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The Role of the VC1080 Operon in Vibrio cholerae Biofilm Formation 

By 

Megan Mouw 

ABSTRACT 

 

Vibrio cholerae is an environmental pathogen that relies on biofilm formation for its 

infectivity. Here we investigate a genomic region that we suspect is involved in 

regulation of V. cholerae biofilm formation in response to environmental signals. The 

genomic region is particularly enriched in two component system proteins with 

domains that are able to degrade c-di-GMP. The genomic region spans from VC1080 

to VC1087 in the V. cholerae genome and will be referred to as the VC1080 operon. 

This study provides information on the VC1080 to VC1087 gene products obtained 

by various bioinformatic analysis and presents results from the initial studies 

investigating the influence of each gene on V. cholerae biofilm formation and 

motility.  
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CHAPTER 1: Introduction  

 

Megan M. Mouw & Fitnat H. Yildiz 
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Biofilms are prevalent and significant  

 

While planktonic growth of bacteria in pure culture has been the mainstay of 

microbiological technique for decades, bacteria found naturally in natural 

environments have a marked tendency to interact with surfaces. Bacteria on surfaces 

are typically found as biofilms, which are defined as “aggregates of microorganisms 

in which cells are embedded in a self- produced matrix of extracellular polymeric 

substances that are adherent to each other and/or a surface” (H. C. Flemming et al. 

2016). Biofilm matrix is composed of polysaccharides, proteins, lipids and 

extracellular DNA (eDNA) (H. C. Flemming and Wingender 2010). 

 

Biofilms are one of the most widely distributed and successful modes of life on Earth 

as they drive biogeochemical cycling in the environment (H. C. Flemming and 

Wuertz 2019), have applications in biotechnology, and are associated with persistent 

infections in plants and animals (H. C. Flemming et al. 2016) (De Vos 2015). 

Furthermore, biofilms can contaminate medical devices and implants (Khatoon et al. 

2018) and contribute to biofouling and contamination of drinking water (H.-C. 

Flemming 2008). 

 

Biofilms exhibit emergent properties that distinguish them from planktonic bacteria. 

These properties comprise “novel structures, activities, patterns and properties that 

arise during the process, and as a consequence, of self-organization in complex 
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systems.” (H. C. Flemming et al. 2016). Fundamental to emergent properties is the 

ability of biofilm-forming bacteria to produce biofilm matrix, which encases the cells 

of a biofilm. Although the precise molecular interactions of biofilm matrix 

components have not been fully defined, several functions of matrix have been 

determined, including but not limited to: adhesion, aggregation, cohesion, water 

retention, protection, enzymatic activity, nutrition, and genetic exchange (H. C. 

Flemming and Wingender 2010). The matrix enables the biofilm to capture nutrient 

resources - an essential process for all organisms. Nutrients are captured by the 

sponge-like EPS matrix, becoming ‘sorbed substances’ which influence the exchange 

of nutrient, gases, and other molecules in the biofilm. When cells decay and lyse, 

their debris can be used as nutrients by surviving cells; a process that has been 

investigated in detail in Bacillus subtilis biofilms, which uses DNA from lysed cells 

as a source of phosphorus, carbon and energy (López et al. 2009). P. aeruginosa has 

also been shown to specifically produce extracellular DNases in biofilms to exploit 

DNA from lysed cells as a nutrient resource (Mulcahy, Charron-Mazenod, and 

Lewenza 2010).  

 

Bacterial biofilms tend to bring organisms into close proximity, which enables the 

exchange of metabolites, signaling molecules, genetic material and defensive 

compounds. Cells with different metabolic capacities or physiological gradients 

provide opportunities for cooperation, and biofilms can produce steep gradients of 

pH, redox conditions, as well as electron acceptors and donors. The availability of 
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oxygen as an electron acceptor is one of the most important external triggers of the 

establishment of gradients in the biofilm. In aquatic habitats, in which oxygen is 

present in the water phase, the upper layer of the biofilm is aerobic, while deep layers 

of the biofilm become anaerobic (Chang et al. 2015)(H. C. Flemming et al. 2016).  

 

Given the high cell densities and species diversity of many biofilms, it is not 

surprising that biofilms are the primary sites for the exchange of metabolic 

byproducts between species (West et al. 2006). For example, exchange of amino 

acids and sugars is a common mutualistic interaction in biofilm subcommunities 

(Zelezniak et al. 2015). An interesting example of metabolic interactions between 

different species in biofilms is the process of nitrification, in which ammonia-

oxidizing bacteria convert ammonium into nitrite, which is then oxidized by nitrite-

oxidizing bacteria. As a preceding step, the nitrite-oxidizing bacterium Nitrospira 

moscoviensis uses urease to produce ammonia for oxidation by ammonia-oxidizing 

bacteria that lack this enzyme (Koch et al. 2015).  

 

Studies of models of mixed-species biofilms clearly demonstrate the occurrence of 

cooperative behavior in biofilms (K. W. K. Lee et al. 2014). For example, a study of a 

biofilm formed by P. aeruginosa, Pseudomonas protegens and Klebsiella 

pneumoniae found that stress tolerance was present to an equal extent in all three 

community members. Furthermore, a biofilm community with three species was 

shown to tolerate exposure to the phenylurea herbicide linuron by synergistic 
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degradation of the toxin, which none of the cognate mono-species biofilms was able 

to degrade (Breugelmans et al. 2008). However, cooperation does not necessarily 

occur in all biofilms, and many species-species interactions in biofilms competitive in 

nature.  Competition within biofilms is mediated by antibiotics, bacteriocins, 

extracellular membrane vesicles, and type VI secretion systems. These weapons of 

competition drive strategies that include the inhibition of initial adhesion to the 

biofilm, or the production of biosurfactants with antimicrobial properties (Rendueles 

and Ghigo 2015). It has been shown that Salmonella Typhimurium responds to the 

presence of competing strains in biofilms by driving up the expression of genes 

associated with biofilm matrix production, epithelial invasion, and antibiotic 

tolerance. Furthermore, inactivation of the type VI secretion system of competing 

strains annuls these genetic responses, suggesting that type VI secretion-derived cell 

damage may activate these changes (Lories et al. 2020). 

 

Another emergent property of biofilms is their enhanced resistance or tolerance to 

antibiotics and other antimicrobial agents. Resistance refers to genetic or heritable 

characteristics, whereas tolerance denotes a characteristic that is specific to biofilms 

and that is lost following dispersal to free-living bacterial cells. Tolerance in biofilms 

can be a product of the biofilm matrix itself, or a property of the slow growth of cells 

within the biofilm. EPS components of the biofilm matrix can substantially quench 

the activity of antimicrobial substances that diffuse through the biofilm in a form on 

inhibition known as diffusion-reaction inhibition (Daddi Oubekka et al. 2012). This is 
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a process that can involve chelation of antimicrobial substances, enzymatic 

degradation, or reaction of EPS with oxidizing disinfectants. In Pseudomonas 

aeruginosa, the pel polysaccharide, which is one of three main polysaccharides 

required for biofilm development,  plays a role in enhancing resistance to 

aminoglycoside antibiotics (Colvin et al. 2011). In V. cholerae, antibiotics that inhibit 

protein synthesis results in changes in cell size, shape, and biofilm architecture. 

Antibiotic-induced changes also affect biofilm population dynamics and community 

assembly by enabling invasion of biofilms by bacteriophages and intruder cells of 

different species. (Díaz-Pascual et al. 2019). High cell density increased genetic 

competence, and accumulation of mobile genetic elements that occur in biofilms 

contribute to enhance uptake of resistance genes by horizontal gene transfer. It has 

been suggested that the environment within the biofilm is ideal for the uptake of 

resistance genes, especially considering the increased cell-to-cell contact that occurs 

within in the biofilm; a property that is required for some mechanisms of gene 

transfer. Conjugation has been shown to be up 700-fold more efficient in biofilms 

compared with free-living bacterial cells (Król et al. 2013). A study of 

Staphylococcus aureus showed that conjugal plasmid transfer occurred in biofilms 

but not in cultures of free-living bacterial cells, providing another example of a 

behavior that occurs in a biofilms but that is not possible for planktonic cells (Savage, 

Chopra, and O’Neill 2013).  
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In general, biofilm formation occurs in four main stages: (1) bacterial attachment to a 

surface, (2) microcolony formation, (3) biofilm maturation and (4) detachment (also 

termed dispersal) of bacteria which may then colonize new areas (C. Liu et al. 2020). 

Each step of this process must be highly regulated in biofilm-forming bacteria. While 

biofilm formation is a complex process regulated by several different factors in 

various bacteria, some regulators of biofilm formation, such as second messengers, 

are common to nearly all bacteria (Jenal, Reinders, and Lori 2017). The second 

messenger c-di-GMP is universally recognized as a “switch molecule” that controls 

the bacterial transition between a planktonic lifestyle and biofilm formation 

(Dahlstrom and O’Toole 2017) and will be the main form of biofilm regulation 

discussed in this thesis.  

 

 

 

 

Vibrio cholerae is a model organism for studying the biofilm lifecycle  

 

V. cholerae is a gram-negative facultative anaerobe that spends much of its life cycle 

inhabiting brackish or saltwater (Teschler et al. 2015). Infection of the human host 

can lead to the disease cholera, which is characterized by diffuse watery diarrhea, and 

typically occurs through the ingestion of contaminated food or water. Thus, cholera 

primarily impacts regions that lack adequate sanitation and clean drinking water. In 
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such regions, three to five million people are affected by cholera annually, resulting 

in 100,000-120,000 deaths (Charles and Ryan 2011)(Harris et al. 2012)(Sack et al. 

2004). Biofilm formation contributes to V. cholera’s persistence in the aquatic 

environment and evidence has shown that V. cholerae can form biofilm-like 

aggregates during infection, which could play a critical role in pathogenesis and 

disease transmission (Teschler et al. 2015). Furthermore, there have been reports that 

previously biofilm-associated cells are hyper-infectious (Tamayo, Patimalla, and 

Camilli 2010). Estimation of the relative infectivity of different forms of V. cholerae 

cells suggest that the enhanced infectivity of V. cholerae shed in human stools is 

largely due to the presence of clumps of cells that disperse in vivo, providing a high 

dose of the pathogen. This supports a model of cholera transmission in which in vivo-

formed biofilms contribute to enhanced infectivity and environmental persistence of 

pathogenic V. cholerae (Faruque et al. 2006). Recent studies have shown that biofilm-

grown V. cholerae cells upregulate virulence factors compared to planktonic-grown 

cells, priming biofilm-grown cells for infection and driving a hyper-infectious 

phenotype (Gallego-Hernandez et al. 2020).  Thus, there is great public health interest 

in better understanding the role that biofilms play in V. cholerae pathogenesis.   

 

Regulation of V. cholerae biofilm formation  

 

Biofilm formation enhances environmental survival and infectivity of V. cholerae; 

therefore, regulation of biofilm formation in V. cholerae has been extensively studied. 
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Vibrio polysaccharide (VPS) is the major component of the V. cholerae biofilm, and 

the vps genes are clustered in two regions, the vps-I cluster (vpsU, vpsA-K, VC0916-

27) and the vps-II cluster (vpsL-Q, VC0934-39), separated by an intergenic region 

containing the rbm gene cluster that encodes biofilm matrix proteins (J. C. N. Fong et 

al. 2010). In-frame deletions of the vps clusters and genes encoding matrix proteins 

drastically altered biofilm formation phenotypes. A group of transcriptional activators 

have been identified to control V. cholerae biofilm formation and vps gene 

expression, with VpsR considered to be the master regulator (Teschler et al. 2015). 

VpsR is a response regulator and part of a two-component signal transduction system; 

it binds directly to vps promoter regions that control the production of vibrio 

polysaccharide (vps), the major component of the biofilm matrix (Zamorano-Sánchez 

et al. 2015). Disruption of vpsR prevents the expression of Vibrio polysaccharide and 

matrix proteins, abolishing the formation of biofilms. VpsT is a second positive 

regulator of V. cholerae biofilm formation and is also a response regulator (Casper-

Lindley and Yildiz 2004). vpsT is positively regulated by VpsR, and disruption of 

vpsT reduces the expression of vps and matrix protein genes and biofilm forming 

capacity. VpsR and VpsT, bind to nonoverlapping target sequences in the regulatory 

region of vpsL in vitro. VpsR binds to a proximal site (the R1 box) as well as a distal 

site (the R2 box) with respect to the transcriptional start site identified upstream 

of vpsL. The VpsT binding site (the T box) is located between the R1 and R2 boxes. 

Similar to VpsR (Zamorano-Sánchez et al. 2015). VpsT binds to the vps promoter 

region to directly control the expression of vps genes. VpsT also binds directly to Bis-
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(3′-5′)-cyclic dimeric guanosine monophosphate (c-di-GMP), an association that is 

required for DNA association and transcriptional regulation. c-di-GMP is a central 

regulator of biofilm formation in V. cholerae and will be discussed further in later 

sections. It has been shown that VpsR can bind to c-di-GMP, resulting in the 

transcription of the pvpsL promoter of biosynthesis genes. Though this mechanism of 

activation is still unclear, it is speculated that VpsR’s mechanism of activation is 

dependent on both the concentration of VpsR and the level of c-di-GMP to increase 

transcription, resulting in finely tuned regulation (Hsieh, Waters, and Hinton 2020) 

(Hsieh, Hinton, and Waters 2018).  

