension was mixed at 4°C, constantly rotated for 5 hours. Crude VPS supernatant
was separated from the bacterial cells and debris by centrifugation twice at 15,000x g
for 30 min at 4°C and the supernatant was precipitated with 3x volumes of 100%
ethanol at -20°C overnight. Crude VPS was pelleted twice by centrifugation at
15,000x g for 30 min at 4°C, intermittently resuspended with 70% ethanol. Pellets
were then air-dried and resuspended in 500 ml water. Purified VPS was isolated as
described above with additional purification steps published previously (Fong &
Yildiz, 2007). Briefly, crude VPS pellet was resuspended in nuclease buffer (40 mM
Tris/HCI pH 8.0, 10 mM MgClz, 2 mM CacCl,, 0.05% NaN3). DNase [ and RNase A
were added to the VPS suspension at final concentrations of 2 units/ml and 0.25
units/ml, respectively, followed by incubation at 37°C shaking for at least 3 hours.
Proteinase K was then added at a final concentration of 2 mg/ml, and the suspension
was further incubated shaking overnight at 37°C. 1:1 Phenol/chloroform extractions
were carried out in triplicate, followed by an overnight precipitation with 3x volumes
of 100% ethanol at -20°C. VPS was pelleted twice by centrifugation at 15,000xg for
30 min at 4°C, intermittently resuspended with 70% ethanol. Pellets were then air-
dried and resuspended in 100-200 ul water. Stored short-term at 4°C or long-term at -
20°C. 3 ul of serial diluted purified VPS (1-1/32) was spotted onto nitrocellulose
membranes and immunoblot analyses were carried out using anti-VPS antiserum and
goat anti-rabbit horseradish-peroxidase-conjugated antibody. The immunoblots were

developed with the SuperSignal West Pico chemiluminescent kit (Pierce) and
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quantified using ImageQuant 5.2 software (Molecular Dynamics). VPS immunoblot
analyses were carried out with two different biological replicates and at least two
technical replicates. It should be noted that the VPS antibody used in this study is
polyclonal, with undefined epitopes. VPS was quantified via densitometry through

ImageJ.

Results

Outer membrane proteins impact V. cholerae biofilm morphology

The presence of outer membrane proteins within both the biofilm matrix and OMV
proteomes prompted us to ask whether these proteins are involved in biofilm
formation. We first generated strains lacking ompA, ompT, ompU, ompV, or ompW in
the rugose genetic background, as this strain has enhanced matrix production and
alterations in biofilm formation are reflected in colony corrugation patterns. We next
examined how the loss of each OMP affected biofilm formation by measuring
rugosity when bacteria were grown at an air-solid surface interface. This assessment
was done in two ways: by examining the rugosity of single colony biofilms and spot
biofilms resulting from growth of a diluted cell suspensions. We used both of these
assays to assess biofilm formation as some of the phenotypes are apparent in either

colony or spot biofilms.

AompA was observed to have a decrease in corrugation in the single colony biofilm

assay, with traditional rugose wrinkles being less pronounced, when compared to the
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parent (Fig. 2.1). The absence of OmpA showed little to no phenotype in the spot
biofilm (Fig. 2.2) Complementation of AompA recovered rugose-like biofilm
morphology. AompT lost almost all traditional corrugation in the single colony assay,
with the exception of the center of the colony, when compared to the parent (Fig.
2.1). The spot biofilm lacking OmpT showed a similar phenotype as the colony
biofilm, in that the spot suffered from a decrease in defined corrugation (Fig. 2.2).
The AompT phenotype was recovered with complementation. AompU was unusual in
that it was the only strain to become more rugose in both of the assays. The colony
biofilm was greater in diameter, when compared to the parent, and was more
corrugated, displaying more defined and an increased number of ridges (Fig. 2.1).
The AompU spot biofilm similarly exhibited an increase in overall apparent matrix
material compared to the rugose strain. The complementation of AompU only
partially recovered the phenotypes of AompU, interestingly, the complement became
less corrugated than the parent strain in both assays. Aomp} also had a unique
phenotype in that it retained corrugation, but the wrinkles lost definition, as if they
were unable to maintain parent-like structure and rigidity (Fig. 2.1). The spot
phenotype was less drastic, however in the absence of ompV, there still remained a
loss in corrugation structure (Fig. 2.2). Complementation of the AompV strain
recovered to parent strain morphology. Aomp W, similar to AompT, lost corrugation at
the periphery, while retaining moderate corrugation at the center (Fig. 2.1). The
absence of OmpW showed little to no phenotype in the spot biofilm (Fig. 2.2). The

Aomp W phenotype is recovered with complementation in the colony biofilm.
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Figure 2.1. Outer Membrane Proteins Participate in V. cholerae Colony
Morphology Development at Solid-Air Interface. Biofilm morphologies, formed
from single cells, of strains lacking and complemented for target outer membrane
proteins. 100 ul of serially diluted overnight culture (final dilution of 10%) was plated
on 20 ml LB agar plates. Biofilms were grown at 30°C and imaged after 120 hours.
The experiment was repeated in two biological replicates and two technical replicates.
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Figure 2.2. Outer Membrane Proteins Contribute to the Development of V.
cholerae Biofilm Structure at Solid-Air Interface. Biofilm morphologies, formed
from dilute overnight cultures, of strains lacking and complemented for target outer
membrane proteins. 3 pl of diluted overnight culture (1:200) was plated in triplicate
on 20 ml LB agar plates. Biofilms were grown at 30°C and imaged after 120 hours.
The experiment was repeated in two biological replicates and two technical replicates.
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Regulation of outer membrane proteins impacts V. cholerae biofilm morphology
Having determined that outer membrane proteins influence biofilm morphology and
that OmpT and OmpU are inversely regulated by ToxR!?> *!| we wanted to explore
these relationships in the context of biofilm morphology. In summary of what is
described above (Fig. 2.1. and 2.2), AompT lost almost all corrugation in the single
colony and spot assays, to varying degrees. Both the single colony and spot biofilms
formed by AompU were observed to be more rugose and larger in diameter, when
compared to the parent morphologies. The biofilm formed by AompTAompU single
colonies showed traits similar to those of both AompT and AompU, in that
AompTAompU has an obvious increase in rugosity, when compared to the parent, but
loses peripheral colony corrugation, similar to AompT, but dissimilar to AompU (Fig.
2.3). The spot biofilm formed by AompTAompU is strikingly similar to the spot
biofilm formed by AompU (Fig. 2.4). Similarly, biofilms formed by AtoxR, in both
assays, are similar to the single AompU mutant biofilms. AtoxR single colony
biofilms are more corrugated and larger in diameter, when compared to the parent
strain (Fig. 2.3). This phenotypic trend is also observed in the spot biofilm (Fig. 2.4),
enhanced corrugation and diameter. However, the enhanced rugosity of AfoxR is
dissimilar to both AompU and AompTAompU, with the wrinkles of AfoxR being
larger and in fewer number when compared to biofilms lacking OmpU. This suggests
that there exists a balanced or additive role of outer membrane proteins in V. cholerae
biofilm structure and formation, with the absence of an OMP having a different affect

