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Abstract 

 
Increased incidence of disease by marine pathogens correlates with rising sea surface 

temperatures. These changing marine conditions have resulted in the geographic 

expansion of pathogenic Vibrio spp. like Vibrio parahaemolyticus and increases in 

temperature are driving large scale virulence priming, suggesting infectious Vibrio spp. 

are in higher abundance in bivalve populations. As a result, the facultative pathogen V. 

parahaemolyticus remains the causative agent of gastroenteritis from the consumption of 

raw or undercooked seafood. This expansion is largely driven by the dual host-aquatic 

lifestyle of V. parahaemolyticus where the bacterium employs numerous coordinated 

mechanisms to survive and adapt across a broad range of niches. However, the 

underlying genetic regulatory mechanisms that promote V. parahaemolyticus fitness 

during its dual host-aquatic lifestyle remain poorly understood. Chitin catabolism is an 

important contributor to the environmental survival of V. parahaemolyticus and previous 

efforts to characterize the chitin catabolic cascade in V. parahaemolyticus using 

transposon sequencing identified the transcriptional regulator VP1236 as a critical fitness 

determinant for growth on chitin as a sole carbon source. Using a variety of phenotypic 

assays, I characterized VP1236 as the central carbon metabolism regulator HexR and 

explored the role of coordinated metabolism across cell morphology, biofilm formation, 

carbon assimilation, and motility. The data revealed the significant role regulated carbon 

metabolism plays in V. parahaemolyticus fitness in the aquatic environment. In contrast, 

V. parahaemolyticus relies on many virulence factors during infection but the Type 3 

Secretion Systems (T3SS) 1 and 2 remain critical virulence determinants. T3SS-1 is 

present in all clinical and environmental isolates and contributes to host cell killing and 

cytotoxicity. The expression of the T3SS-1 is coordinated by the transcriptional regulator 

HlyU, which relieves a DNA cruciform, a non-B-DNA superstructure, to drive the 

expression of the T3SS-1 master regulator exsA. However, HlyU also regulates numerous 

other virulence factors in multiple pathogenic Vibrio spp. This global regulation of 

virulence by HlyU prompted us to explore additional targets for HlyU in V. 

parahaemolyticus. Using a chromatin-immunoprecipitation sequencing approach, I 

investigated the global binding of HlyU in V. parahaemolyticus during infection. This 

screen identified five putative targets for HlyU regulation which included a gene 

encoding an extracellular endonuclease, exeM. Characterization of the exeM promoter 

region for cruciform-forming elements identified two putative cruciform and 

demonstrated HlyU-dependent regulation of activity. These results validate the developed 

genomic screen for identifying HlyU-regulated targets and provide evidence for a DNA 

cruciform in regulating gene expression in V. parahaemolyticus. Altogether, 

investigations of the genetic regulatory mechanisms that support the dual host-aquatic 

lifestyle of V. parahaemolyticus are crucial for understanding the impacts of foodborne 

zoonosis to both human and marine organism health as climate change persists.  
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Chapter 1 Introduction 

 

1.1 The Global Ocean 

 Prokaryotes represent 15% of earth’s total biomass, putting these single-celled 

organisms second only to plants (~80%) and ahead of animals, fungi, and protists which 

altogether make up the remaining 10% (1). In the global ocean, which covers 

approximately 70% of Earth’s total surface, it is estimated that microbes make up 90% of 

total marine biomass (>1029 cells) (2). Indeed, most bacteria on earth exist in a variety of 

marine environments: deep oceanic sub-surfaces, oceanic sediments, in the ocean water 

column, and associated with marine organisms (3). The flow of carbon and nitrogen 

through the global oceans is largely facilitated by these resident bacteria who connect the 

ocean food webs and geochemical cycles, resulting in the maintenance of the habitability 

of Earth (2, 4). Heterotrophic marine microorganisms sequester anthropogenic carbon 

into sediments and cycle marine nitrogen, allowing transformed nitrogen to be returned 

into the global nitrogen cycle (5).  

Worryingly, climate change threatens to disrupt these critical processes. Microbial 

physiology and metabolism rely on the fluxes of nutrients through their environment and 

the maintenance of abiotic factors (e.g., pH, salinity, temperature, redox chemistry, and 

UV radiation) (6–8).  Significant changes to any of the abiotic and biotic factors that 

drive microbial metabolism will have profound effects on the productivity of the global 

oceans. In fact, these environmental changes, including increases in sea surface 

temperature and decreasing salinity, have been correlated to enhanced pathogenicity of 

marine pathogens (9–11). As well, significant changes in climate have also been linked to 
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the impairment of marine host immune systems, leading to a greater incidence of disease 

(12–14).  