 

c-di-GMP is a central regulator of the biofilm lifecycle  

 

The nucleotide based signaling molecule Bis-(3′-5′)-cyclic dimeric guanosine 

monophosphate 

(c-di-GMP) controls the transition from planktonic to biofilm lifestyles in many 

bacteria. Intracellular c-di-GMP levels can change dynamically through the activity 

of two enzymes called diguanylate cyclases and phosphodiesterases, which produce 

and degrade c-di-GMP respectively (Hengge 2009) (Hengge et al. 2016). Diguanylate 

cyclases (DGCs), which are proteins with a conserved GGDF domains, produce c-di-

GMP from two molecules of GTP, while phosphodiesterases (PDEs), which are 

proteins with a conserved EAL and/or HD-GYP domains domains that degrade c-di-

GMP. Degradation of c-di-GMP occurs by a two-step process in which one set of 
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phosphodiesterases (PDE-As) linearize the molecule into 5ʹ-phosphoguanylyl-(3ʹ,5ʹ)-

guanosine (pGpG), followed by hydrolysis by phosphodiesterases (PDE-Bs) called 

into two GMPs. Orn is the primary PBE-B in Pseudomonas aeruginosa (Orr et al. 

2015). 

 

c-di-GMP modifying proteins are frequently paired with sensory domains such that 

the presence or absence of an environmental signal can alter intracellular levels of the 

second messenger (Römling, Galperin, and Gomelsky 2013). An active DGC is a 

dimer of two subunits with GGDEF domains, each of which bind one molecule of 

GTP (Paul et al. 2004)(Chan et al. 2004)(Wassmann et al. 2007). PDE activity is 

associated with two amino acid sequence motifs: EAL and HD-GYP domains. HD-

GYP proteins form a subfamily of the HD superfamily of metal-dependent 

phosphohydrolases and are unrelated to the EAL proteins (Galperin et al. 1999). 

Although GGDEF, EAL, and HD-GYP domains can occur separately, composite 

proteins in which a GGDEF domain is covalently linked to either EAL or HD-GYP 

domains do exist (Hengge 2009).  

 

Many species possess GGDEF and EAL domain proteins in which the amino acids 

essential for enzymatic function are not conserved (Tschowri, Busse, and Hengge 

2009). Despite being enzymatically degenerate, some GGDEF and EAL domain 

proteins do still bind GTP or c-di-GMP to allosterically control the activity of a 

partner protein or domain; acting as c-di-GMP receptors (Tschowri, Busse, and 
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Hengge 2009). Most degenerate GGDEF and EAL domain proteins are still involved 

in c-di-GMP regulated processes such as biofilm formation and motility, but through 

direct macromolecular interactions rather than by synthesizing and degrading c-di-

GMP directly (Wang et al. 2005). An example of a degenerate GGDEF-containing 

protein is PelD from P. aeruginosa (Merighi et al. 2007) and the PleD paralogue 

PopA (Duerig et al. 2009), and CdgG from V. cholerae (Beyhan, Odell, and Yildiz 

2008). 

 

Several other c-di-GMP receptors have been identified, including the PilZ-containing 

proteins. The PilZ domain is often associated with regulatory, catalytic (including 

GGDEF, EAL and HD-GYP) or transport domains and has a phylogenetic 

distribution that is similar to that of GGDEF and EAL domains (Amikam and 

Galperin 2006). The PilZ domain has two consensus motifs, RxxxR and D/NxSxxG, 

required for c-di-GMP and it is found in several proteins affecting flagellar motility 

(Amikam and Galperin 2006). The V. cholerae genome encodes five proteins with 

predicted PilZ domains: PlzA (VC0697), PlzB (VC1885), PlzC (VC2344), PlzD 

(VCA0042), and PlzE (VCA0735). All of these Plz proteins except PlzB have the two 

consensus motifs involved in PilZ c-di-GMP binding. PlzC, PlzD, and PlzE were 

demonstrated to bind c-di-GMP in vitro (Roelofs et al. 2015) (Jason T. Pratt et al. 

2007).  

 



 13 

C-di-GMP can also bind to other proteins. In V. cholerae VpsT, VpsR, and FlrA and 

MshE all act as c-di-GMP receptors. At the transcriptional level, c-di-GMP represses 

transcription of flagellar genes. A large set of proteins is required for a functional 

flagellum, and their expression is regulated by a well- characterized four level 

transcriptional hierarchy (Prouty, Correa, and Klose 2001). Transcriptional activation 

begins with the alternative sigma factor σ54-dependent regulator FlrA (VC2137). C-

di-GMP binds to FlrA and alters its activity, impairing FlrA's ability to activate the 

expression of the flrBC operon, which is as two component system that is essential 

for flagellar biosynthesis and motility (Srivastava et al. 2013). FlrA is an orthologue 

of FleQ, the master regulator of flagellar gene expression in Pseudomonas 

aeruginosa. Structural studies showed that FleQ binds to an intercalated dimer of c-di-

GMP and binding of c-di-GMP to FleQ imposes a change in its oligomeric, inhibiting 

its ATPase activity (Arora et al. 1997). Recently, there has been a characterized 

interaction between c-di-GMP and the ATPase MshE, which promotes pilus 

polymerization. low levels of c-di-GMP correlate with enhanced retraction and loss of 

retraction is facilitated by the ATPase PilT, which increases near-surface roaming 

motility, and impairs initial surface attachment (Jones et al. 2015). This suggests that 

c-di-GMP directly controls MshE activity, thus regulating MSHA pilus extension and 

retraction dynamics, and modulating V. cholerae surface attachment and colonization 

(Floyd et al. 2020). 

 

V. cholerae biofilm formation 
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Attachment 

 

A critical step in the formation of a biofilm is the process of cell attachment.  

In V. cholerae, attachment is aided by the type IV mannose-sensitive hemagglutinin 

(MSHA) pilus. During early stages of biofilm formation, flagellar function and 

production is repressed to stabilize V. cholerae surface attachment. V. cholerae 

biofilm formation is a multistep process that begins with bacteria mechanically 

scanning the surface using roaming or orbiting movements. This process is facilitated 

by a cell surface structure MSHA pili and polar flagellum driven by a Na+ motor. 

Roaming and orbiting motility are ablated in strains lacking mannose sensitive 

hemagglutinin pili (MSHA) type IV pili, and strains lacking MSHA are also defective 

in initial surface attachment (Utada et al. 2014)(Watnick and Kolter 1999). It is 

notable that only orbiting cells attach to surfaces and after attachment V. cholerae 

does not exhibit surface motility (Utada et al. 2014). Thus, MSHA pili-surface 

binding is crucial to arrest cell motion near the surface and transition to surface 

attachment and microcolony formation. Recent studies have shown that the MSHA 

pilus is a dynamic extendable and retractable system that is directly controlled by c-

di-GMP (Floyd et al.2020.) (Jones et al. 2015). Specifically, c-di-GMP interacts 

together with MshE, to promote pilus extension, while low levels of c-di-GMP 

promote retraction. Loss of retraction impairs initial surface attachment in V. 

cholerae. Overall, these studies indicate that c-di-GMP directly controls MshE 
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activity, thus modulating V. cholerae surface attachment and colonization (Floyd et 

al. 2020.). V. cholerae motility and biofilm formation are inversely regulated by the 

second messenger signaling molecule c-di-GMP.  Elimination of the flagellum results 

in a flagellum-dependent biofilm regulatory (FDBR) response, which elevates c-di-

GMP levels, increases biofilm gene expression, and enhances biofilm formation (Wu 

et al. 2020). Furthermore, the diguanylate cyclase CdhH has been found to impact 

intracellular c-di-GMP levels and influence swim speed directions. CdgD has also 

been identified as the dominant DGC involved in post attachment c-di-GMP 

production in biofilms (Zamorano-Sánchez et al. 2019). Thus, flagella apparently 

play an important role in attachment in the early stages of bacterial attachment. c-di-

GMP also regulates reversible cell attachment in V. cholerae. Specifically, a 

conserved c-di-GMP receptor, LapD, and its associated periplasmic protease, LapG, 

together control the stability of two c-di-GMP-regulated adhesins, FrhA and CraA 

(Kitts et al. 2019). In this system, LapG is a calcium-dependent protease that 

processes both FrhA and CraA, thus controlling cell adhesion and biofilm formation 

(Kitts et al. 2019).  

 

Matrix production 

 

Following the initial stages of cellular attachment, cells produce the extracellular 

matrix, which is essential for the development of three-dimensional mature biofilms. 

The V. cholerae biofilm matrix is composed primarily of polysaccharides, 
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phospholipids, proteins, and small amounts of nucleic acids. Vibrio polysaccharide 

(VPS) makes ups 50% of the biofilm matrix mass. Two types of VPS are produced 

during biofilm formation: the repeating unit of the major variant of the polysaccharide 

portion of VPS is [→4)-α-L-GulpNAcAGly3OAc-(1→4)-β-D-Glcp-(1→4)-α-D-

Glcp-(1→4)-α-D- Galp-(1→]n, whereas the minor variant partially replaces α-D-Glc 

with α-D-GlcNAc35 (Yildiz et al. 2014). Genes involved in VPS production are 

organized into two vps clusters. In frame deletion of 15 out of 18 vps genes resulted 

in strains with reduced colony corrugation compared to wildtype, highlighting the 

importance of vps for biofilm architecture (Yildiz et al. 2014). 

 

Matrix proteins are also an important component of the biofilm matrix, and three are 

produced and secreted by V. cholerae at various times during biofilm formation. 

rbmA (rugosity and biofilm structure modulator A), is required for rugose colony 

formation and biofilm structure integrity in V. cholerae (J. C. N. Fong et al. 2006). 

Transcription of rbmA is positively regulated by the response regulator VpsR but not 

VpsT. RbmA participates in the early cell-cell adhesion events and is found 

throughout the biofilm where it localizes to cell-cell contact sites (J. C. N. Fong et al. 

2006). Crystal structures of RbmA show that the protein folds into tandem fibronectin 

type III (FnIII) folds. RbmA is thought to serve as a tether by maintaining flexible 

linkages between cells and the extracellular matrix (Giglio et al. 2013). It has also 

been shown that RbmA binds VPS directly, and uses a binary structural switch within 
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its first fibronectin type III domain to control RbmA structural dynamics and the 

formation of VPS-dependent higher-order structures (J. C. Fong et al. 2017) 

 

 Bap1 and its homolog RbmC also play non-redundant roles in biofilm formation (J. 

C. N. Fong and Yildiz 2007)(Absalon, Van Dellen, and Watnick 2011). Bap1 plays 

an important role in surface adhesion and is likely to be primarily produced by the 

founder cell (Berk et al. 2012.). Bap1 is secreted at the cell-surface interface and 

gradually radially accumulates on nearby surfaces, while remaining highest near the 

founder cell. In rugose pellicles, Bap1 is uniquely required for maintaining pellicle 

strength over time, as loss of Bap1 leads to a morphologically distinct pellicle 

structure. Bap1 alsocontributes to pellicle hydrophobicity, enabling it to spread and 

remain at an air-water interface (Hollenbeck et al. 2014). RbmC is larger than Bap1 

and is secreted at discrete sites on the cell surface as biofilms develop. RbmC and 

Bap1 form flexible envelopes surrounding the cell that can grow as cells divide (Berk 

et al. 2012). During biofilm formation on a solid-water interface, RbmA, RbmC and 

Bap1 were unable to accumulate on the surface of cells that did not produce VPS, and 

RmbC was shown to be critical for incorporating VPS throughout the biofilm. Thus, 

the mature biofilm is a composite of organized clusters composed of cells, VPS, 

RbmA, Bap1 and RbmC (Berk et al. 2012).  

 

Biofilm dispersal in V. cholerae 

 



 18 

While the transition from planktonic growth to biofilm growth has been relatively 

well studied in V. cholerae, understanding of the environmental triggers and 

molecular mechanisms that trigger biofilm dispersal is still in its early stages (Singh 

et al. 2017). However, studies have identified some clues concerning the regulation of 

V. cholerae biofilm dispersal: quorum sensing, bile salts, and starvation signals all 

appear to promote dispersal in V. cholerae (Hay and Zhu 2015)(Singh et al. 2017) (Z. 

Liu, Stirling, and Zhu 2007)(Bridges, Fei, and Bassler 2020). (Christopher M. Waters 

et al. 2008a)(Z. Liu, Stirling, and Zhu 2007)(Hammer and Bassler 2003a). High-

content image screens have facilitated the identification of components required for 

V. cholerae biofilm dispersal. These components have been categorized into three 

classes: signal transduction, matrix disassembly, and cell motility. It is proposed that 

the three functional categories represent the chronological steps required for the 

disassembly of a biofilm. First, the stimuli that activate dispersal must accumulate. 

Subsequently, the gene expression pattern established by detection of these stimuli 

must repress biofilm matrix production and activate production of enzymes required 

to digest the biofilm matrix. Finally, cells must escape through the partially digested, 

porous matrix, which requires changes in the direction of movement. It has also been 

shown that the DbfS-DbfR two-component system controls matrix production. While 

not yet tested explicitly, it is possible that DbfS-DbfR also orchestrates the initiation 

of matrix digestion and the launch of motility. Together, these steps ensure that when 

environmental conditions are appropriate, V. cholerae cells can exit the sessile 
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lifestyle and disseminate to new terrain that is ripe for biofilm formation or, 

alternatively during disease, to a new host (Bridges, Fei, and Bassler 2020).  

 

It is known that quorum sensing plays a significant role in promoting V. cholerae 

biofilm dispersal, as HapR, the master regulator of quorum sensing, is the main 

negative regulator of biofilm formation in V. cholerae (Christopher M. Waters et al. 