when compared to its decreased expression.
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Figure 2.3. Regulation of Outer Membrane Proteins Participates in V. cholerae
Colony Morphology Development at Solid-Air Interface. Biofilm morphologies,
formed from single cells, of strains lacking and complemented for target outer
membrane proteins. 100 pl of serially diluted overnight culture (final dilution of 10™)
was plated on 20 ml LB agar plates. Biofilms were grown at 30°C and imaged after
120 hours. The experiment was repeated in two biological replicates and two
technical replicates.
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Figure 2.4. Regulation of Quter Membrane Proteins Contributes to the
Development of V. cholerae Biofilm Structure at Solid-Air Interface. Biofilm
morphologies, formed from dilute overnight culture, of strains lacking and
complemented for target outer membrane proteins. 3 pl of diluted overnight culture
(1:200) was plated in triplicate on 20 ml LB agar plates. Biofilms were grown at 30°C
and imaged after 120 hours. The experiment was repeated in two biological replicates
and two technical replicates.
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Outer membrane proteins impact Vibrio cholerae pellicle biofilm formation

Previous work has established that our V. cholerae rugose variant forms a stable
hydrophobic pellicle®, a biofilm formed at a liquid-air interface. When cultures are
grown statically, the parent rugose strain forms an evenly corrugated biofilm, a few
millimeters tall (Fig. 2.5). This rugose pellicle breaks into a few pieces when
disturbed but maintained connection to the vial, and when transferred to a dish of
water, the sample spreads flat, indicative of a hydrophilic characteristic. Given this
extensive information, we next compared our OMP mutants to the rugose parent
using this pellicle assay. AompA formed a similarly tall and stable pellicle, but had
lost defined corrugation on the air-exposed surface (Fig. 2.5). The pellicle without
OmpA was similarly as stable as the parent, breaking into a few pieces but retaining
its connection to the test tube. There was no observable variation in the
hydrophobicity of the sample. AompT and AompV formed pellicles very similar in
height and corrugation to the parent, with the exception, perhaps, of the decreased
corrugation within the vertical, wall-associated biofilm growth (Fig. 2.5). The
pellicles broke into a few pieces when disturbed but maintained connection to the
vial. Neither pellicle showed variation in hydrophobicity. Aomp W showed an increase
in “climbing”, having formed a taller, but similarly corrugated biofilm, when
compared to the parent (Fig. 2.5). Most notably, AompW showed an increase in
pellicle stability, remaining as one intact pellicle while retaining much of its
connection to the sides of the vials. Overall, these data suggest that OMPs do not

necessarily participate in biofilms formed at the liquid-air interface.
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Figure 2.5. Outer Membrane Proteins Participate in V. cholerae Pellicle
Morphology and Stability. Overnight culture was added to either sterile 18 mm x
150 mm test tubes or a 24-well plate at a final dilution of 1:200. Images were taken
after 5 days of growth (a, b), at which time pellicles were either vortex briefly at
1,000xg (c) or removed from their culture well and transplanted into a dish of
deionized H>O to assess pellicle hydrophobicity (d). Biofilms were grown at 30°C
and imaged after 120 hours. The experiment was repeated in two biological
replicates.
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V. cholerae lacking outer membrane proteins are more hydrophilic

Previously, our lab has shown that changes in pellicle morphology can be attributed
to variation in strain hydrophobicity, an observation based on the hapl mutant'®,
Bapl, one of the foundation matrix proteins, contributes to the hydrophobicity and

mechanical stability of V. cholerae pellicle biofilms'#

. VPS, and over production
thereof by rugose V. cholerae, also contributes to strain hydrophobicity'#*. So, we
also examined the pellicle growth for variation in hydrophobicity between rugose
parent and mutant pellicles. There was no observed change in the hydrophobicity of
any of the pellicles when compared to the rugose parents (Fig. 2.5.d). Varied
resilience of OMP mutant pellicles against “detachment by sheer” prompted us to
further characterize strains. OMP mutant hydrophobicity/hydrophilicity was
determined using microbial adhesion to hydrocarbon (MATH) test. Mutants showed
increases in hydrophilicity, perhaps with the exception of AompV, which showed
rugose-like levels of adherence at lower volumes of hexadecane (Fig. 2.6). These

observations suggest that some of the OMPs, as membrane accessories, influence

hydrophobic character of the cellular outer membrane.
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Figure 2.6. Absence of Outer Membrane Proteins Increase V. cholerae
Hydrophilicity. 2.5 ml of overnight culture was pelleted and resuspended in 5 ml of
25 mM PBS (pH 7.4), this was repeated twice. Pellets were resuspended in 9 ml 25
mM PBS. Sample ODgoo were adjusted to 0.6-0.7. 1.5 ml of culture suspension was
mixed volumes (0, 100, 200, 300, 400, 500 uL) of hexadecane in test tubes. Solutions
were vortexed. ODeoo of the aqueous phase was measured after 30 minutes of solution
equilibration at room temperature. Adherence to hexadecane (%) was determined as
follows: (ODe00Final/ ODsoomitial) X 100
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Absence of outer membrane proteins does not impact abundance of Vibrio