 

1.2 Climate Change and Pathogenic Vibrio spp.  

Coinciding with increased pathogenicity is the increase in abundance of marine 

bacterial pathogens like Vibrio (15). The genus Vibrio are gram negative heterotrophic 

bacteria that can be found ubiquitously in the global ocean. While the genus contains over 

a 100 species, only a handful are pathogenic (16). Notable pathogenic members include 

Vibrio cholerae, Vibrio vulnificus, Vibrio anguillarum, Vibrio alginolyticus, and Vibrio 

parahaemolyticus (17). Vibrio spp. cause infections in humans (18–21) and in a broad 

host of marine organisms including shellfish (22), finfish (23), crustaceans (24), and 

copepods (25). Abundance of Vibrio spp. is seasonal, with increased detection in summer 

months where sea surface temperatures exceed 18C and salinity is <2.5% (26). As a 

result, the geographic distribution of Vibrio spp. in the ocean is directly influenced by 

marine conditions. Indeed, severe weather events like heatwaves has resulted in Vibrio-

related infections in subarctic regions (27). Concerningly, direct temperature regulation of 

virulence gene expression has been demonstrated in pathogenic Vibrio spp., where water 

temperatures exceeding 27C caused a marked increase in the expression of virulence 

factors involved in motility, secretion, and antimicrobial synthesis (11). As such, the 

increases in pathogen abundance that are coinciding with increase in marine hosts (28) 

makes Vibrio spp. some of the most notable enteric marine pathogens.  

The global burden of Vibrio infection is enormous, estimated at around 3.5 

million cases annually but this is likely a gross underestimate due to limitations in 
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surveillance and reporting of infection (29). While V. cholerae is a significant contributor 

to the global burden of infection and disease, other pathogenic Vibrio spp. contribute up 

to half a million cases annually (30). Due to the increase in sea surface temperature, 

Vibriosis outbreaks are becoming common in developed countries. One important 

contributor is V. parahaemolyticus, with the worldwide prevalence of the O3:K6 

pandemic strain making the bacterium the leading cause of gastroenteritis from the 

consumption of raw or undercooked seafood like mollusks or shellfish (31). Notably, 

during low tide, strains infecting shellfish appear to benefit from exposure to climate 

change-associated warming of air temperature, permitting further growth of pathogenic V. 

parahaemolyticus strains in previously low Vibriosis-burdened regions (32).  

Several lines of evidence support a positive correlation between environmental 

fitness and pathogenicity. Interactions of pathogenic Vibrio spp. with other marine hosts 

can serve as replication niches for the bacteria or priming of virulence gene expression 

(33). V. parahaemolyticus has been observed to adhere to chitinous diatoms in the marine 

environment using a Type IV pili (34). As a result, diatom blooms during summer months 

often provide a reservoir for V. parahaemolyticus populations. It is predicted that these 

reservoirs will only increase with climate change and rising sea surface temperatures.  

Of the pathogenic Vibrio spp., only V. cholerae and V. parahaemolyticus have the 

ability for pandemic expansion (35). This pandemic ability is believed to be derived from 

the competitive advantage of the V. cholerae El Tor and V. parahaemolyticus O3:K6 

serotypes in the aquatic environment. For example, recent studies have shown that 

pandemic V. cholerae utilizes a Type IV Secretion System (T6SS) to inject a conserved 

array of toxic effectors into neighboring microbes to outcompete and colonize the aquatic 



 4 

niche (36). These conserved pandemic-associated effectors are believed to have been 

acquired via horizontal gene transfer from the fish pathogen V. anguillarum and indicate 

that fish colonization may be an important step in the evolution of the pandemic 

expansion of V. cholerae (36). Likewise, the expansion of pandemic V. parahaemolyticus 

is proposed to be facilitated by the Type III Secretion System 2 (T3SS-2), a hallmark of 

pandemic strains (37, 38). Interestingly, recent evidence has demonstrated that T3SS-2 

positive (T3SS-2+) V. parahaemolyticus strains grew better in the presence of 

environmental protists, suggesting an important role for the T3SS-2 in interactions with 

marine protists (e.g., facultative parasitism) to promote environmental persistence and 

invasiveness. Furthermore, Vibrio-protist interactions have been shown to enrich for 

T3SS-2+ strains in the environment (37). Overall, the environmental fitness of 

pathogenic Vibrio spp., is a critical contributor to the development of pandemic strains 

and ultimately bacterial pathogenesis.   

 

1.3 General Biology of V. parahaemolyticus  

V. parahaemolyticus is a significant opportunistic pathogen and infections can 

present as acute gastroenteritis, with infected individuals experiencing diarrhea, vomiting, 

headaches, nausea, and low-grade fevers (39, 40). V. parahaemolyticus infection rarely 

results in death unless the individual is immunocompromised, where disease presentation 

is typically wound infections or septicemia (41). In contrast to V. cholerae infections, 

which result in secretory diarrhea from the production of the Cholera toxin (42), V. 

parahaemolyticus infection often presents as an inflammatory diarrhea (40). The distinct 
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disease presentations can be attributed to the encoded virulence determinants within the 

V. parahaemolyticus genome.  

 

1.3.1 V. parahaemolyticus Critical Virulence Determinants 

During infection, V. parahaemolyticus employs an arsenal of virulence factors; 

however, Thermostable Direct Hemolysin (Tdh) and Tdh-related (Trh) hemolysins are 

major contributors to pathogen virulence and a characteristic of clinical isolates. Tdh and 

Trh target red blood cells (RBC) and have been shown to induce cytotoxicity, 

enterotoxicity, hemolytic activity, and cardiotoxicity (43). The enterotoxicity of Tdh is 

caused by its pore-forming ability. Tdh forms a pore of ~2nm on erythrocytes (44) and 

expression impacts the movement of solutes, ions, and water across the membrane. 