2008b) (Hammer and Bassler 2003b) . Quorum sensing is a cell-cell communication 

process involving the production, secretion, and detection of chemical signal 

molecules known as autoinducers (AIs) that allow bacteria to synchronize the 

behavior of the population (Papenfort and Bassler 2016). In the low- cell density state 

(i.e., when AI levels are low), the AI receptors function as kinases, and funnel 

phosphate to the response regulator, LuxO. LuxO-P activates four genes encoding the 

Qrr small regulatory RNAs (sRNAs). The Qrr sRNAs destabilize the mRNA 

encoding a major regulator of QS, HapR (Lenz et al. 2004). This relay culminates in 

the expression of low-cell density specific genes, including genes required for biofilm 

formation and virulence factor production (Zhu and Mekalanos 2003). When the cell 

density increases, the AIs accumulate, bind their cognate receptors, and switch the 

receptors to phosphatases. Phosphatase activity leads to dephosphorylation of LuxO 

and termination of qrr expression. The mRNA encoding HapR is stabilized, and 

HapR protein is produced (Lenz et al. 2004). HapR is a DNA-binding transcription 

factor that initiates a program of gene expression that switches the cells from the 

individual, low-cell-density state to the high-cell-density state. Quorum sensing 
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deficient mutants form thicker biofilms and do not detach as easily from biofilm 

when compared to wildtype, highlighting the importance of this process for biofilm 

dispersal. Quorum sensing has been shown to play a role in biofilm dispersal in a 

number of species, including V. cholerae (Hammer and Bassler 2003a) (Zhu and 

Mekalanos 2003) (Beyhan et al. 2007a). In V. cholerae, HapR, the master regulator of 

quorum sensing, is the main negative regulator of biofilm formation in V. cholerae 

(Hammer and Bassler 2003a). Disruption of hapR enhances biofilm formation, and 

HapR binds directly to the regulatory regions of vpsL, the first gene in an operon 

encoding genes responsible for the production of Vibrio polysaccharide (C. M. 

Waters et al. 2008). HapR level increase when cell density and quorum sensing 

autoinducers levels are high (Z. Liu, Stirling, and Zhu 2007). It has been shown that 

HapR production at high cell density in V. cholerae alters the expression of 14 genes 

encoding proteins with GGDEF and/or EAL domains, which modulate intracellular 

levels of c-di-GMP (C. M. Waters et al. 2008). QS control of these genes results in 

increased intracellular levels of c-di-GMP at low cell density and decreased c-di-

GMP at high cell density (C. M. Waters et al. 2008). HapR has also been shown to 

bind directly to VpsT, repressing its expression and contributing to the reduction in 

biofilm formation that occurs at high cell density (Beyhan et al. 2007b) .  

 

Beyond quorum sensing, it has also been shown that V. cholerae’s general stress 

response is important for fine tuning biofilm dispersal. Singh et al. showed that Vibrio 

cholerae combines information from individual stress response and collective quorum 
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sensing avenues of sensory input, to make decisions on whether to disperse from the 

biofilm (Singh et al. 2017). They find that dispersal is promoted in large biofilms 

under distress and prevented when biofilm populations are small (Singh et al. 2017). 

Authors grew biofilms in microfluidic devices with a flow rate of 0.1 mL/min. 

Biofilms were grown in M9 minimal medium, supplemented with 2mM SO4, 100mM 

CaCl2, MEM vitamins, 0.5% glucose, and 15mMtriethanolamine (pH 7.1). It was 

initially observed that halting flow over a mature biofilm causes biofilm dispersal and 

authors hypothesized that this effect could be due to altered solute concentrations 

once flow is stopped. When the carbon source (glucose) was removed from the flow 

while leaving the flow rate unchanged, a biofilm dispersal response was observed. 

Removal of oxygen resulted in a weak but significant response, while the addition of 

NO had no measurable effect compared with controls in which the flow rate and 

medium composition were left unchanged (Singh et al. 2017).  

 

It has been shown that RpoS, which regulates the generalized stress response during 

nutrient depletion, is elevated when flow of medium is stopped, or glucose is 

removed during flow cell biofilm experiments. Analysis of HapR accumulation using 

translational fusion of sfGFP to HapR also showed that HapR levels substantially 

increase during biofilm development, even when flow and nutrient supply are not 

interrupted, though a statistically significant increase of HapR upon flow stoppage 

was apparent. Overexpression of rpoS, hapR and both genes together by induction 

under an IPTG inducible promoter triggered biofilm dispersal, with rpoS causing a 
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larger response than hapR (Singh et al. 2017). 

 

HapR and RpoS act synergistically to regulate dispersal and HapR induction alone 

cannot promote dispersal in the complete absence of RpoS. When hapR is under the 

control of an inducible promoter and inserted into the rpoS deletion background, it is 

unable to disperse.  

 

The following model has been described for biofilm dispersal decisions in V. 

cholerae: when biofilms are small, autoinducer retention in the biofilm is slow, 

yielding low HapR levels. Under low HapR levels, dispersal will not occur in either 

the presence or absence of nutritious flow, which yielding low and high RpoS levels 

respectively. On the other hand, biofilms naturally accumulate autoinducers as they 

increase in size, leading to induction of hapR which "primes" the group for dispersal 

in the event of nutrient depletion. In such biofilms with high HapR levels, dispersal 

can be induced either by a change in flow conditions or by the removal of a nutrient 

source, which both lead to RpoS induction (Singh et al. 2017). 

 

In conclusion, biofilm formation is a process that beneficial for bacteria in many 

ways. Biofilms offer protection from environmental stresses and antibiotics and allow 

for cooperation and competition among members of the biofilm. c-di-GMP is a main 

switch molecule controlling the transition from planktonic to biofilm lifestyles. While 

biofilm formation is highly beneficial, it can also be a costly lifestyle for many 
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bacteria. In the case of V. cholerae - a model organism for studying biofilm formation 

- the process is highly regulated in response to environmental conditions. V. cholerae 

biofilm regulators affect and are in turn effected by levels of intracellular c-di-GMP 

and control the production of matrix components such as vps in order to regulate the 

switch between biofilm and planktonic lifestyles. While the transition from 

planktonic phase to biofilm phase has been reasonably well studied on the molecular 

level, our understanding of signals that lead to a degradation of c-di-GMP and 

transition back into the planktonic lifestyle are still in their early stages. This thesis 

aims to investigate an operon may affect V. cholerae biofilm formation by encoding 

gene products that can degrade c-di-GMP. We suspect that a consequence genetic 

activation of genes in our region of interest may lead to changes in c-di-GMP 

regulated phenotypes such as motility and biofilm formation.  
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CHAPTER 2: Characterizing the role of a genomic region in Vibrio cholerae that 

is enriched in two-component systems with c-di-GMP degrading capability  
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Introduction:  

 

Two component systems  

 

Two-component systems constitute a prevalent form of regulatory control in response 

to environmental changes in bacteria. This protein family is critical for the adaptation 

of microorganisms to a variety of stress conditions, in pathogenic and symbiotic 

interaction with eukaryotic hosts and in essential cellular pathways. The prototypical 

two-component system responds to a change in an environmental condition by 

modifying gene expression, and/or by modifying the biochemical activities of target 

proteins (Groisman, 2016).  

Classical two-component systems consist of a sensor protein and a regulator. Sensor 

proteins respond to a physical or chemical signal by modifying the phosphorylated 

state of a cognate regulatory protein by using ATP to autophosphorylate at a 

conserved histidine residue. The phosphorylated sensor serves as a phosphodonor to 

its partner regulator, which is phosphorylated at a conserved aspartic acid residue. 

The vast majority of sensors also display phosphatase activity toward their respective 

phosphorylated regulators. Regulators are often DNA-binding transcriptional 

repressors and/or activators. The consequence of two component system induction is 

typically a change in the transcriptional profile of an organism, as phosphorylation 

usually increases the affinity of a regulator for its DNA target (Groisman, 2016). 

Certain regulators lack DNA-binding domains and exert their regulatory effects by 
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establishing direct interactions with protein or RNA targets. The signals acting on 

sensors, and the genes regulated by the regulators, typically differ among two 

component systems. Differences in input signals and regulated genes/proteins have 

been reported even for homologous systems of closely related bacterial species 

(Pontes et al. 2011)(Chen and Groisman 2013).  

Not all two-component system are composed of a single histidine kinase and response 

regulator pair. The modularity of the TCS separates signal input, phosphotransfer, and 

output response; allowing bacteria to dramatically expand and diversify their 

signaling capabilities (Capra and Laub 2012). For example, hybrid two-component 

systems constitute a protein family that harbors the sensor and regulator domains of a 

classical two-component system fused in a single protein. Phosphorelays are a more 

complex version of the TCS in which a sensor kinase first transfers the phosphoryl 

group to a RR possessing a domain with the conserved aspartate but no output 

domain. The RR then transfers the phosphoryl group to a histidine-containing 

phosphotransfer protein, which serves as the phosphodonor to the terminal RR, which 

possesses and output domain mediating a cellular response (Capra and Laub 2012).  

 

While the majority of two-component systems have a sensor that only affects the 

phosphorylated state of its cognate regulator, some regulators phosphorylate more 

than one regulator, with several distinct sensors converging on a given regulator. In 

other cases, a given sensor may serve as a phosphodonor for multiple regulators. 
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These are examples of one-to-many (divergent), and many-to-one (convergent) TCS. 

In a convergent signaling pathway, distinct signals activate different sensors that 

modify the phosphorylation state of a single regulator to generate an output. In a 

divergent signaling pathway, a sensor responds to a signal by modifying the 

phosphorylation state of two regulators, thereby generating two different outputs 

(Groisman 2016).  

 

Two component systems in Vibrio cholerae  

 

The genome of V. cholerae is predicted to encode 43 histidine kinases (HKs) and 53 

response regulators (RRs), according to the reference genome of O1 EL Tor strain 

N16961 

(http://www.ncbi.nlm.nih.gov/Complete_Genomes/RRcensus.html and http://www.p2

cs.org) and data published by Teschler et al. (Teschler, Cheng, and Yildiz 2017). It is 

currently unknown how many of these two component systems are involved in 

convergent, divergent, or phosphorelay signaling. These two-component signal 

transduction systems (TCSs) allow V. cholerae to sense and respond to a variety of 

environmental stimuli, such as nutrient availability, pH, oxygen, osmolarity, quorum 

sensing signals and numerous host factors. Biofilm formation is an important strategy 

used by V. cholerae to respond to changing environmental conditions.  
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Several response regulators in V. cholerae have been reported to lead to increased 

biofilm formation, including VpsR and VpsT, which are positive regulators of biofilm 

formation (Casper-Lindley and Yildiz 2004) (Beyhan et al. 2007b). LuxO positively 

regulates biofilm formation through regulation of small regulatory RNAs responsible 

for repressing translation of hapR, which in turn represses biofilm gene expression 

(Vance, Zhu, and Mekalanos 2003). VxrAB (VCA0565-66) is a TCS that positively 

regulates biofilm formation in V. cholerae (Teschler, Cheng, and Yildiz 2017).  

 

Two component systems can also repress biofilm formation. NtrC negatively 

regulates the expression of core regulators of biofilm formation (vpsR, vpsT, 

and hapR) and mutants lacking NtrC had increased biofilm formation 

and vpsL expression (Cheng et al. 2018). PhoB acts as a repressor of biofilm 

formation under phosphate-limited conditions, and CarSR, which is involved in 

antimicrobial peptide resistance, and VieA both negatively regulate biofilm formation 

(J. T. Pratt, McDonough, and Camilli 2009)(Bilecen et al. 2015)(Tischler, Lee, and 

Camilli 2002)(Martinez-Wilson et al. 2008). The carRS system also regulates the 

expression of the vps genes responsible for biofilm formation through an extracellular 

matrix consisting of Vibrio exopolysaccharide (Samanta et al. 2020). VarSA represses 

biofilm formation by interfering with the LuxO-mediated activation of Qrr sRNAs. 

This is achieved through its activation of the inhibitory regulatory small RNAs 

CsrBCD and their subsequent inhibition of the global regulator CsrA. Repression of 

CsrA reduces Qrr sRNA levels, leads to increased HapR levels and decreased vps 
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gene expression (Jang et al. 2011)(Tsou et al. 2011). VarA of the VarS/VarA system 

is involved in the regulation of virulence proteins in the classical V. cholerae O395 

strain, and VarS is involved in the expression of the virulence proteins CT and TCP 

from the V. cholerae classical and El Tor strains. This expression is through 

regulation of ToxT expression in response to environmental changes due to different 

toxin-inducing conditions (Tsou et al. 2011).  

 

TCS systems harboring c-di-GMP signaling modules 

 

The genome of V. cholerae contains numerous genes encoding confirmed or putative 

c-di-GMP metabolic enzymes: 31 genes encoding GGDEF domains, 12 genes 

encoding EAL domains, 10 genes encoding tandem GGDEF-EAL genes, and 9 genes 

encoding HD-GYP domains. A handful of diguanylate cyclases and EAL domain 

phosphodiesterase enzymes have been shown to impact motility, biofilm formation 

and virulence in animal models (McKee et al. 2014b)(Beyhan, Odell, and Yildiz 

2008). 

 
 
While many of the two component systems described thus far exert their affects by 

altering gene expression, other two component system response regulators can exert 

their affects by altering levels of intracellular signaling molecules such as c-di-GMP. 

In V. cholerae, a well-characterized example of a two-component system that affects 
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levels of c-di-GMP is the VieASB regulatory system which will be discussed in detail 

in the following section. 

 

 The vieSAB operon is a three-protein phosphorelay that regulates V. cholerae 

virulence gene expression and biofilm formation in classical strains of V. cholerae 

(Tischler, Lee, and Camilli 2002). The operon was first identified in a screen for 

genes induced during colonization of the infant mouse small intestine (Camilli and 

Mekalanos 1995). The VieSAB system differs from conventional two-component 

systems as it encodes three components; the two response regulators, VieA and VieB, 

as well as the sensor histidine kinase VieS (S. H. Lee et al. 1998).  

 
VieA is a response regulator that contains an EAL domain (Tamayo, Tischler, and 

Camilli 2005). This EAL domain confers c-di-GMP phosphodiesterase (PDE) activity 

to the VieA protein. This PDE activity is supported by the ability of VieA to 

hydrolyze an enzymatically synthesized c-di-GMP substrate (Tamayo, Tischler, and 

Camilli 2005). VieA also contains a putative helix-turn-helix DNA binding domain. 

Deletion of either the DNA binding domain or the EAL domain of VieA leads to 

increased levels of c-di-GMP in vivo (Tamayo, Tischler, and Camilli 2005).  