polysaccharide or the RbmA matrix protein

Alteration in biofilm structure and function can be indicative of reorganization of
matrix components. We then asked whether altered corrugation, in the absence of
OMPs, could be the result of variation in the quantity of established matrix
components. Matrix-associated VPS was quantified via immunoblotting for VPS
isolates from each of the OMP deletion mutants. Quantification by densitometry
showed no observable change in VPS in any of the mutant strains (Fig. 2.7). Signal in
the whole-cell Avps-1Avps-11 sample is believed to be from non-specific binding of
the anti-VPS antiserum to LPS or other cell-associated carbohydrate molecules. Lack
of variation in VPS detected between the parent and mutant strains suggests that VPS
abundance is not responsible for observed morphology phenotypes. In addition to
VPS, we also quantified RbmA in OMP-mutant biofilms. Total protein was harvested
from colony biofilms grown at 30°C for 24 hours, a time point chosen to minimize
HapA-mediated RbmA proteolysis®’. There was no observed variation in RbmA in
these OMP mutants (Fig. 2.8), suggesting biofilm phenotypes are not the result of
altered matrix protein levels. Bapl and RbmC were unable to be quantified as they
were below the detection limit, presumably due to HapA-dependent proteolysis.
Overall, these results suggest that these OMPs neither affect biofilm VPS levels nor

abundance of RbmA matrix protein.
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Figure 2.7. Abundance of Vibrio Polysaccharide in V. cholerae Biofilms Lacking
Outer Membrane Proteins. 100 pl of overnight culture was plated on 20 ml LB agar
plates overlaid with a single layer of sterile dialysis tubing. Biofilms were grown at
30°C, harvested after 24 hours, and resuspended in 1xPBS. Cells were removed via
centrifugation. VPS was purified via ethanol precipitations and phenol chloroform
extractions. Abundance of VPS in purified samples was determined using
immunostaining and subsequently quantified using ImagelJ software. The experiment
was repeated in two biological replicates and two technical replicates. Presented
values are the mean of these four trials.
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Figure 2.8. Abundance of the RbmA Matrix Protein in V. cholerae Biofilms
Lacking Outer Membrane Proteins. 5 pl of diluted overnight culture (1:200) was
plated in triplicate on 20 ml LB agar plates Biofilms were grown at 30°C, harvested
after 24 hours, and resuspended in sterile H>O. Samples were boiled after the addition
of 10% SDS, to a final concentration of 2% SDS. RbmA was analyzed via
immunostaining. RnaP is used as a sample loading control. The experiment was
repeated in two biological replicates and two technical replicates.
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Conclusion

Overall, we can conclude that OMPs and their regulation do, in fact, play a role in V.
cholerae biofilm architecture. Absence of each of the OMPs influenced development
and mature morphology both air-solid and sir-liquid interface biofilms. Additionally,
OMPs increase V. cholerae cell hydrophobicity, to an unknown purpose, suggesting a
larger role in defining the character of the outer membrane. The role of these OMPs,
however, does not influence abundance of VPS or RbmA. Traditionally, the functions
of outer membrane proteins are considered to be passage of water, small hydrophilic
molecules, and nutrients through the conserved B-barrel structure'#’, while also

facilitating secretion of a number of macromolecules, like LPS'*® matrix

147 149

components'*’, proteins'*®, and self-peptide chains'*. Additional canonical functions
of OMPs include protein hydrolysis'>® and virulence!®'. This and other recent studies
have worked to establish roles for OMPs in biofilms. While we have yet to establish a
mechanism for OMP participation in V. cholerae biofilms we hypothesize that OMPs
possess a larger interactome than what is currently established, giving OMPs the
potential to alter interaction and localization of critical biofilm components. We will
continue to explore a number of possibilities, including outer membrane protein-

protein interaction, production of outer membrane vesicles, and localization of

biofilm components within the matrix.
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CHAPTER 3: Outer Membrane Vesicles are Present and Participate in

Vibrio cholerae Biofilm

William Garvey & Fitnat H. Yildiz
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Introduction

Outer membrane vesicles (OMVs) are composed of lipids, lipopolysaccharides, and
proteins’®. OMVs are observed to be released constitutively from Gram negative
bacterial outer membranes during the growth cycle’’. Production mechanisms
include: maintenance of outer membrane leaflet asymmetry by the Yrb/Vac] ABC
system’> 7+ 73; peptide linkages between the outer membrane and cell wall (YnhG'S,
YcbB6, NIpA”7, OmpA’®), endopeptidase (MepA, DacB, PbpG®), and lipoprotein
(Lpp’®) regulators of covalent crosslinking of the cell wall to the outer membrane>® °!;
accumulation of peptidoglycan fragments’® and toxic-misfolded proteins®! in the
periplasm; accumulation of quorum sensing and signaling molecules in the outer
leaflet®> ¥ % OMVs possess lipopolysaccharides on their exterior and during
production, are filled with periplasmic content, including proteins and nucleic acid
polymers®, from their progenitor cells. OMVs have been observed to perform a
number of functions in V. cholerae, including transport of virulence factors’,
trafficking of functional proteins>*, and acting as bacteriophage decoys, increasing V.
cholerae resistance to phage’’. More than 50% of biofilm lipid composition has been
identified to be OMV-associate'*?, suggesting OMVs have a role in the function and
structure of biofilm formation. Many investigators have speculated that the charged
lipopolysaccharides of OMVs may facilitate interaction with eDNA, which acts as a
scaffold for additional extracellular polysaccharides, resulting in a more robust

biofilm”" 3. A study in H. pylori showed that addition of OMVs to liquid culture

prompted biofilm formation, establishing OMVs as a nucleation point for biofilm
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formation'>*

. OMVs have yet to be identified to play a role, or even observed, in V.
cholerae biofilms. However, the observation that OMV-associated OmpT associates
with Bap1°4, could suggest a greater role for OMVs in V. cholerae biofilm
architecture. In this study we investigate the role of outer membrane vesicles in V.
cholerae biofilm formation and structure. We found that, not only do OMVs exist in

V. cholerae biofilm, but that they play a distinct role in matrix formation and

morphology.

Materials and Methods
Bacterial strains, plasmids, and culture conditions

Bacterial strains and plasmids used in this study are listed in Table 2.2. Escherichia
coli CC118\pir, DHS5aApir, and E. coli SM10Apir were used for DNA and plasmid
construction and manipulation. E. coli S17Apir was used for conjugation with V.
cholerae. E. coli and V. cholerae strains were grown aerobically at 30°C and 37°C,
respectively. Cultures were grown in Luria-Bertani (LB) broth (1% Tryptone, 0.5%
Yeast Extract, 1% NaCl), pH 7.5. Strain colonies were grown on LB agar medium,
containing 1.5% (wt/vol) granulated agar. Antibiotics were used at the following
concentration: ampicillin 100 pg/ml; rifampicin 100 pg/ml; gentamicin 50 pg/ml;

polymyxin B 12.5 pg/ml.

Scanning Electron Microscopy
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100 pl from overnight grown cultures, 30°C shaking (200 rpm), were spread onto 20
ml LB plates (+/- 12.5 pg/ml) overlaid with a sterile dialysis membrane (FisherBrand
#21-152), using a sterile cell spreader. Samples were grown over 24 hours at 30°C.
Sterile forceps were used to place sterile 12mm diameter cover slips (Chemglass
#CLS-1760-012) on the bacterial lawn. Slides were gently pressed onto the sample,
then slides were lifted and placed into a dish containing 2.5% glutaraldehyde for 1
hour at room temperature. Samples were then transferred, sequentially, into dishes
containing 30%, 50%, 70%, and 90% ethanol. Samples were stored in 100% ethanol

at room temperature until imaging.

OMY Isolation

Cultures grown overnight at 30°C shaking (200 rpm) were diluted to ODgoo 0.1 and
500 pl were spread on 50 ml 150 mm x 15 mm LB agar medium plates, overlaid with
sterile dialysis membrane, using a sterile spreader. Samples were grown at 30°C for
24 hours before biofilm was harvested and resuspended in 0.9% (wt/vol) NaCl.
Normalization of samples were carried out by adjusting each sample to within one
ODsoo unit. Equal volumes of samples were transferred to new conical tubes and
constantly rotated, at 4°C, for 1 hour. Crude extracellular matrix was separated from
cells and debris by centrifugation twice at 10,000xg for 30 mins at 4°C. Supernatant
was filtered through 0.45 um membranes. Crude OMVs were pelleted via
centrifugation at 150,000xg for 3 hours at 4°C. Pellets were resuspended in 50 mM
HEPES (11.9 g/L) buffer (pH 6.8). Samples were adjusted to 45% Optiprep and

fractionated using an Optiprep density gradient of the following percentages: 10%,
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15%, 20%, 25%, 30%, and 35%. Samples were fractionated at 292,700xg for 3 hours
at 4°C. Aliquots of equal volume were removed sequentially from the gradient and
analyzed via SYPRO protein staining and immunostaining. OMV-positive fractions
were pooled and separated from Optiprep via centrifugation at 200,000xg for 3 hours
at 4°C. OMV pellets were resuspended in DPBS (10 mM Na;HPOs4, 1.8 mM

KH2POy4, 137 mM NaCl, 2.7 mM KCl).

Isolation of Extracellular Matrix

Cultures grown overnight at 30°C shaking (200 rpm) were diluted to ODsoo 0.1 and
500 pl were spread on 20 ml LB agar medium plates, overlaid with sterile dialysis
membrane, using a sterile spreader. Samples were grown at 30°C for 24 hours before
biofilms were harvested and resuspended in PBS (pH 7.4) containing EDTA-free
protease inhibitor (Sigma S8830). Normalization of samples was carried out by
adjusting each sample to within one ODgoo unit. Equal volumes of samples were
transferred to new conical tubes and constantly rotated, at 4°C, for 1 hour. Crude
extracellular matrix was separated from cells and debris by centrifugation twice at
10,000xg for 30 mins at 4°C. Supernatant was filtered through 0.45 um membranes.
Samples were transferred to Eppendorf Safe-Lock Natural tubes (#022363352).
Bovine serum albumin solution and sodium deoxycholate were added to each sample
to final concentrations of 35 pg/ml and 0.02% respectively. Samples were vortexed to
mix and incubated on ice for 1 hour. Trichloroacetic acid was added to each sample to
a final concentration of 12.5%. Samples were vortexed to mix and incubated

overnight, shaking, at 4°C. Samples were centrifuged at 21,130 xg for 1 hour at 4°C.
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Supernatant was discarded and resulting pellets were resuspended in 1.5 ml of ice-
cold acetone. Samples were centrifuged at 21,130 xg for 1 hour at 4°C. Supernatant
was discarded and resulting pellets were allowed to dry in the fume hood for about 10
minutes. Samples were resuspended in 400 pl of 5% SDS/protease inhibitor
cocktail/5S0 mM triethylammonium bicarbonate. Resuspended samples were boiled at
100°C for 45 mins, vortexing intermittently, ensuring the entirety of the sample is
resuspended. Protein content was determined by BCA and 100-150 pg/ul aliquots
were flash frozen in liquid nitrogen. Samples were stored at -80°C until shipment to

the UC Davis Proteomics Core Center.

OMY Quantification

Aliquots of OMV samples were adjusted to a final protein concentration of between
0.08 and 0.32 pug/ul and a volume of 193.4 pl. 6.6 pl of 100 pg/ml FM4-64 lipophilic
dye (Thermo Fisher Scientific #T-13320) was added to each 193.4 pul sample, to a
final concentration of 3.3 pg/ml. Samples were loaded in triplicate into black walled
96-well plates (#3904). Plates were incubated for 10 minutes at 37°C. Sample
fluorescence was measured via Perkin Elmer Victor X3 plate reader protocol. Mean

sample values were adjusted for background fluorescence.