 
Phosphotransfer assays have revealed VieS as the cognate sensor histidine kinase of 

the response regulator VieA (Martinez-Wilson et al. 2008). The rapid phosphotransfer 

that occurs between VieS and VieA is consistent with a cognate interaction and is 

abolished when the D52A phosphorylation site of VieA is mutated (Martinez-Wilson 
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et al. 2008). Deletion of both vieA and vieS leads to increased c-di-GMP activity, 

motility defects, and increased biofilm formation (Tischler and Camilli 2004). 

 

VieB is the second response regulator in the VieSAB three-component system, and 

has been shown experimentally to inhibit the VieS-VieA phosphotransfer (Mitchell et 

al. 2015). Phosphotransfer assays between the cytoplasmic portion of VieS and VieA 

are inhibited in the presence of VieB. VieB does not become phosphorylated in this 

reaction, indicating that VieB is not a phosphate sink nor does it compete with VieA 

for phosphorylation (Mitchell et al. 2015). However, it cannot be ruled out that VieB 

acts as a phosphatase against itself. By using a point-mutation approach to mimic 

either the phosphorylated or unphosphorylated state of VieB, it has been shown that 

unphosphorylated VieB is an active inhibitor of VieS-VieA phosphotransfer, while 

phosphorylated VieB is less active against this phosphotransfer (Mitchell et al. 2015). 

Overall, the VieSAB system plays a role in the upregulation of virulence genes in 

host-cell adhered V. cholerae in a manner that is dependent on a reduction in c-di-

GMP levels. Some additional studies of HD-GYP, EAL, and GGDEF domain 

proteins in V. cholerae and other bacteria are needed to gain a full understanding their 

roles in c-di-GMP signaling. 

 

V. cholerae is an environmental pathogen that relies on biofilm formation as a critical 

component of its infection cycle. Here we investigate a genomic region that spans 

from VC1080 to VC1087 in the V. cholerae genome and will be referred to as the 
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VC1080 operon (Figure 2.9). The VC1080 operon is particularly enriched in two 

component system proteins (tables 2.1-3.4). Bioinformatic analysis of the region 

revealed that the region encodes a c-di-GMP phosphodiesterase that is predicted to 

actively degrade ci-di-GMP. Based on the presence of two-component signaling 

genes and genes that code of c-di-GMP degrading enzymes, we hypothesize that the 

region is involved in regulating biofilm formation in response to environmental 

signals through a modulation of intracellular c-di-GMP levels. This chapter provides 

information on VC1080 to VC1087 gene products obtained by various bioinformatic 

analysis and presents results from studies investigating the influence of each gene on 

V. cholerae biofilm formation and motility, two c-di-GMP regulated phenotypes.   
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Results 

 

Bioinformatic analysis of VC1080 operon gene products  

The following section details an analysis of each gene product encoded in the 

VC1080 operon presented in the genomic context order. These analyses include 

domain analysis, cellular localization, size and structural homologs.  

 

VC1080  

Table 2.1 
Predicted function Histidine phosphotransfer protein 
Domains Histidine containing phosphotransfer 

domain 

 
Localization Cytoplasmic 

 
Size (amino acids) 121 
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Top 5 homologs for VC1080  
 
Table 2.2  
Gene name Protein name Organism 

Mthe_0384 

Multi-sensor hybrid 
histidine kinase (EC 
2.7.13.3) 

Methanothrix 
thermoacetophila 
(strain DSM 
6194 / JCM 
14653 / NBRC 
101360 / PT) 
(Methanosaeta 
thermophila) 

VC0395_A0599 
Phosphorelay protein 
LuxU 

Vibrio cholerae 
serotype O1 
(strain ATCC 
39541 / Classical 
Ogawa 395 / 
O395) 

AmaxDRAFT_0912 
Histidine kinase (EC 
2.7.13.3) 

Arthrospira 
maxima CS-328 

CLOL250_02125 

Stage 0 sporulation 
protein A homolog (EC 
2.7.13.3) 

Clostridium sp. 
L2-50 

SPV1_08366 
Histidine kinase (EC 
2.7.13.3) 

Mariprofundus 
ferrooxydans 
PV-1 



 35 

Top 5 sequence alignment for VC1080 
 
Figure 2.1  
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Bioinformatic analysis of VC1080 : Protein domains for VC1080 were obtained 
using Interpro (https://www.ebi.ac.uk/interpro/). Localization of proteins were 
obtained using protter (https://wlab.ethz.ch/protter/start/) (Table 2.1) Homologs and 
alignments were generated using data from Phyre2 (Table 2.2 and Figure2.1) 
(http://www.sbg.bio.ic.ac.uk/~phyre2/html/page.cgi?id=index). Based on 
bioinformatic analysis, VC1080 is likely a histidine phosphotransfer protein. Most 
revealing is the sequence alignment with LuxU, the phosphorelay protein from Vibrio 
cholerae serotype O1. Presence of a HPT protein suggests that genes encoded in the 
VC1080 operon may be involved in a phosphorelay type signaling cascade.   
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VC1081  
 
Table 2.3 
Predicted 
function 

Response regulator 

Domains CheY-like receiver (REC) domain 

 

Localization Cytoplasmic 

 
Size (amino 
acids) 

380 

 
Top 5 homologs for VC1081  
 
Table 2.4  
Gene name Protein name Organism 

atoC kustd2066 

Similar to sigma 54 
response regulatory 
protein 

Kuenenia 
stuttgartiensis 

Daro_0970 

Response regulator 
receiver: Metal-dependent 
phosphohydrolase, HD 
subdomain 

Dechloromonas 
aromatica (strain 
RCB) 

Daud_0677 
Stage 0 sporulation protein 
A homolog 

Desulforudis 
audaxviator 
(strain MP104C) 

DMR_38790 
Response regulator 
receiver protein 

Desulfovibrio 
magneticus (strain 
ATCC 700980 / 
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DSM 13731 / RS-
1) 

Kole_0111 

Response regulator 
receiver modulated metal 
dependent 
phosphohydrolase 

Kosmotoga 
olearia (strain 
ATCC BAA-1733 
/ DSM 21960 / 
TBF 19.5.1) 
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Sequence alignment for top 5 homologs for VC1081 
 
Figure 2.2 
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Bioinformatic analysis of VC1081: Protein domains for VC1081 (Table 2.3) were 
obtained using Interpro (https://www.ebi.ac.uk/interpro/). Localization of proteins 
were obtained using protter (https://wlab.ethz.ch/protter/start/) (Table 2.3). Homologs 
and alignments were generated using data from Phyre2 (Figure 2.2) 
(http://www.sbg.bio.ic.ac.uk/~phyre2/html/page.cgi?id=index). 
 
 Based on bioinformatic analysis, VC1081 likely encodes a response regulator 
protein. The protein may have metal-metal-dependent phosphohydrolase activity 
based on homology with proteins with similar function in Kosmotoga olearia and 
Dechloromonas aromatica, however this is yet to be confirmed.  
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VC1082  
 
Table 2.5 
Predicted function Histidine Kinase  
Domains Unknown  

 

Localization Cytoplasmic 

 
Size (amino acids) 121 

 
Top 5 homologs for VC1082  
 
Table 2.6 
Gene name Protein name Organism 

Glov_0960 
Histidine kinase (EC 
2.7.13.3) 

Geobacter lovleyi 
(strain ATCC BAA-
1151 / DSM 17278 / 
SZ) 

Paes_1639 Histidine kinase 

Prosthecochloris 
aestuarii (strain DSM 
271 / SK 413) 

Ctha_0605 

Multi-sensor hybrid 
histidine kinase (EC 
2.7.13.3) 

Chloroherpeton 
thalassium (strain 
ATCC 35110 / GB-
78) 

Ping_0979 
Histidine kinase (EC 
2.7.13.3) 

Psychromonas 
ingrahamii (strain 37) 

Maqu_1769 
Histidine kinase (EC 
2.7.13.3) 

Marinobacter 
hydrocarbonoclasticus 
(strain ATCC 700491 
/ DSM 11845 / VT8) 
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Sequence alignment of top 5 homologs for VC1082 
 
Figure 2.3  
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Bioinformatic analysis of VC1082: Protein domains for VC1082 (Table 2.5) were 
obtained using Interpro (https://www.ebi.ac.uk/interpro/). Localization of proteins 
were obtained using protter (https://wlab.ethz.ch/protter/start/) (Table 2.5). Homologs 
and alignments were generated using data from Phyre2 (Table 2.5 and Figure 2.3) 
(http://www.sbg.bio.ic.ac.uk/~phyre2/html/page.cgi?id=index). Based on homology 
to other species, VC1082 is likely a histidine kinase protein that is responsible for 
sensing a yet uncharacterized environmental signal. It is also unclear which gene 
encodes the cognate response regulator of VC1082.    
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VC1083 
 
Table 2.7 
Predicted function Methyl-accepting chemotaxis 

protein  
Domains Unknown  

Localization Cytoplasmic 

 
 

Size (amino acids) 585 
 
Top 5 homologs  
 
Table 2.8 
Gene name Protein name Organism 
Aaci_1403 
 

CheC, inhibitor of 
MCP methylation 
 

Alicyclobacillus acidocaldarius 
subsp. acidocaldarius (strain 
ATCC 27009 / DSM 446 / JCM 
5260 / NBRC 15652 / NCIMB 
11725 / NRRL B-14509 / 104-
1A) (Bacillus acidocaldarius) 
 

Nther_1420 
 

CheC, inhibitor of 
MCP methylation 
 

Natranaerobius thermophilus 
(strain ATCC BAA-1301 / 
DSM 18059 / JW/NM-WN-LF) 
 

Pjdr2_3443 
 

CheC, inhibitor of 
MCP methylation 
 

Paenibacillus sp. (strain JDR-2) 
 

fliY GTNG_1084 
 

Flagellar motor 
switch protein 
 

Geobacillus thermodenitrificans 
(strain NG80-2) 
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Aaci_1416 
 

CheC, inhibitor of 
MCP methylation 
 

Alicyclobacillus acidocaldarius 
subsp. acidocaldarius (strain 
ATCC 27009 / DSM 446 / JCM 
5260 / NBRC 15652 / NCIMB 
11725 / NRRL B-14509 / 104-
1A) (Bacillus acidocaldarius) 
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Sequence alignment of top 5 homologs for VC1083 
 
Figure 2.4 
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Bioinformatic analysis of VC1083: Protein domains for VC1083 (Table 2.7) were 
obtained using Interpro (https://www.ebi.ac.uk/interpro/). Localization of proteins 
were obtained using protter (https://wlab.ethz.ch/protter/start/) (Table 2.7). Homologs 
and alignments were generated using data from Phyre2 (Table 2.8 and Figure 2.4) 
(http://www.sbg.bio.ic.ac.uk/~phyre2/html/page.cgi?id=index).  
 
Based on bioinformatic analysis and homology, VC1083 is likely a methyl-accepting 
chemotaxis protein. Biofilm formation and motility are typically inversely regulated 
processes, and both are influenced by c-di-GMP, so we hypothesize that genes in the 
region may influence V. cholerae motility when overexpressed or deleted. These 
hypotheses are further explored in this chapter.  
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VC1084  
  

 Table 2.9  
Predicted function Histidine Kinase 
Domains transferase  

 

Localization Cytoplasmic 

  
Size (amino acids) 439 

 
 
Top 5 homologs for VC1084  
 
Table 3.0 
Gene name Protein name Organism 

VC0395_A0603 
Histidine kinase (EC 
2.7.13.3) 

Vibrio cholerae serotype O1 (strain 
ATCC 39541 / Classical Ogawa 395 
/ O395) 

MC7420_4503 PAS fold family 
Coleofasciculus chthonoplastes PCC 
7420 

HCH_00674 
Histidine kinase (EC 
2.7.13.3) 

Hahella chejuensis (strain KCTC 
2396) 

L8106_01952 

PAS/PAC Sensor Signal 
Transduction Histidine 
Kinase 

Lyngbya sp. (strain PCC 8106) 
(Lyngbya aestuarii (strain 
CCY9616)) 

Npun_AR133 

PAS/PAC sensor signal 
transduction histidine 
kinase 

Nostoc punctiforme (strain ATCC 
29133 / PCC 73102) 
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Sequence alignment for top 5 VC1084 homologs  
 
Figure 2.5   
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Bioinformatic analysis of VC1084: Protein domains for VC1084 (Table 2.9) were 
obtained using Interpro (https://www.ebi.ac.uk/interpro/). Localization of proteins 
were obtained using protter (https://wlab.ethz.ch/protter/start/) (Table 2.9). Homologs 
and alignments were generated using data from Phyre2 (Table 3.0 and Figure 2.5) 
(http://www.sbg.bio.ic.ac.uk/~phyre2/html/page.cgi?id=index).  
 