Analysis of Polymyxin B Sensitivity

A 50 ml culture was inoculated 1:200 from overnight grown cells at 30°C shaking
(200 rpm), polymyxin B was added to a final concentration of 12.5 pg/ml and

cultures were again grown at 30°C shaking (200 rpm). 1.5 ml aliquots were taken
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hourly and used to measure ODgoo and generate serial dilutions for colony forming
unit (CFU) enumeration. Aliquots for serial dilutions were vortexed with glass beads
for 30 seconds at 2,500xg before each subsequent dilution. Each dilution was
vortexed at 2,500xg for an additional 15 seconds before plating. CFU/ml was

determined after 24 hours of growth at 30°C.
Static Biofilms formed at Solid-Liquid Interface

Cultures grown overnight at 30°C shaking (200 rpm) were diluted (1:200) using LB. 1
ml aliquots were inoculated into dual well chambers (Ibidi #80287). After
inoculation, the static biofilms were grown for 1, 2, and 6 hours, respectively, at
30°C. A sterile spatula was used to remove pellicles formed at liquid-air interface.
Remaining LB was removed from the chambers and biofilms were washed in
triplicate with PBS (pH 7.4). Confocal images of biofilms that formed in flow cell
chambers were captured with an LSM 5 PASCAL system (Zeiss) at 488-nm
excitation. Three-dimensional images of the biofilms were reconstructed using Imaris

software (Bitplane) and quantified using COMSTAT!#,
OMYV-Biofilm Supplementation

A BSA protein quantification assay was used to determine protein content of the
rugose parent (R) and ArbmAAbap I ArbmCAvps-I1Avps-1I (AABCAVPSI-II) OMV
samples. 55 pg of V. cholerae OMVs were added to 1:200 dilutions of R and
AABCAVPSI-II cultures. OMV supplemented samples were grown alongside R and

AABC cultures supplemented with volumes of DPBS equal to that of the volume of
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OMYV sample added. Samples were grown as colony biofilms, on 20 mL LB agar
plates, and pellicle biofilms, formed in 2 mL of LB media. Samples were grown,

consistently at 30°C, and imaged at 120 hours.

Results
Observation of outer membrane vesicles in V. cholerae biofilms

Vibrio cholerae is known to produce OMVs, with a number of functions in planktonic
culture, however, OMVs have yet to be observed in biofilms. Our electron
micrographs (Fig. 3.1) reveal, for the first time, the presence of OMVs in V. cholerae

biofilm.
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Figure 3.1. Observation of Quter Membrane Vesicles in V. cholerae Biofilms via
Scanning Electron Microscopy. 100 pl of overnight culture was plated on 20 ml LB
agar plates previously covered with a single layer of sterile dialysis membrane.
Biofilms were grown at 30°C and samples were prepared after 24 hours. Sterile glass
coverslips were pressed into the biofilm. Retrieved samples were fixed with 2.5%
glutaraldehyde and serially dehydrated with increasing concentrations of ethanol. Red
arrows indicate OMVs. The experiment was repeated in two biological replicates,
images on the right are from one trial and images on the left from the other.
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Outer membrane vesicles can be purified from Vibrio cholerae biofilms

Having identified OMVs in V. cholerae biofilms, we then wanted to further
characterize their abundance, protein content, and effect on biofilm formation via a
number of assays. We started by isolating OMVs from biofilm samples. Previous
work has determined that ultracentrifugation of OMV samples are contaminated with
extracellular components such as flagella'>®. So, I optimized a method for isolating
clean OMVs from V. cholerae biofilm. Briefly, this method involves
ultracentrifugation followed by density gradient separation and analysis of protein
content in different fractions to identify OMV-positive samples without contaminants.
Firstly, density fractions are run on a protein gel to determine successful fractionation
by density gradient (Fig. 3.2.a). Next, fraction content was observed via
immunostaining for known OMV and extracellular content (Fig. 3.2.b and ¢). OmpU

is a known component of OMVs!%

and FlaA is the primary contaminant of concern
in OMYV preparations', therefore, each component is used as the marker for its
respective fractions. Finally, purity of OMV samples was determined and confirmed

via scanning electron microscopy (Fig. 3.3). Scanning electron micrographs reveal

OMVs of varying size, while confirming purity of OMV samples.

70



71



Figure 3.2. Sequential Assessment of Purity of Quter Membrane Vesicles
Isolated from V. cholerae Biofilms. After isolation of crude OMVs from biofilms,
samples were applied to a density gradient. Resulting fractions are assessed via
SYPRO protein gel to determine separation of solution content (A). Fractions are also
subject to immunostaining to determine OMV and non-OMYV containing fractions,
OmpU and FlaA, respectively (B, C). OMYV positive fractions are pooled and
centrifuged to concentrate samples.
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Figure 3.3. Confirmation of OMYV Sample Purity by Scanning Electron
Microscopy. OMV samples were fixed with 2.5% glutaraldehyde and serially
dehydrated with increasing concentrations of ethanol. The experiment was repeated in
multiple (n=2) biological replicates, images presented are representative of isolated
trials.
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Comparison of outer membrane vesicle and biofilm matrix proteomes

Having established that OMVs are both present in and can be successfully isolated
from V. cholerae biofilms we sought to characterize the role of OMVs in biofilm
formation. We wanted to understand the extent to which OMVs contribute to the
extracellular proteome of the V. cholerae biofilm. This was done by proteomic
analysis of extracellular matrix and isolated OMVs such that we could establish two
respective proteomes, determine enrichment and overlap of the OMV-associated

proteins with the whole matrix proteome.
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Variation in V. cholerae outer membrane and extracellular matrix composition

effects abundance of outer membrane vesicles in biofilms

To further characterize biofilm-associated OMVs we wanted to understand if and
how the composition of the outer membrane and extracellular matrix can affect
abundance of OMVs. The method I adapted for our system utilizes the fluorescent
FM4-64 lipophilic dye to quantify abundance of OMVs by sample lipid content. We
do not observe a variation in the abundance of OMVs in biofilms produced by
AompT, AompTAompU, AompV, AompW, AtoxR (Fig. 3.4). There is a small but
statistically significant increase in abundance of OMVs in biofilm lacking OmpA
(Fig. 3.4). Increased OMV production in the absence of OmpA has been observed in
a number of bacteria and is believed to be the result of decreased cell-wall and outer
membrane linkage!>®. Abundance of OMVs isolated from biofilms lacking OmpU
showed a significant increase when compared to the parent (Fig. 3.4). Variation in
abundance of biofilm-associated OMVs in the absence of OmpU, similar to its
increased corrugated morphology (Fig. 2.2), distinguishes this mutant from the other
OMP mutants. Overall, this suggests that manipulation of OMVs is a possible
mechanism for OmpU participation in biofilm formation and architecture. However,
the absence of increased abundance of OMVs in the AompTAompU and AtoxR strains
suggests, again, that OMP participation in biofilm formation is influenced by the role

of other OMPs.