Based on bioinformatic analysis and homology, VC1084 is likely a sensor histidine 
kinase. Considering that the protein does not have a periplasmic domain, it is likely 
that the signal being sensed by this protein is freely diffusible, or that the protein may 
rely on other specialized sensing protein to relay a signal.  
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VC1085 
 
Table 3.1 

Predicted function Sensor histidine kinase 
Domains Dimerization and histidine phosphotransfer 

domain, catalytic ATP-binding domain 

 
Localization Cytoplasm  

 
Size (amino acids) 434 

 
Top 5 homologs for VC1085  
 
Table 3.2 

Gene name Protein name Organism 

Dole_3272 
Histidine kinase (EC 
2.7.13.3) 

Desulfococcus oleovorans (strain 
DSM 6200 / Hxd3) 

GM21_1351 
Histidine kinase (EC 
2.7.13.3) Geobacter sp. (strain M21) 

HRM2_39420 
Histidine kinase (EC 
2.7.13.3) 

Desulfobacterium autotrophicum 
(strain ATCC 43914 / DSM 3382 / 
HRM2) 

Sfum_1007 
Histidine kinase (EC 
2.7.13.3) 

Syntrophobacter fumaroxidans (strain 
DSM 10017 / MPOB) 

RPD_3277 
Histidine kinase (EC 
2.7.13.3) 

Rhodopseudomonas palustris (strain 
BisB5) 
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Sequence alighnemnt for top 5 VC1085 homologs  
 
Figure 2.6 
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Bioinformatic analysis of VC1085: Protein domains for VC1085 (Table 3.1) were 
obtained using Interpro (https://www.ebi.ac.uk/interpro/). Localization of proteins 
were obtained using protter (https://wlab.ethz.ch/protter/start/) (Table 3.1). Homologs 
and alignments were generated using data from Phyre2 (Table 3.2 and Figure 2.6) 
(http://www.sbg.bio.ic.ac.uk/~phyre2/html/page.cgi?id=index). Based on 
bioinformatic analysis and homology, VC1085 is likely a sensor histidine kinase. 
Considering that the protein does not have a periplasmic sensing domain, it is likely 
that the signal being sensed by this protein is freely diffusible, or that the protein 
relies on other specialized sensing proteins to relay the signal.  
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VC1086 
 
Table 3.3  
 

Predicted function Response regulator 
Domains EAL domain (active) 

 

Localization Cytoplasmic  

 
Size (amino acids) 536 

 
Top 5 homologs for VC1085  
 
Table 3.4 
 
Gene name Protein name Organism 

Msip34_1854 

Diguanylate 
cyclase/phosphodiesterase with 
PAS/PAC sensor(S) 

Methylovorus 
glucosetrophus (strain 
SIP3-4) 

CAP2UW1_3428 

Diguanylate 
cyclase/phosphodiesterase with 
PAS/PAC and GAF sensor(S) 

Accumulibacter phosphatis 
(strain UW-1) 

Tcr_1150 

Diguanylate 
cyclase/phosphodiesterase with 
PAS/PAC and GAF sensor(S) 

Hydrogenovibrio 
crunogenus (strain XCL-2) 
(Thiomicrospira 
crunogena) 

LHK_02557 

Diguanylate 
cyclase/phosphodiesterase with 
PAS/PAC sensor 

Laribacter hongkongensis 
(strain HLHK9) 

amb1214 
Predicted signal transduction 
protein 

Magnetospirillum 
magneticum (strain AMB-1 
/ ATCC 700264) 
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Sequence alignment for top VC1086 homologs 
 
Figure 2.7  
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Bioinformatic analysis of VC1086: Protein domains for VC1086 (Table 3.3) were 
obtained using Interpro (https://www.ebi.ac.uk/interpro/). Localization of proteins 
were obtained using protter (https://wlab.ethz.ch/protter/start/) (Table 3.3). Homologs 
and alignments were generated using data from Phyre2 (Table 3.4 and Figure 2.7) 
(http://www.sbg.bio.ic.ac.uk/~phyre2/html/page.cgi?id=index). Based on 
bioinformatic analysis and homology, VC1086 is likely a response regulator with a 
EAL domain. The presence of an EAL domain indicates that the protein has 
phosphodiesterase activity and can degrade c-di-GMP.  
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VC1087 
 
Table 3.5 
 

Predicted function Response Regulator 
Domains Signal receiver domain; HD-GYP 

domain (inactive) 

 
Localization Cytoplasmic  

 
Size (amino acids) 447 

 
Top 5 homologs for VC1087  
 
Table 3.6 
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Gene name  Protein name Organism  

Mmc1_3165 

Response regulator receiver 
modulated metal dependent 
phosphohydrolase 

Magnetococcus marinus (strain 
ATCC BAA-1437 / JCM 17883 
/ MC-1) 

Caur_3090 
Metal dependent 
phophohydrolase 

Chloroflexus aurantiacus 
(strain ATCC 29366 / DSM 
635 / J-10-fl) 

Daro_0970 

Response regulator 
receiver:Metal-dependent 
phosphohydrolase, HD 
subdomain 

Dechloromonas aromatica 
(strain RCB) 

Dalk_4886 

Response regulator receiver 
modulated metal dependent 
phosphohydrolase 

Desulfatibacillum 
aliphaticivorans 

ACP_1051 Response regulator 

Acidobacterium capsulatum 
(strain ATCC 51196 / DSM 
11244 / JCM 7670 / NBRC 
15755 / NCIMB 13165 / 161) 
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Sequence alignment for top 5 homologs of VC1087  
 
Figure 2.8 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 



 66 

 
 
 

  
 
 
 
 
 
 
 
 
 
 
 



 67 

 
 
 



 68 

Bioinformatic analysis of VC1087: Protein domains for VC1087 (Table 3.5) were 
obtained using Interpro (https://www.ebi.ac.uk/interpro/). Localization of proteins 
were obtained using protter (https://wlab.ethz.ch/protter/start/) (Table 3.5). Homologs 
and alignments were generated using data from Phyre2 (Table 3.6 and Figure 2.8) 
(http://www.sbg.bio.ic.ac.uk/~phyre2/html/page.cgi?id=index). Based on 
bioinformatic analysis and homology, VC1087 is likely a response regulator with an 
HD-GYP domain. The presence of an HD-GYP domain suggests that the protein has 
phosphodiesterase activity, however, studies have shown that this protein is 
enzymatically inactive (McKee et al. 2014).  
 
 
 
Tables 2.1-3.6 and Figures 2.1-2.8: Domains and predicted function of each gene in 
the VC1080 operon obtained from Protter and Microbes online. Top 5 homologs of 
VC1080 calculated by a PSI-BLAST (Position-Specific Iterated Basic Local 
Alignment Search Tool) scan of the amino acid sequence against a large sequence 
database (Uniref50) via Phyre2. Images were generated with JalView.  
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Bioinformatic analysis of the VC1080 operon gene products  

 
The gene products of the VC1080 operon are not well understood, though VC1086 is 

the best studied. VC1086 is an EAL-domain containing response regulator (Table 3.3, 

3.4, Figure 2.7). This protein is predicted to be localized to the cytoplasm, and 

possesses the residues characteristic of EAL enzymatic activity (Schmidt, Ryjenkov, 

and Gomelsky 2005). As a response regulator, the activity of VC1086 is modulated 

by a cognate histidine kinase. Two histidine kinases have been demonstrated to 

phosphorylate VC1086 in vitro; VC1084 (Tables 2.9, 3.0, Figure 2.5) , which is 

encoded in the same operon as VC1086, and VCA0719, a nitric oxide responsive 

histidine kinase (Plate and Marletta 2012). Interestingly, these two histidine kinases 

also rapidly transfer their phosphoryl group to VC1087 (Tables 3.5, 3.6, Figure 2.8)  

another gene product encoded in the VC1080 region (Plate and Marletta 2012). 

VC1087 is a response regulator with a predicted HD-GYP domain, which is typically 

associated with phosphodiesterase activity, though it lacks an intact HD motif 

rendering it enzymatically inactive (McKee et al. 2014b). Based on the lack of an HD 

motif, it is expected that c-di-GMP hydrolysis by the VC1080 operon gene products 

is achieved solely through the activity of VC1086.  Furthermore, analysis of vpsL 

expression in the VC1080 (Tables 2.1,2.2, Figure 2.1) deletion strain have revealed 

that VC1080 does not exhibit differences in vpsL expression compared to wildtype, 

suggesting that VC1080 is not involved in the regulation of vpsL expression 

(Shikuma et al. 2009). Overall, bioinformatic analysis and prior studies of the 

VC1080 operon gene products support the hypothesis that the region may be involved 
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in modulating levels of c-di-GMP and c-di-GMP regulated phenotypes such as 

motility and biofilm formation.  

 

Furthermore, a recent study found that VC1087 binds to glucose-specific enzyme IIA 

(EIIAgluc), when cells are grown in biofilm (Pickering, Smith, and Watnick 2012). 

This interaction was not observed in cells grown planktonically. EIIAgluc  is a central 

regulator of bacterial metabolism and an intermediate in the phosphoenolpyruvate 

phosphotransferase system (PTS), a conserved phosphotransfer cascade that controls 

carbohydrate transport. This finding raises the intriguing possibility that carbohydrate 

abundance may also influence expression or activity of genes encoded in the VC1080 

region. 

 

Bioinformatic analysis and investigations into VC1080 operon homologs in other 

bacterial species can give further insight into the potential role of genes encoded in 

the operon in V. cholerae. The amino acid sequence of each gene encoded in the 

VC1080 operon was scanned against a large sequence database Phyre2. This analysis 

revealed the top 5 homologous proteins for each gene. From this analysis, it is clear 

that the region is highly enriched in two component system genes, some of which 

harbor c-di-GMP degrading domains (tables 2.1-3.4). We interpret the presence of 

multiple two component system coding genes, including a histidine 

phosphotransferase protein, to indicate that the proteins encoded in this region may be 

involved in a phosphorelay signaling cascade. The presence of multiple response 
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regulators and histidine kinases, all of which are cytoplasmic with the exception of 

VC1085, suggests that the region may be responsible for integrating multiple 

environmental signals into a cellular response. The cytoplasmic localization of the 

proteins suggests that some of these signals may be freely diffusible, or perhaps rely 

on other specialized sensing proteins to relay signals to their cognate sensor histidine 

kinases. The presence of EAL and HD-GYP domains suggests this region’s proteins 

reduce intracellular c-di-GMP, which would subsequently affect c-di-GMP 

responsive phenotypes such as biofilm formation and motility.  The following results 

display the organization and predicted function of each gene in the VC1080 operon.  
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Analysis of biofilm gene expression in the absence of VC1080 operon members 
 
 
Given the results of the bioinformatic analysis, we predicted that the role of VC1080 

operon members was to regulate c-di-GMP levels and c-di-GMP responsive 

phenotypes. Based on the presence of two-component system proteins, we suspected 

that these c-di-GMP-mediated changes may be responsive to an environmental signal. 

To assess this hypothesis, we first examined whether these gene products influence 

biofilm formation, which is a characteristic c-di-GMP modulated phenotype. 

Production of Vibrio polysaccharide, the main component of the V. cholerae biofilm 

matrix, is required for V. cholerae biofilm formation and is modulated by c-di-GMP. 

We asked if deletion of any of the genes in the VC1080 operon would lead to changes 

in levels of vpsL, the first gene in the vps-II cluster, which along with the vps-I cluster 

genes, encodes components that are required for VPS production and biofilm 

formation. We used a transcriptional fusion of the regulatory region of vpsL and the 

luciferase transcriptional reporter luxCADBE (PvpsL-lux). Deletion of both VC1087 

and VC1081 significantly increased vpsL expression, while other operon members 

had no effect (Fig. 3.3). These changes in vpsL levels in the absence of some VC1080 

operon members lent support to our hypothesis that the VC1080 operon was involved 

in biofilm formation through modulation of c-di-GMP.   
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Figure 3.3: vpsL expression in operon deletion strains. Cultures of VC1080 
deletion strains harboring the PvpsL-lux construct were grown overnight in LB 
containing chloramphenicol (5 μg/mL). These cultures were diluted 1:200 and 200 μL 
added to a white, flat-bottom 96-well plate. Luminescence and optical density (600 
nm) were measured using a Perkin Elmer Victor3 multilabel counter. Relative 
luminescence units (RLU) are expressed as luminescent 
counts · min−1 · mL−1 · OD600−1. Assays were performed in three independent 
biological replicates. Statistical analysis was performed using GraphPad Prism 7. *** 
p</= 0.001 **** p</= 0.0001. WT (smooth wildtype).  
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Analysis of biofilm spot morphology phenotypes in strains lacking VC1080 

operon members  

To examine the effect that genes encoded in the VC1080 operon have on V. cholerae 

biofilm formation directly, we individually deleted each gene and conducted spot 

biofilm morphology assays to determine if changes in vpsL expression might be 

reflected in changes in biofilm spot morphology. This experiment was performed in 

the Rugose variant of V. cholerae A1552, which harbors a single point mutation in the 

vpvC gene, which is a diguanylate cyclase. This allows the rugose variant to form 

robust biofilms under laboratory conditions, allowing us to visually evaluate biofilm 

corrugation patterns (Beyhan and Yildiz 2007). This is due to an increase in c-di-

GMP, which leads to an increase in biofilm matrix production. Any changes to 

colony corrugation can be interpreted as due to changes in c-di-GMP and biofilm 

matrix production.  

Strains lacking each gene were cultured overnight, diluted 1:200, and 3µL were 

spotted onto LB agar. After 48 hours, we did not observe any marked changes in V. 

cholerae spot biofilm corrugation in the absence of any gene encoded in the VC1080 

region (Fig. 3.4). One possibility to explain these results is that, under the conditions 

tested, the genes encoded in this region are not expressed at high enough levels to 

observe phenotypes. 
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Figure 3.4: Spot biofilm morphologies of VC1080 operon deletion mutants.  

Overnight cultures of each deletion mutant were spotted onto standard LB agar plates 
and incubated t 30 °C for 48 hours. The experiment was repeated in two biological 
replicates, images presented are representative of isolated trials. 
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Analysis of biofilm spot morphology phenotypes of strains overexpressing 

VC1080 operon members  

 

To further evaluate the effect of the VC1080 operon on V. cholerae biofilm 

formation, and to evaluate the hypothesis that genes may not be expressed under the 

conditions tested, we examined the effect of overexpression of VC1080 operon genes. 

Each gene encoded in the VC1080 operon was individually overexpressed 

on pMMB67EH, which controls gene expression through an IPTG inducible 

promoter. Strains were cultured overnight, diluted 1:200, and 3µL were spotted onto 

LB agar containing 0.1 mM IPTG. After 48 hours, we observed a reduction in V. 

cholerae spot biofilm corrugation when VC1086 was overexpressed, as well as a 

noticeable reduction in the corrugation of VC1084 (Figure 3.5). Colony corrugation 

pattern of the other strains remained similar to the rugose parent strain. Considering 

that VC1086 is an active PDE, we suspect that the reduction in corrugation is due to a 

reduction in levels of c-di-GMP, and a subsequent reduction in the production of 

biofilm matrix components.VC1084 is a histidine kinase, and we hypothesize that the 

VC1086 (RR) and VC1084 (HK) may function as a cognate histidine kinase response 

regulator pair to control levels c-di-GMP in response to environmental stimuli.  
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Figure 3.5: Spot biofilm morphologies of VC1080 operon overexpression strains. 
Overnight cultures of each overexpression strain were diluted 1:200. 3μL were 
spotted onto standard LB agar plates containing 0.1 mM IPTG + ampicillin 100 μg/μl 
and incubated at 30 °C for 48 hours.  The experiment was repeated in two biological 
replicates, images presented are representative of isolated trials. 
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We aimed to further evaluate the relationship between two two-component system 

gene products encoded in the VC1080 operon. Specifically, we were interested in the 

relationship between the RR VC1086 and the HK VC1084. VC1084 has been shown 

to phosphorylate VC1086 in vitro, and we aimed to evaluate this relationship in vivo 

using spot morphologies (Plate and Marletta 2012). The HK VC1084 was 

overexpressed on pMMB67EH in the deletion background of VC1086. Colony 

corrugation of this strain was compared to that of the otherwise WT overexpressing 

VC1084, allowing us to evaluate the dependency of VC1084 mediated phenotypes on 

the presence of VC1086. Compared to overexpression of VC1084, which displays 

less corrugation compared to the parent strain, overexpression of VC1084 in the 

absence of VC1086 appeared similar to the rugose parent strain, suggesting that the 

activity of VC1084 is dependent on the presence of VC1086 (Figure 3.6). Activation 

of VC1086 by VC1084 would lead to a reduction in levels of intracellular c-di-GMP, 

and thus a reduction in the production of biofilm matrix components and reduced 

biofilm corrugation.  
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Figure 3.6: Genetic dependency of VC1086 and VC1084. Overnight cultures of 
each overexpression strain were spotted onto standard LB agar plates containing 
IPTG and ampicillin and incubated at 30 °C for 48 hours. Overexpression was 
achieved using the pMMB67EH plasmid. The experiment was repeated in three 
biological replicates, images presented are representative of one isolated trial. 
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Analysis of overexpression of VC1080 operon and dependency of biofilm 

formation on VC1080 operon members 

We evaluated changes in biofilm corrugation when the entire VC1080 operon was 

overexpressed by creating a construct that replaced the native VC1080 promoter 

region with an IPTG-inducible promoter (pTAC). We observed spot biofilm 

morphologies of this strain and found that the loss in corrugation was comparable to 

that of the DVC1086 strain. To evaluate the dependency of the VC1080-87 

overexpression phenotype on the presence of VC1084 and VC1086, we 

overexpressed the entire operon in the deletion background of these two genes. 

Overexpression of the entire operon in the absence of VC1086 yielded a phenotype 

that was almost identical to the rugose parent strain, demonstrating the importance of 

VC1086 for generating the overexpression phenotype of the VC1080 operon (Fig. 

3.7). The biofilm spot morphology when the entire operon is overexpressed in the 

absence of VC1084 is very similar to the phenotype when the entire operon 

overexpressed on its own, however, the spots are smaller and slightly more compact, 

implying slightly more biofilm matrix production. This supports a role for VC1084 in 

mediating the VC1080 operon overexpression phenotype, but to a far less extent than 

VC1086.    
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Figure 3.7: Overexpression phenotype of the VC1080 operon and dependency on 
VC1086 and VC1084. The VC1080 operon was overexpressed by replacing the 
native promoter with an IPTG inducible promoter. Overnight cultures of each strain 
(RA1552, RA1552::VC1080-87, RDVC1086:: VC1080-87 , RDVC1084:: VC1080-
87 were diluted 1:200. 3µL were spotted onto standard LB agar plates containing 0.1 
mM IPTG and 100 μg/μl ampicillin and incubated at 30 °C for 48 hours.   The 
experiment was repeated in two biological replicates, images presented are 
representative of isolated trials. 
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Overexpression VC1086, VC1084, and VC1081 affects V. cholerae pellicle 

biofilm morphology  

 
Previous work has established that the V. cholerae A1552 rugose variant forms a 

stable hydrophobic pellicle, which is a biofilm formed at a liquid-air interface (J. C. 

N. Fong et al. 2006a). When cultures are grown statically, the parent rugose strain 

forms an evenly corrugated biofilm, a few millimeters tall (Figure 3.8). Having 

established that overexpression of specific genes in the VC1080 operon leads to 

changes in spot biofilm morphology, we sought to determine if changes could also be 

observed in pellicle biofilms. As expected, overexpression of VC1086 lead to a vast 

reduction pellicle corrugation, while VC1084 lead to a less noticeable, but 

nevertheless significant reduction in corrugation (Figure 3.8). Interestingly, pellicle 

biofilms of VC1081 also displayed a reduction in corrugation, albeit to a lesser extent 

when compared to VC1084 and VC1086. As a poorly studied response regulator with 

an unknown output domain, this VC1081 pellicle morphology represents a novel 

phenotype that has not been described to date. Considering that VC1081 does not 

have a characterized c-di-GMP hydrolyzing domain or a growth defect, it likely that 

the effect this gene has on biofilm formation is occurring through a yet to be 

determined regulatory interactions. Overall, these results support the finding that 

overexpression of genes in the VC1080 operon lead to changes in biofilm formation, 

and that these changes are not limited to biofilms formed on solid agar surfaces, but 

also those formed at the water-air interface.   
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Figure 3.8: Pellicle biofilms of each VC1080 operon overexpression strain. Each 
gene in the VC1080 operon was overexpressed on pMMB67EH, under the control of 
an IPTG inducible promoter. Strains were grown overnight and diluted 1:200 into 
fresh LB amp 24-well plates containing 0.1mM IPTG + 100 μg/μl ampicillin. 
Pellicles were incubated at 30 °C and imaged after 48 hours. The experiment was 
repeated with two biological replicates, images presented are representative of 
isolated trials. 
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Analysis of c-di-GMP production in strains overproducing VC1080 operon 

members  

 

Studies discussed above show that overexpression of VC1080 operon members, 

specifically VC1084 and VC1086 lead to a decrease in colony corrugation. As 

VC1086 harbors an EAL domain, we reasoned that this decrease in biofilm formation 

could be due to altered c-di-GMP production. To directly evaluate the effect of 

overexpression of genes in the VC1080 region on c-di-GMP levels, we quantified c-

di-GMP directly in spot biofilms using mass spectrometry. Spot colony biofilms were 

grown under the same conditions as for the biofilm spot morphology assays, total 

nucleotide pool was extracted, and cellular c-di-GMP levels were determined by 

mass-spec analysis. As expected, overexpression of VC1086 showed the greatest 

reduction in c-di-GMP, reducing c-di-GMP levels by three-fold, while overexpression 

of VC1084 lead to a two-fold reduction in c-di-GMP levels compared to that of the 

rugose strain (Figure 3.9). This result lends support to our hypothesis that the colony 

biofilm phenotype changes observed when VC1086 and VC1084 are overexpressed, 

are likely due to a reduction in levels of c-di-GMP. Interestingly, VC1081 

overexpression also led to a decrease in c-di-GMP compared to wildtype, though the 

change was not statistically significant. This result is in line with the prior observation 

that VC1081 overexpression leads to a reduction in pellicle biofilm corrugation. 

While VC1081 likely does not directly affect c-di-GMP levels through degradation as 

it does not have a c-di-GMP hydrolyzing domain, and it may instead affect or 
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modulate other genes that are able to influence c-di-GMP. In summary, the spot 

biofilm and pellicle biofilm phenotypes observed when VC1086, VC1084, and are 

over-expressed, are likely the result of a reduction in c-di-GMP.   
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Figure 3.9: c-di-GMP quantification from biofilm spots. Colony biofilms of V. 
cholerae strains were grown for 48 hours at 30°C on LB agar plates containing 
0.1mM IPTG and 100 μg/μl ampicillin. Intracellular c-di-GMP quantification via 
mass spectrometry was done for a given strain from 20 spot biofilms. The experiment 
was completed in two biological replicates. Each data point represents the average of 
three technical replicates. Statistical analysis performed by Graphpad Prism 7. One 
way ANOVA * p</=0.05, **p</=0.01.   
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Analysis of motility phenotypes associated with VC1080 operon products  

From the results presented thus far, overexpression of the VC1080 operon leads to 

biofilm changes that are modulated by changes in c-di-GMP. There is a characteristic 

inverse relationship between biofilm formation and motility in V. cholerae, where a 

decrease in production biofilm matrix components is generally seen together with an 

increase in motility (X. Liu et al. 2010). As a c-di-GMP regulated phenotype, we 

wondered if overexpression of the VC1080 operon genes in the rugose background 

may also affect V. cholerae motility. We found that overexpression of VC1086 lead 

to a zone of motility that is 1 cm larger than the rugose parent strain, while 

overexpression of VC1081 leads to a zone of motility that is 0.5 cm smaller than that 

of the parent strain (Figure 4.0). It appears that the decrease in c-di-GMP induced by 

overexpression of VC1086 not only decrease biofilm formation, but also increase 

motility, another c-di-GMP regulated process. The decrease in motility when VC1081 

is more puzzling, though it may represent a novel example of how motility and 

biofilm production are not always perfectly inversely related in V. cholerae, and 

points to an interesting uncharacterized regulatory role for VC1081 that needs to be 

further explored.  
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Figure 4.0: Analysis of motility phenotypes of VC1080 operon members: Single 

colonies of VC1080 strains were inoculated into LB motility plates containing IPTG 

and ampicillin and incubated at 30°C for 22 hours. The zone of motility for each 

mutant was measured and compared to that of the parent strain. Experiment was 

completed in three biological replicates. Each data points represents the average of 

two technical replicates. Statistical analysis performed with GraphPad Prism 7. *** P 

</=  0.0001, * p</= 0.05.  
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Nitric Oxide reduces expression of the VC1080 operon  
 
 
We next sought to determine signals that affected expression of the VC1080 operon. 

To identify signals, we looked to operons containing similar genes in other bacterial  

species. Conservation of gene organization suggests that the proteins are functionally 

related members of the same signaling network. Of particular interest was Shewanella 

oneidensis, which also encodes several genes with homology to those found in the 

VC1080 region (Figure 4.1). In particular, HnoD, a VC1087 homolog in 

Shewanella oneidensis, has been shown to control the activity of a  VC1086 homolog, 

HnoB (Plate and Marletta 2012). HnoD was found to significantly inhibit the PDE 

activity of HnoB in a manner that was dependent on the phosphorylation state of 

HnoD in Shewanella oneidensis. Phosphorylated HnoD was no longer inhibitory, and 

this loss of inhibition was independent of HnoB phosphorylation (Plate and Marletta 

2013). Thus, HnoD and HnoB form a coherent feed-forward loop to control c-di-

GMP levels (Mangan and Alon, 2003). Based on the experiments above, we 

hypothesize that nitric oxide may be a signal for the VC1080 operon. To evaluate this 

hypotheiss we evaluated VC1080 operon expression by fusing the promoter region 

upstream of VC1080 to luxCDABE reporter genes. A region 245 base pairs upstream 

of VC1080, which is predicted to the VC1080 operon promoter, was cloned into 

pBBR-lux, such that expression of the operon could be monitored by monitoring 

fluorescence. This experiment was performed in the wildtype V. cholerae A1552 

strain, under anaerobic conditions to facilitate the activity of the nitric oxide donor. 

We found that addition of a nitric oxide donor, DETANONOate, at a concentration of 
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500µM, led to a three-fold reduction in expression of the VC1080 operon (Figure 

4.2). This finding fits well with a previously described model in Shewanella 

onedensis whereby nitric oxide represses the activity of VC1086, increasing levels of 

c-di-GMP, thereby increasing biofilm formation (Plate and Marletta 2012). We 

speculate that a similar signaling cascade may be occurring in V. cholerae.  
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Figure 4.1: Homology of VC1080 operon with Shewanella oneidensis MR-1: 
Matching colors represent homologous genes. Shewanella encodes a homolog for 
each gene in the VC1080 operon except VC1080. Scales are consistent for both V. 
cholerae and S. oneidensis. Image generated with GeneViewer.  
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Figure 4.2: Nitric oxide reduces expression of the V1080 operon. Wildtype V. 
cholerae A1552 strains harboring the pBBR-pVC1080-87-lux operon reporter were 
grown aerobically, shaking, in LB + Cm (5 μg/mL) overnight. Cells were diluted 
1:200 into LB containing 25mM TMAO in a white, flat-bottom 96-well plate in an 
anaerobic chamber. Half of the samples were treated with 500µM of 
DETANONOate, and the other half of samples were supplied with an equal volume 
of sterile water. Cells were grown statically under anaerobic conditions for 16 hours 
until they reached an OD600 of approximately 0.5. Luminescence and optical density 
(600 nm) were measured using a Perkin Elmer Victor3 multilabel counter. Relative 
luminescence units (RLU) are expressed as luminescent 
counts · min−1 · mL−1 · OD600−1. Assays were performed in three independent 
biological replicates. Statistical analysis was performed using GraphPad Prism 7. 
**** p</= 0.0001.  
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VC1086 may be involved in a convergent TCS involving VCA0719, a NO-

associated histidine kinase     

 
Having established that VC1080 operon expression reduces c-di-GMP and modulates 

c-di-GMP-associated phenotypes, we next sought to examine potential signals 

affecting expression of the VC1080 operon. Studies from Plate and Marletta 

demonstrated that VCA0719 displayed rapid phosphotransfer to VC1086 (Plate and 

Marletta 2012). VCA0719 is an H-NOX responsive histidine kinase, which does not 

encode a traditional periplasmic sensing domain, and relies instead on the H-NOX 

protein VCA0720 to serve a sensory role (Plate and Marletta 2012). H-NOX is a 

heme-nitric oxide/oxygen binding domain that senses nitric oxide, and is found in 

both eukaryotes and bacteria (Plate and Marletta 2013). In bacteria, H-NOX proteins 

interact with bacterial signaling proteins in two-component signaling systems or in 

cyclic-di-GMP metabolism (Plate and Marletta 2013). Bacterial H-NOX proteins 

contain a heme cofactor, which is buried between N-terminal and C-terminal 

subdomains (Hossain, Heckler, and Boon 2018). In the inactive, ligand-free state, the 

heme is held in a distorted spring-loaded conformation through coordination with a 

histidine residue (Plate and Marletta 2013). NO binding and subsequent dissociation 

of the histidine releases the heme coordination, inducing a conformational change and 

activating the protein (Plate and Marletta 2013). This prompted us to investigate the 

relationship between VCA0719 and VC1086 in vivo. Overexpression of VCA0719 

led to a loss of colony corrugation (Figure 4.3). We hypothesized if this loss of 

corrugation could be due to activation of VC1086 and found that the loss of 
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corrugation when VCA0719 is overexpressed is abolished when VCA0719 is 

overexpressed in the absence of VC1086 (Figure 4.3) suggesting that the phenotype 

may be the result of a reduction in c-di-GMP caused by activation of VC1086.  
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Figure 4.3: Genetic dependency of VCA0719 and VC1086. VCA0719 was 
overexpressed by replacing the native promoter with an IPTG inducible promoter. 
Overnight cultures of each strain (RA1552, RA1552/pMMB-VCA0719, 
RA1552DVC1086/pMMMB-VCA0719) were diluted 1:200. 3µL were spotted onto 
standard LB agar plates containing 0.1 mM IPTG and 100 and ug/mL ampicillin and 
incubated at 30 °C for 48 hours. The experiment was repeated in three biological 
replicates, images presented are representative of isolated trials.  
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Conclusion  
 

We conclude that the VC1080 operon influences V. cholerae biofilm formation. 