Additionally, we examined the abundance of OMYV in biofilms formed in either an

enhanced presence or absence of certain matrix components. There was no significant
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change in abundance of OMVs isolated from biofilms formed by either AhapA, which
results in increased accumulation of the three matrix proteins, or A VPSI-1I, biofilms
lacking the Vibrio polysaccharide, aside from a consistently decreased trend (Fig.
3.5). In the absence of matrix proteins RbmA, Bap1l, and RbmC and the Vibrio
polysaccharide, however, we observed an increase in OMV abundance when
compared to the parent (Fig. 3.5). This data suggests a connection between the
abundance of the V. cholerae matrix proteins and VPS and either the production or

stability of biofilm-associated OMVs.
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Figure 3.4. Abundance of Outer Membrane Vesicles in Biofilms Lacking Outer
Membrane Proteins or an Outer Membrane Protein Regulator. OMVs were
isolated as previously discussed. Aliquots of OMV samples were adjusted to protein
content 0.2 pg/ul in a final volume of 193.4 pl. 6.6 ul of 100 pg/ml FM4-64 dye was
added to each sample. Sample were allowed to incubate at 37°C for 10 mins.
Fluorescence was measured in triplicate per sample, then normalized to the rugose
value. The experiment was repeated in two biological replicates.

79



OMY Abundance

800

600-

400

200

j

\\
\\oa‘? 4 Qg\

80



Figure 3.5. Abundance of Outer Membrane Vesicles in Biofilms Lacking or
Enhanced for Matrix Components. OMVs were isolated as previously discussed.
Aliquots of OMV samples were adjusted to protein content 0.2 pg/ul in a final
volume of 193.4 pul. 6.6 pl of 100 pg/ml FM4-64 dye was added to each sample.
Sample were allowed to incubate at 37°C for 10 mins. Fluorescence was measured in
triplicate per sample, then normalized to the rugose value. The experiment was
repeated in two biological replicates.
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Variation in V. cholerae outer membrane and extracellular matrix composition
effects abundance of Vibrio polysaccharide in biofilm-associated outer

membrane vesicles

Having established that the absence of certain OMPs and matrix components can
influence the abundance of OMVs in V. cholerae biofilm, we next turned to
determine if the absence of OMPs or matrix components influences composition of
OMVs. Abundance of VPS in OMYV samples was quantified via immunoblotting and
subsequent quantification by densitometry. Mean values of VPS were normalized to
abundance of lipid content in respective OMV samples, such that abundance of VPS
is representative of VPS signal per OMVs. OMVs isolated from biofilms lacking
OmpT alone and OmpT and OmpU showed a slight, but non-significant, decrease in
VPS abundance (Fig. 3.6). OMVs isolated in the absence of OmpV and OmpW show
a decrease in abundance of VPS in OMV samples (Fig. 3.6). OmpA and OmpU stand
apart from the other OMP mutants, OMVs isolated from AompA and AompU showed
a significant decrease in VPS content when compared to OMVs isolated from rugose
parent biofilm (Fig. 3.6). This variation may be, in part, a result of an increase in
OMYV abundance without an associated increase in VPS abundance, however, in the
absence of HapA, which did not show an increase in OMV production (Fig. 3.5), we
observe a decrease in abundance of OMV-associated VPS (Fig. 3.7). Together, this
suggests that there may be an alternative mechanism for the decrease in OMV-
associated VPS in the absence of OmpA and OmpU. Additionally, we observe a

significant increase in OMV-associated VPS in the absence of ToxR (Fig. 3.6). The
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relationship between OmpT, OmpU, ToxR-mediated expression, OMVs, and OMV

cargo needs to be further explored to fully understand the system.

Not only is this the first example of VPS associating with OMVs, but we have also
established that composition of OMVs affects relative association of OMV and

biofilm components.
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Figure 3.6. Abundance of Vibrio Polysaccharide in Outer Membrane Vesicles
Isolated from Biofilms Lacking Outer Membrane Proteins or an Outer
Membrane Protein Regulator. OMVs were isolated as previously discussed.
Abundance of VPS in purified samples was determined using immunostaining and
subsequently quantified using ImagelJ software. The experiment was repeated in two
biological replicates and two technical replicates. Presented values are the mean of
these four trials.
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Figure 3.7. Abundance of Vibrio Polysaccharide in Outer Membrane Vesicles
Isolated from Biofilms Lacking or Enhanced for Matrix Components. OMVs
were isolated as previously discussed. Abundance of VPS in purified samples was
determined using immunostaining and subsequently quantified using ImageJ
software. The experiment was repeated in two biological replicates and two technical
replicates. Presented values are the mean of these four trials.
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Variation in V. cholerae outer membrane and extracellular matrix composition
effects abundance of matrix proteins in biofilm-associated outer membrane

vesicles

In addition to VPS, we also looked at relative abundance of RbmA, as a
representative of the matrix proteins, in OMVs isolated from biofilms lacking OMPs
and matrix components. We observe a slight increase in abundance of a RbmA
cleavage product, about 15.5 - 16 kilodaltons (kDa) in size, in OMVs isolated from
AompW and AompT biofilms (Fig. 3.8). There is an increased abundance of a RbmA
cleavage product, about 19 kDa in size, associated with AomplV OMVs (Fig. 3.8).
RbmA could not be detected in OMVs from AvpsI-1I, AABCAvpslI-I1, or the
AhapAAprtVAvesB triple protease deletion strain biofilms (Fig. 3.8). In the absence of
OmpU, we observe a drastic increase in OMV-associated RbmA products.
Additionally, the absence of OmpT and OmpU appears to have an additive effect on
the increased abundance of OMV-associated RbmA products, apparent in the
AompTAompU mutant (Fig. 3.8). Similar to previous observations, the absence of
ToxR appears to result in a AompT and AompU intermediate phenotype, showing an
increased abundance of RbmA, when compared to AompT, but a decreased
abundance, when compared to AompU. ABCAompU was run to see if the absence of
Bap1 and RbmC could affect association of RbmA products with the AompU OMVs.
Abundance of RbmA in OMVs isolated from ABCAompU biofilm is decreased when
compared to the AompU and AompTAompU strains, however, more work needs to be

done to characterize this interaction. Another conclusion we can make, from this data,
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is that full length RbmA protein does not associate with OMVs, only differently sized

cleavage products are seen.