Specifically, overexpression of the entire operon, as well as individual overexpression 

of VC1086 and VC1084 lead to a reduction in spot biofilm corrugation. 

Overexpression of VC1086, VC1084, and VC1081 lead to a decrease in corrugation 

when grown as pellicle biofilms. We establish a dependency between VC1084 and 

VC1086, suggesting a cognate histidine-kinase-response-regulator interaction. We 

found that overexpression of both VC1084 and VC1086 lead to a decrease in levels of 

intracellular c-di-GMP, with VC1081 producing a reproducible, but not statistically 

significant decrease. We also described the effect of gene deletion and overexpression 

on c-di-GMP-regulated phenotypes. Overexpression of VC1086 lead to an increase in 

motility, while overexpression of VC1081 lead to a decrease in motility. We also 

investigated how deletion of genes affected levels of vpsL and found that deletion of 

VC1087 and VC1081 reduced vpsL gene expression in the wild-type background. 

Finally, we investigated the relationship between VCA0719, a nitric-oxide responsive 

histidine kinase, and VC1086, and showed that the reduction in corrugation observed 

when VCA0719 is overproduced, is dependent on the presence of VC1086. We 

interpreted this to suggest that VCA0719 may also phosphorylate VC1086. As a NO-

responsive histidine kinase, we finally investigated the effect of nitric oxide on 

VC1080 operon expression and found that expression was decreased in the presence 

of NO. The data presented here suggest that nitric oxide may be a signal for the 
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VC1080 operon, and that the outcome of NO sensing is a repression in expression of 

genes in this region. Repression of the VC1080 operon would lead to a build-up of c-

di-GMP levels, and ultimately an increase in biofilm formation. Based on genetic 

dependency experiments, VC1086, VCA0719, and VC1084 are likely involved in a 

convergent two component system in V. cholerae that responds to NO, as sensed by 

H-NOX (VCA0720). Sensing of NO by VCA0720 represses autophosphorylation of 

VCA0719, thus preventing phosphotransfer to VC1086 and decreasing it’s PDE 

activity (Figure 4.4). This model is homologous to that proposed in Shewnaella 

oneidensis (Plate and Marletta 2012), suggesting that this NO signaling cascade is 

conserved across more than one bacterial species, and establishing the importance of 

NO as a signaling molecule that can affect biofilm formation.  

 

V. cholerae also encodes a second NO-sensing module which indirectly controls 

VC1080-87 gene expression through HapR. This NO-sensing module involves vpsV 

(VC1444), which is in the same putative operon as vpsS (VC1445). These genes are 

part of a complex signaling pathway which regulates biofilm formation and dispersal 

through quorum sensing processes (Hossain, Heckler, and Boon 2018). When NO is 

sensed by VpsV, VpsS is predicted to act as a phosphatase, drawing phosphate away 

from LuxO (Henares, Higgins, and Boon 2012). LuxO dephosporylation allows 

translation of HapR (Henares, Higgins, and Boon 2012), which we predict will 

increase VC1080-87 expression (Henares, Higgins, and Boon 2012). In this model, 

NO acts analogously to an autoinducer in V. cholerae, mimicking a high cell density 
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state and indirectly affecting expression of VC1080-87 genes on the transcriptional 

level. (Henares, Higgins, and Boon 2012). 

 

NO is likely encountered by V. cholerae during colonization of human hosts, or 

during interaction with amoeba. V. cholerae may directly encounter NO during 

colonization of the human gastrointestinal tract, as studies have found elevated levels 

of NO in the serum and stool of individuals with symptomatic cholera disease, 

demonstrating that acute cholera infection elicits NO production in humans (Janoff et 

al. 1997). NO may also be encountered by V. cholerae during passage through the 

stomach (Davies et al. 2011). Following ingestion, V. cholerae is exposed to the 

exceptionally antagonistic environment of the stomach, where the pH of gastric acid 

can reach as low as one (Smith 2003). Nitrite from food sources and the salivary 

nitrite cycle can enter the stomach creating acidified nitrite, which has potent 

antimicrobial effects on gut pathogens (Duncan et al. 1995). There is also evidence 

that V. cholerae encounters NO during protozoan grazing comes from a study that 

showed V. cholerae can survive and grow for several weeks inside the free-living 

amoeba Acanthamoeba castellani (Abd, Weintraub, and Sandstrom 2005). This 

finding is significant because the bactericidal mechanisms used by amoeba and 

human immune cells, such as macrophages, are conserved, and include defensive 

burst from reactive oxygen and nitrogen species, including NO (Sun, Noorian, and 

McDougald 2018). Authors found that association with A. castellanii actually 

enhances the survival of V. cholerae (Abd, Weintraub, and Sandstrom 2005).  
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Overall, this study investigated a genomic region that we suspected was involved in 

regulation of V. cholerae biofilm formation in response to environmental signals. The 

genomic region is particularly enriched in two component system proteins with 

domains that are able to degrade c-di-GMP. This study investigated the influence of 

each gene encoded in the operon on two phenotypes that are regulated by c-di-GMP 

in V. cholerae. Biofilm formation and motility were both found to be influenced by 

overexpression of certain genes in the region, and the entire operon was repressed in 

the presence of nitric oxide, suggesting that the genes encoded in this region function 

to degrade c-di-GMP in response to environmental signals.  

 

 

  



 110 

 
  



 111 

 
Figure 4.4: Model for NO signaling through VC1080 genes in V. cholerae. 
VCA0719 and VC1084 are histidine kinases capable of completing phosphotransfer 
to VC1086. In the presence of NO, which is sensed by VCA0720 (H-NOX), 
autophosphorylation of VCA0719 is repressed, preventing phosphotransfer to 
VC1086 and reducing its PDE activity, ultimately decreasing the intracellular c-di-
GMP pool and reducing biofilm formation.  NO is also sensed by VpsV. When VpsV 
senses NO, VpsS is predicted to act as a phosphatase, drawing phosphate away from 
LuxO (Henares, Higgins, and Boon 2012). LuxO dephosporylation allows translation 
of HapR (Henares, Higgins, and Boon 2012), which we predict will increase VC1080-
87 expression.    
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Materials and Methods  
 
 
Bacterial strains, plasmids, and culture conditions  
 
 
Bacterial strains and plasmids used in this study are listed in Table 2.1 and 2.2. 

Escherichia coli DH5alpir was used for DNA and plasmid construction and 

manipulation. E. coli S17lpir was used for conjugation with V. cholerae. E. coli 

strains were grown aerobically at 37 °C, while V. cholerae strains were grown 

aerobically at 30 °C. Cultures were grown in Luria-Bertani (LB) broth (1% Tryptone, 

0.5% Yeast Extract, 1% NaCl), pH 7.5. Colonies were grown on LB agar medium 

containing 1.5% (wt/vol) granulated agar. Antibiotics were used at the following 

concentrations: ampicillin 100 µg/ml; rifampicin 100 µg/ml; chloramphenicol 5 

ug/ml. For gene induction, IPTG was added at a concentration of 0.1 mM.  

 

Recombinant DNA techniques and genetic manipulation 

DNA manipulations were carried out by standard molecular techniques according to 

the manufacturers’ instructions. Restriction and DNA modification enzymes were 

purchased from New England BioLabs (Ipswich, MA). PCRs were carried out using 

primers purchased from ELIM Biopharmaceuticals, Inc. (Hayward, CA) and the 

PfuUltra II Fusion HS DNA polymerase (Agilent Technologies, Santa Clara, CA). In-

frame gene deletions were generated through allelic exchange of a native open 

reading frame (ORF) with the truncated ORF. For each gene deleted, a 5’ (500bp) and 
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3’ (500bp) region was amplified by PCR, including start and stop codons. Primers 

used for each deletion are listed in table 2.3. AB primers were used for the upstream 

region of the gene, while CD primers were used for the downstream region of the 

gene. These 503 -bp amplicons were cloned into pGP704-sacB28 via Gibson 

Assembly (NEB E2611L). Recombinant plasmids containing the upstream and 

downstream regions were transformed into E. coli DH5 DH5alpir. Plasmids from 

successful transformants were purified and sequenced (UC Berkeley DNA 

Sequencing Facility, Berkeley CA). Successful constructs were transformed into  E. 

coli S17lpir and used for conjugation with V. cholerae. Trans-conjugants were 

selected on LB agar medium containing ampicillin (100 µg/ml) and rifampicin (100 

µg/ml). Sucrose based selection was used to select V. cholerae mutants that had 

undergone homologous recombination between the wild-type chromosomal copy of 

the gene and rejected the plasmid. Briefly, ampicillin and rifampicin-resistant 

colonies trans-conjugates were randomly selected from the sucrose plates, streaked on 

LB agar containing ampicillin (100 µg/ml) and rifampicin (100 µg/ml), and incubated 

at 30 °C. Single colonies were then inoculated into liquid LB and incubated for 8 

hours at 37 °C, shaking (200 rpm). Approximately 10 µl of these liquid cultures was 

streaked onto LB agar plates containing 6% (wt/vol) sucrose without NaCl. Sucrose 

plates were incubated at room temperature for 48 hours. Single colonies, where were 

not sensitive to sucrose, were patched onto LB and LB containing ampicillin (100 

µg/ml) plates to check for ampicillin sensitivity. These plates were incubated at 30 °C 

for 24 hours. Patches were screened by PCR to detect the presence of the deletion. 



 114 

Deletion mutants were stored at -80 °C. Overexpression constructs were made my 

cloning the entire gene of interest into the plasmid backbone of pMMB67EH which 

contains the IPTG-inducible pTAC promoter. Plasmids in the yildiz lab collection 

generated by previously published methods were introduced into V. cholerae strains 

via conjugation (Zamorano-Sánchez et al. 2015).  
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Table 2.1 Bacterial Strains  

 
E.coli  strain Genotype  Source  
S17λpi 
 

TprSmrrecAthipror-Km-KRP4 : : 2-
Tc : :MuKm Tn7 λpi 
 

Herrero et al. 
(1990) 

DH5α 
 

F’endA1 hsdR17 supE44 thi-1 recA1 
gyrA96relA1Δ(argF-
lacZYA)U169(φ80dlacΔM15) 
 

Promega  

V. cholerae 
strain 

Genotype  Source  

FY_Vc_1  Vibrio cholerae O1 El Tor Strain A1552 
Rifr  (Smooth)  

Yildiz & 
Schoolnik (1999) 

FY_Vc_2 Vibrio cholerae O1 El Tor A1552, rugose 
wild-type variant, Rifr (Rugose) 

Yildiz & 
Schoolnik (1999) 

FY_Vc_2790 Rugose ΔVC1080, Rifr 
 

Yildiz Lab 
Collection  

FY_Vc_316 Rugose ΔVC1081, Rifr 
 

Yildiz Lab 
Collection  

 Rugose ΔVC1082, Rifr 
 

This study, 
Megan Mouw, 
2018 

FY_Vc_4340 Rugose ΔVC1083, Rifr 
 

Yildiz Lab 
Collection 

 Rugose ΔVC1084, Rifr 
 

Yildiz Lab 
Collection 

FY_Vc_12192 Rugose ΔVC1085, Rifr 
 

Yildiz Lab 
Collection 

FY_Vc_864 Rugose ΔVC1086, Rifr 
 

Yildiz Lab 
Collection 

FY_Vc_14203 Rugose ΔVC1087, Rifr 
 

This study, 
Megan Mouw, 
2018 

FY_Vc_2391 SΔVC1080 4 
Yildiz Lab 
Collection 

FY_Vc_8329 SDVC1081 #111 
Yildiz Lab 
Collection 

FY_Vc_8180 SDVC1082 #111 
Yildiz Lab 
Collection 

FY_Vc_4337 SΔVC1083 #111 
Yildiz Lab 
Collection 
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FY_Vc_10861 SΔVC1084 A24 
Yildiz Lab 
Collection 