The Bapl matrix protein was successfully visualized in the triple protease deletion
background at 75 kDa (Fig.3.8). OMVs isolated from AompT, AompU, and
AompTAompU are observed to contain variable Bapl degradation products of about
40 and 45 kDa size. In contrast to RbmA, it appears that full length Bap1 protein can

associate with OMVs.

Overall, these results suggest that outer membrane protein profile can affect relative

abundance of OMV-associated matrix proteins.
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Figure 3.8. Abundance of V. cholerae RbmA and Bap1 in Outer Membrane
Vesicles Isolated from Biofilms Lacking or Enhanced for Matrix Components or
Outer Membrane Proteins. OMVs were isolated as previously discussed. RbmA,
represented on the bottommost image, and Bap1, represented on the uppermost
image, were analyzed via immunostaining. The experiment was repeated in two
biological replicates and two technical replicates.
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Increased presence of outer membrane vesicles, via genetic modification, affects

V. cholerae biofilm morphology

To determine whether increased production of OMVs alters biofilm architecture, we
first generated strains with altered ability to produce OMVs. The Yrb/VacJ] ABC
system is a highly conserved, Gram-negative phospholipid transport system which
transfers phospholipids from the outer to the inner membrane in order to maintain
membrane asymmetry’> 74, Previously, it was shown that disruption of this system
results in an increase in OMV production in H. influenzae, V. cholerae, and E. coli”.
Here, I generated a V. cholerae strain lacking the Yrb/Vac] system permease
(YrbE/VC2519). Earlier studies showed that this mutation results in the accumulation
of phospholipids in the outer membrane/periplasmic space without compromising
outer membrane integrity”>, in an effort to synthesize a hypervesiculating stain of V.
cholerae. First, we quantified abundance of OMVs isolated from AyrbE biofilms. We
observed a significant increase in abundance of OMV's when compared to the rugose
parent strain (Fig. 3.9). Biofilms produced by the AyrbE strain are larger and more
corrugated, when compared to the parent strain (Figs. 3.10. and 3.11). Additionally, I
observed an increased abundance of OMVs in SEM micrographs of AyrbE biofilms,
when compared to the parent strain (Fig. 3.12). OMVs isolated from AyrbE showed a
significant decrease in VPS content when compared to OMVs isolated from rugose
parent biofilm (Fig. 3.13). This variation may be, in part, a result of an increase in
OMYV abundance without an associated increase in VPS abundance. From this data,

we confirm that the yrbE deletion does significantly increase OMV production and
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said OMYV production affects biofilm formation. This strongly suggests a role for

OMVs in V. cholerae biofilm formation.
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Figure 3.9. Abundance of Outer Membrane Vesicles in Biofilms Lacking YrbE.
OMVs were isolated as previously discussed. Aliquots of OMV samples were
adjusted to protein content 0.2 pg/ul in a final volume of 193.4 pul. 6.6 pul of 100
pg/ml FM4-64 dye was added to each sample. Sample were allowed to incubate at
37°C for 10 mins. Fluorescence was measured in triplicate per sample, then
normalized to the rugose value. The experiment was repeated in two biological
replicates.
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Figure 3.10. Outer Membrane Vesicles Participate in V. cholerae Colony
Biofilms. Biofilm morphologies of strains lacking the YreB permease. 100 pl of
serially diluted overnight culture (final dilution of 10) was plated on 20 ml LB agar
plates. Biofilms were grown at 30°C and imaged after 120 hours. The experiment was
repeated in two biological replicates. The experiment was repeated in two biological
replicates, images on the right are from one trial and images on the left from the
other.
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Figure 3.11. Outer Membrane Vesicles Participate in V. cholerae Spot Biofilms
Formed at Air-Solid Interface. Biofilm morphologies of strains lacking the YreB
permease. 3 pl of diluted overnight culture (1:200) was plated in triplicate on 20 ml
LB agar plates. Biofilms were grown at 30°C and imaged after 120 hours. The
experiment was repeated in two biological replicates. The experiment was repeated in
two biological replicates, images on the right are from one trial and images on the left
from the other.
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Figure 3.12. Increased Abundance of Outer Membrane Vesicles, via Genetic
Modification, in V. cholerae Biofilms Observed by Scanning Electron
Microscopy. 100 ul of V. cholerae overnight culture was plated on 20 ml LB agar
plates, overlaid with a single layer of sterile dialysis tubing. Biofilms were grown at
30°C and samples were prepared after 24 hours. Sterile glass coverslips were pressed
into the biofilm. Retrieved samples were fixed with 2.5% glutaraldehyde and serially
dehydrated with increasing concentrations of ethanol. The experiment was repeated in
two biological replicates.
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Figure 3.13. Abundance of Vibrio polysaccharide in Outer Membrane Vesicles
Isolated from Biofilms Lacking YrbE. OMVs were isolated as previously
discussed. Abundance of VPS in purified samples was determined using
immunostaining and subsequently quantified using ImageJ software. The experiment
was repeated in two biological replicates and two technical replicates. Presented
values are the mean of these four trials.
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Analysis of the Impact of Polymyxin B on V. cholerae Growth

It has been previously established that exposure to sub-lethal concentrations (one
quarter of the minimum inhibitory concentration) of Polymyxin B (PmB) can alter the
V. cholerae OMV proteome, increasing the association of Bap1 to OmpT>*. In order
to confirm that this concentration is also sub-lethal for our rugose variant strains, I
grew both the V. cholerae parent and AyrbE strains in the presence of 12.5 pg/ml.
Enumeration of CFUs, over numerous time points, suggests this concentration of
Polymyxin B does not affect growth (Fig. 3.14). It should be noted, however, that
AyrbE shows a decreased growth rate, when compared to the parent, independent of

Polymyxin B.
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Figure 3.14. Polymyxin B, at a Sub-Inhibitory Concentration, does not Affect V.
cholerae Growth. Overnight grown cultures were diluted (1:200) into 50 ml fresh LB
media. Polymyxin B was added to a final concentration of 12.5 ug/ml and cultures
were grown at 30°C shaking (200 rpm). 1.5 ml aliquots were taken hourly and used to
measure ODegoo and generate serial dilutions for CFU enumeration. Aliquots for serial
dilutions were vortexed with glass beads for 30 seconds at 2,500xg before subsequent
dilution. Each dilution was vortexed at 2,500xg for an additional 15 seconds before
plating. CFU/ml was determined after 24 hours of growth at 30°C. The experiment
was repeated in two biological replicates.
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Exposure to polymyxin B affects abundance of outer membrane vesicles in V.

cholerae biofilms

Utilizing the method for OMV isolation and quantification previously described, I
quantified abundance of biofilm-associated OMVs when grown in the presence of
12.5 ng/ml PmB. We do not observe variation in the abundance of OMVs in rugose
treated and untreated biofilms (Fig. 3.15). Alternatively, exposure to PmB decreases
abundance of biofilm-associated OMVs in the PmB-exposed AyrbE biofilm when
compared to the non-exposed control (Fig. 3.15). Our data is consistent with previous
work that stated that exposure of smooth V. cholerae to 12.5 pg/ml PmB does not
alter abundance of OMVs>*. The observation that exposure to sub-inhibitory
concentrations of PmB can decrease abundance of OMV in the AyrbE mutant is

novel.
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Figure 3.15. Quantification of Outer Membrane Vesicles Isolated from V.
cholerae Biofilms Grown in the Presence of Polymyxin B. Outer membrane
vesicles were isolated as previously discussed from LB agar plates containing 12.5
pg/ml PmB. Vesicles were additionally quantified as previously discussed.
Fluorescence was measured in triplicate per sample, then normalized to the rugose
value. The experiment was repeated in two biological replicates.
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Exposure to Polymyxin B alters V. cholerae biofilm morphology

Biofilms grown in the presence of 12.5 pg/ml PmB appeared more rugose, when
compared to the untreated control strains (Figs. 3.16 and 3.17). Scanning electron
microscopy of PmB treated and untreated V. cholerae biofilms showed no observable
differences with respect to cell morphology or instances of cell lysis (Figs. 3.18 and

3.19).
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Figure 3.16. Polymyxin B, at a Sub-Inhibitory Concentration, Affects V. cholerae
Colony Biofilms. Biofilm morphologies of parent and yreB strains. 100 pl of serially
diluted overnight culture (final dilution of 10™) was plated on 20 ml LB agar plates,
either without (left) or with (right) 12.5 pg/ml Polymyxin B. Biofilms were grown at
30°C and imaged after 120 hours. The experiment was repeated in two biological
replicates.
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Figure 3.17. Polymyxin B, at a Sub-Inhibitory Concentration, Affects V. cholerae
Spot Biofilms Formed at Air-Solid Interface. Biofilm morphologies of parent and
yreB strains. 3 pl of diluted overnight culture (1:200) was plated in triplicate on 20 ml
LB agar plates, either without (left) or with (right) 12.5 pg/ml. Biofilms were grown
at 30°C and imaged after 120 hours. The experiment was repeated in two biological
replicates.
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Figure 3.18. Presence of Sub-Inhibitory Concentration of Polymyxin B Does Not
Alter Cell Morphology or Lysis Events in Rugose Biofilms. 100 pl of overnight
culture was plated on 20 ml LB agar plates, containing 12.5 ug/ml Polymyxin B,
overlaid with a single layer of sterile dialysis tubing. Biofilms were grown at 30°C
and samples were prepared after 24 hours. Sterile glass coverslips were pressed into
the biofilm. Retrieved samples were fixed with 2.5% glutaraldehyde and serially
dehydrated with increasing concentrations of ethanol. The experiment was repeated in
two biological replicates.
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Figure 3.19. Presence of Sub-Inhibitory Concentration of Polymyxin B Does Not
Alter Cell Morphology or Lysis Events in V. cholerae Biofilms Lacking YrbE.
100 pul of overnight culture was plated on 20 ml LB agar plates, containing 12.5
pg/ml Polymyxin B, overlaid with a single layer of sterile dialysis tubing. Biofilms
were grown at 30°C and samples were prepared after 24 hours. Sterile glass
coverslips were pressed into the biofilm. Retrieved samples were fixed with 2.5%
glutaraldehyde and serially dehydrated with increasingly high concentrations of
ethanol. The experiment was repeated in two biological replicates.
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Conclusion

We have conclusively shown the existence of OMVs in V. cholerae biofilms. We
have also shown that OMV production can be increased, resulting in the modification
of biofilm morphology, through a number of means: genetic manipulation; chemical
induction; or any combination thereof. This study displays that OMVs play a distinct
role in the architecture of biofilms, with the increase in OMVs resulting in a hyper-
rugose phenotype. Interestingly, the means of increased vesiculation, genetic or
chemical modification, appear to influence the resulting, hyper-vesiculating
morphology. Polymyxin B is thought to alter the charge and structure of bacterial
lipopolysaccharide'>”. This modification may explain the difference in biofilm
phenotype under increase OMV production via Polymyxin B compared to AyreB (Fig
3.4. and 3.5). The roles of OMVs in V. cholerae biofilm formation and architecture
need to be further explored to understand the entirety of their contribution to the
matrix as biofilm-associated OMVs have been observed to play important roles
throughout biofilm-utilizing organisms. Cells from every kingdom of life, bacteria,
archaea, eukaryotes, have been observed to produce extracellular vesicles, with
production of vesicles being specific to each organism’s biology and physiological
needs ! 15% 160 Extracellular vesicles are also noted to be important to eukaryotic
biofilms. Fungal extracellular vesicle cargo is known to contain proteins, lipids,
polysaccharides, and RNA!¢!, Extensive work has been done in characterizing the
role of extracellular vesicles from the human pathogen, Candida albicans biofilms'?.

Vesicles from C. albicans biofilms were distinct from planktonic vesicles by size,
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protein content, and abundance'%

. C. albicans vesicle composition has been observed
to be very similar to matrix protein and polysaccharide composition, in that, there is
almost a 50% overlap in matrix and vesicle proteomes'®*, suggesting a role for
vesicles in delivery of matrix components. Within this project, we have been able to
establish matrix component delivery as an OMV function in V. cholerae biofilms. We
have shown association of VPS and matrix proteins with OMVs. Additionally, this
cargo can be of variable abundance dependent on the composition of the OMV
proteome. The role of extracellular vesicles is clearly diverse but critical to biofilm
formation through a number of mechanisms of participation and contribution to the

matrix. We will continue to explore the role of outer membrane vesicles in biofilm

formation and how the vesicle proteome contributes to the matrix as a whole.
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