FY_Vc_10864 SΔVC1085 A21 
Yildiz Lab 
Collection 

FY_Vc_1936 SΔVC1086 3 
Yildiz Lab 
Collection 

FY_Vc_2760 SΔVC1087 2 
Yildiz Lab 
Collection 

FY_Vc_13542 Rugose / pMMB67EH -VC1080 Rifr, Ampr 

 
Yildiz Lab 
Collection  

FY_Vc_13543 Rugose / pMMB67EH -VC1081 Rifr, Ampr 

 
Yildiz Lab 
Collection  

FY_Vc_13544 Rugose / pMMB67EH -VC1082 Rifr, Ampr 

 
Yildiz Lab 
Collection  

FY_Vc_13545 Rugose / pMMB67EH -VC1083 Rifr, Ampr 

 
Yildiz Lab 
Collection  

FY_Vc_13546 Rugose / pMMB67EH -VC1084 Rifr, Ampr 

 
Yildiz Lab 
Collection  

FY_Vc_13547 Rugose / pMMB67EH -VC1085 Rifr, Ampr 

 
Yildiz Lab 
Collection  

FY_Vc_13548 Rugose / pMMB67EH -VC1086 Rifr, Ampr 

 
Yildiz Lab 
Collection  

FY_Vc_13549 Rugose / pMMB67EH -VC1087 Rifr, Ampr 

 
Yildiz Lab 
Collection  

FY_Vc_8902 
 

Rugose/ pMMB67EH #1 Rifr, Ampr 
 

Yildiz Lab 
Collection 

FY_Vc_13582 Rugose ΔVC1086/ pMMB67EH -VC1084 
Rifr, Ampr 

 

Yildiz Lab 
Collection 

FY_Vc_10368 Rugose :: pTac-VC1080-87 This study, 
Megan Mouw, 
2020 

FY_Vc_10369 Rugose ΔVC1084:: pTac-VC1080-87 This study, 
Megan Mouw, 
2020 

FY_Vc_16564 
 

Rugose ΔVC1086:: pTac-VC1080-87 This study, 
Megan Mouw, 
2020 

FY_Vc_16556 
 

Smooth ΔVC1080/ pBBR-vpsL-lux, Rifr, 
Cmr 

 

This study, 
Megan Mouw, 
2018 
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FY_Vc_16557 
 

Smooth ΔVC1081/ pBBR-vpsL-lux, Rifr, 
Cmr 

 

This study, 
Megan Mouw, 
2018 

FY_Vc_16558 
 

Smooth ΔVC1082/ pBBR-vpsL-lux, Rifr, 
Cmr 

 

This study, 
Megan Mouw, 
2018 

FY_Vc_16559 
 

Smooth ΔVC1083/ pBBR-vpsL-lux, Rifr, 
Cmr 

 

This study, 
Megan Mouw, 
2018 

FY_Vc_16560 
 

Smooth ΔVC1084/ pBBR-vpsL-lux, Rifr, 
Cmr 

 

This study, 
Megan Mouw, 
2018 

FY_Vc_16561 
 

Smooth ΔVC1085/ pBBR-vpsL-lux, Rifr, 
Cmr 

 

This study, 
Megan Mouw, 
2018 

FY_Vc_16562 
 

Smooth ΔVC1086/ pBBR- vpsL-lux, Rifr, 
Cmr 

 

This study, 
Megan Mouw, 
2018 

FY_Vc_16563 
 

Smooth ΔVC1087/ pBBR-vpsL-lux, Rifr, 
Cmr 

 

This study, 
Megan Mouw, 
2018 

Fy_Vc_10366 Smooth/pBBR-lux  
FY_Vc_10367 Smooth/pBBR-pVC1080-lux This study, 

Megan Mouw 
2018  
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Table 2.2. Plasmids  
 
pGP704sacB28 
 

pGP704 
derivative,mob/oriT sacB, 
Apr 

 

G. Schoolnik 
 

pGP704sacB28 
 

pGP704SacB-
ΔVC1080,Apr 

 

Yildiz Lab Collection 
 

pGP704sacB28 
 

pGP704SacB-
ΔVC1081,Apr 
 

Yildiz Lab Collection 
 

pGP704sacB28 
 

pGP704SacB-
ΔVC1082,Apr 
 

Yildiz Lab Collection 
 

pGP704sacB28 
 

pGP704SacB-
ΔVC1083,Apr 
 

Yildiz Lab Collection 
 

pGP704sacB28 
 

pGP704SacB-
ΔVC1084,Apr 
 

Yildiz Lab Collection 
 

pGP704sacB28 
 

pGP704SacB-
ΔVC1085,Apr 
 

Yildiz Lab Collection 
 

pGP704sacB28 
 

pGP704SacB-
ΔVC1086,Apr 
 

Yildiz Lab Collection 
 

pGP704sacB28 
 

pGP704SacB-
ΔVC1087,Apr 
 

This study, Megan Mouw, 
2018 

pMMB67EH pMMB67EH  Yildiz Lab Collection 
 

pMMB67EH pMMB67EH-VC1080, 
Ampr 

 

Yildiz Lab Collection 
 

pMMB67EH pMMB67EH-VC1081, 
Ampr 
 

Yildiz Lab Collection 
 

pMMB67EH pMMB67EH-VC1082, 
Ampr 
 

Yildiz Lab Collection 
 

pMMB67EH pMMB67EH-VC1083, 
Ampr 

Yildiz Lab Collection 
 



 119 

 
pMMB67EH pMMB67EH-VC1084, 

Ampr 
 

Yildiz Lab Collection 
 

pMMB67EH pMMB67EH-VC1085, 
Ampr 
 

Yildiz Lab Collection 
 

pMMB67EH pMMB67EH-VC1086, 
Ampr 
 

Yildiz Lab Collection 
 

pMMB67EH pMMB67EH-VC1087, 
Ampr 

Yildiz Lab Collection 
 

pBBR-lux pBBR-lux VpsL 
promoter, Cmr (-607, 
+158) 

Zamorano, Sanchez, et 
all, 2015  

pBBR-lux pBBR-lux-VC1080-87 
promoter, Cmr (+245) 

Yildiz Lab Collection 
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Table 2.3 Primers 
 
VC1080_del_A gatcgagctcagatggacgatcaacgga 

 
VC1080_del_D gatcccatggatactgcaatttggcgaa 

 
VC1081_del_A ctgccatggggtgtccggtgttttgaaggg 

 
VC1081_del_D ctggagctcgtcgggtgtaataataatcagcggc 

 
VC1082_del_A gatctctagaattctgctgctcgaagat 

 

VC1082_del_D gatcccatggtggagatatccaaaatgc 
 

VC1083_del_A gatctctagatcacgcaagtccgtgatt 
 

VC1083_del_D gatcccatggttcgaggttttgatacat 
 

VC1084_del_A catgccatggcatgttcccaacattc 
 

VC1084_del_D ctagtctagaactgcgttgtgaatga 
 

VC1085_del_A gatcgagctccgaacgttgaaaatca 
VC1085_del_D catgccatggcagagataggggtggt 

 
VC1086_del_A atcgtctagatcgttcgagcctcaatg 

 
VC1086_del_D cgattctagactgattcgcaacttccag 

 
VC1087_del_A gctctagaggaggagaagcaagcagaac 

 
VC1087_del_D ccgagctcgacagcacttgggtttctcc 

 
VC1080_
500up_fw
d   
  

 

ggccgctctagaactagtggGGTCGCCCATT
CAGAGAG 

VC1080_500up_rev catttggccgcaactagaggCTGCTCCATCT
CTTTTTCATTC  
 

VC1080_245up_fwd  
 

ggccgctctagaactagtggAACTTACTCGC
ATCATCC  
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VC1080_245up_rev  
 

catttggccgcaactagaggCTGCTCCATCT
CTTTTTC  
 

VC1080-
87_AB_f
wd   
  

 

atccacgaagcttcccatggGGTCGCCCATT
CAGAGAG 

VC1080-87_AB_rev tgtgtccttaCATCTCTTTTTCATTCCAA
TGTTAGG  
 

VC1080-
87_CD_f
wd   
   

aaaagagatgTAAGGACACAGGATAA
GGATTCGTCAG 

VC1080-87_CD_rev cctagagggtaccagagctcACCCGCGCTC
CATGACAG 

VC1080pTac_CD_fwd ggtacccgggATGGAGCAGAGTGTCG
CATTTAAC 

VC1080pTac_CD_rev cctagagggtaccagagctcATCCACCACC
CAATGGTTAG 

VC1080pTac_AB_rev acaatagagtTACTAAGGTTTATCGTT
CAAAAGCATTC  
 

pTac_fwd aaccttagtaACTCTATTGTAAACAAG
ACATTTTTATCTTTTATATTCAAT
GGCTTATTTTCC  
 

pTac_rev tctgctccatCCCGGGTACCGAGCTCG
A  
 

VC1080pTac_AB_fwd atccacgaagcttcccatggCGAATGCCGAC
CGATTCTAAAC 
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Spot Biofilm Morphology Analysis  

For analysis of corrugated colony morphology development, cultures were grown 

overnight at 30ºC shaking (200 rpm). 3 µl of diluted (1:200) culture were spotted onto 

LB agar medium (20 ml) that had been dried at room temperature for 48 hours. 

Samples were then incubated at 30ºC for 48 hours before imaging. For 

overexpression strains, LB agar plates supplemented with  ampicillin (100 µg/µL) 

and 0.1 mM IPTG was used. Experiments were completed in two biological replicates 

with three technical replicates each. Statistical analysis was performed using 

GraphPad Prism 7 

 

Pellicle Morphology 

For analysis of pellicle morphology development, cultures grown overnight at 30ºC 

shaking (200 rpm), then diluted 1:200 into a sterile 24-well plate containing LB with 

ampicillin (100 µg/µL) and 0.1 mM IPTG. Plates were incubated at 30 °C. Images 

were taken after 48 hours of growth. Experiments were completed in two biological 

replicates with three technical replicates each. Statistical analysis was performed 

using GraphPad Prism 7. 

 

Motility assay 

Soft agar motility assays were carried out in 150x15mm petri plates filled with 

100mL of LB containing 0.3% agar supplemented with ampicillin (100 µg/µL) and 

0.1 mM IPTG. Motility plates were incubated at room temperature for 24 hours 
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before a single colony of each strain was inoculated into the agar with a sterile 

toothpick. Plates were incubated for 22 hours at 30ºC. Experiments were performed 

in triplicate, with two technical replicates on each plate. Statistical analysis was 

performed using GraphPad Prism 7.  

 
Analysis of c-di-GMP abundance  
 
 
Colony biofilms of V. cholerae strains were grown for 24 h at 30°C on LB agar 

plates. Intracellular c-di-GMP quantification via mass spectroscopy was done for a 

given strain from 20 spot biofilms. All spots were scraped and pooled in 1 mL LB, 

containing sterile glass beads and vortexed thoroughly. After being spun down, 

decanted, and resuspended with 2.5 mL of 2% SDS, 250 μL was removed and used 

for BCA quantification. The remaining 750 μL of suspension was spun down, 

decanted, and resuspended in 1 mL of extraction buffer (40% acetonitrile, 40% 

methanol, 0.1% formic acid, 19.9% HPLC grade H2O). Insoluble components were 

spun down, and 800 μL of the supernatant was collected and dried under vacuum. 

The dried sample was then resuspended in 50 μL HPLC grade H2O containing 184 

mM NaCl, and c-di-GMP was quantified via LC-MS/MS at the UCSC Chemistry and 

Biochemistry Mass Spectrometry facility. c-di-GMP standard curves were generated 

using c-di-GMP standards (SIGMA) of 25, 50, 100, 500, 2000, 3500, and 5000 nM 

dissolved in HPLC grade H2O containing 184 mM NaCl. The abundance of c-di-

GMP was extrapolated from the mass spectroscopy data and normalized to protein 

abundance per 1 mL of the spot suspension. Experiments were performed with three 
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technical replicates and two biological replicates. Statistical analysis was performed 

using GraphPad Prism 7.  

 

Luminescence assay 

V. cholerae strains harboring the PvpsL-lux construct were grown in LB containing 

chloramphenicol (5 μg/mL). Overnight grown cultures were diluted 1:200 into a 

white, flat-bottom 96-well plate for a total volume of 200 μL. Luminescence and 

optical density (600 nm) was measured using a Perkin Elmer Victor3 multilabel 

counter. Relative luminescence units (RLU) are expressed as luminescent 

counts · min−1 · mL−1 · OD600−1. Assays were performed in three independent 

biological replicates. Statistical analysis was performed using GraphPad Prism 7. 

VC1080 operon expression in the presence of NO  

A pBBR-pVC1080-87 lux reporter strain was created by fusing 245 bp and 500bp 

upstream of the VC1080 gene to lux reporter genes. These two constructs were teste 

for expression levels at exponential phase (supplemental Figure 1). Expression 

between the two constructs was not significantly different, and subsequent assays 

were performed with the construct containing 245 bp upstream of VC1080. Wildtype 

V. cholerae A1552 strains harboring the pBBR-pVC1080-87-lux operon reporter 

were grown aerobically, shaking (200rpm), in LB + Cm (5 μg/mL) overnight. Cells 

were diluted 1:200 into LB+25mM Trimethylamine N-oxide (TMAO) in a white, 

flat-bottom 96-well plate in an anaerobic chamber. Half of the samples were treated 
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with 500µM of DETANONOate (Cayman Chemicals item number 82120), and the 

other half of samples were supplied with an equal volume of sterile water. DETA 

NONOate is a nitric oxide donor that spontaneously dissociates in a pH-dependent 

manner. The dissociation is a first-order process with a half-life of 20 hours and 56 

hours at 37°C and 22-25°C, pH 7.4, respectively. A stock of the compound was 

prepared by dissolving in 10 mM NaOH and stored at -80 °C and protected from 

light. When the compound was included in assays it was diluted 100-fold into LB at 

pH of 7.4. Cells were grown statically under anaerobic conditions for 16 hours until 

they reached an OD600 of approximately 0.5. Luminescence and optical density (600 

nm) were measured using a Perkin Elmer Victor3 multilabel counter. Relative 

luminescence units (RLU) are expressed as luminescent 

counts · min−1 · mL−1 · OD600−1. Assays were performed in three independent 

biological replicates.  
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Appendix Figure 1: Expression of the VC1080 operon reporter with either 245 or 
500 base pairs upstream of the VC1080 gene fused to lux reporter genes.  