Specifically, Tdh induces cellular Ca2+ accumulation. Elevated intracellular Ca2+ levels 

stimulate the secretion of Cl- ions out of the cell (45). The resulting effluxes disrupts 

critical cellular processes including cytoskeletal rearrangement and ion secretion (46), 

and results in the accumulation of fluid in the intestines (47). Likewise, the rapid influx 

of water into the erythrocytes to maintain osmolarity causes cell swelling and lysis (43). 

Tdh-associated cytotoxicity is caused by the interaction of Tdh and lipid rafts (48) which 

promotes apoptosis and results in host cell death via remodeling of host cytoskeleton 

(49).  

 



 6 

1.3.2 V. parahaemolyticus Type 3 Secretion Systems 

T3SS-1 and -2 are crucial virulence factors during V. parahaemolyticus infection 

and play important yet unique roles during pathogenesis. Expression of the T3SS on the 

outer cell membrane promotes bacterial colonization upon arrival in the intestinal lumen.  

The T3SS is a needle-like apparatus that bridges three separate biological 

membranes: the inner and outer bacterial membrane as well as the host eukaryotic 

membrane, to translocate an array of effector proteins and toxins to disrupt and hijack 

host-cellular processes, resulting in host cell death (50). Numerous bacterial pathogens 

including Yersinia, Shigella, pathogenic Escherichia coli spp. and Salmonella, use T3SSs 

during infection (51). V. parahaemolyticus T3SS-1 effectors induce cytotoxicity and 

cellular disruptions (e.g., lysosomal rupture (52) and actin rearrangement (53)) in 

cultured human cells (54) whereas T3SS-2 expression results in enterotoxicity to infected 

animal models and cytotoxicity to intestinal cell lines (55). The T3SS-1 is found in all 

clinical and environmental isolates and shares high sequence homology with T3SSs in 

other Vibrio spp., indicating that these genes were ancestrally acquired and conserved, 

likely playing an important role in environmental fitness and persistence (38). In contrast, 

the T3SS-2 is encoded on the same chromosome 2-associated pathogenicity island (Vp-

PA1) as Tdh and is only present in clinical strains (38, 54).  

 

1.3.3 V. parahaemolyticus Zoonotic Infections 

V. parahaemolyticus is also a significant burden to the aquaculture industry. 

Shrimp are particularly affected as certain V. parahaemolyticus strains cause acute 

hepatopancreatic necrosis disease (AHPND) which coincides with early mortality (24). 
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This disease has been particularly devastating to shrimp farming in southeast Asia and 

China, which accounts for 89.6% of world production (57). Infection by AHPND-causing 

V. parahaemolyticus has resulted in production and economic losses totaling 60% and $1 

billion dollars annually (58). Analyses of AHPND-causing strains identified the pVA1 

plasmid which encodes the binary PirAB toxins, whose cytotoxicity is derived from their 

pore-forming ability. Interestingly, some AHPND-causing V. parahaemolyticus strains 

have had partial or total losses of the pirAB genes and are still capable of causing disease, 

indicating the contributions of other virulence factors during infection (59). 

Concerningly, pVA1 contains a set of conjugative transfer genes suggesting the plasmid 

was acquired via horizontal gene transfer and is likely transferable between bacterial cells 

(60, 61). 

 

1.4 The Environmental Adaptations of V. parahaemolyticus 

The unique dual host-aquatic lifestyle of V. parahaemolyticus makes the 

bacterium highly successful in the marine environment. V. parahaemolyticus is incredibly 

abundant in aquatic environments and can be found in cellular densities up to 100,000 

cells per liter of water, by proficiently colonizing substrates or free-swimming in the 

water column (62). In ideal growth conditions, V. parahaemolyticus rapidly replicates 

with a generation time of <10 minutes and <1 hour in the natural environment (63). The 

ubiquitous distribution of V. parahaemolyticus is attributed to the numerous mechanisms 

that V. parahaemolyticus employs to efficiently colonize and disseminate in the aquatic 

environment. 
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1.4.1 Biofilm Formation 

As previously stated, the ability of V. parahaemolyticus to associate with biotic 

and abiotic surfaces in the form of biofilms promotes persistence, dissemination, and 

diversification of the organism. These sessile communities of bacteria are embedded 

within a secreted extracellular polymeric matrix consisting of DNA, polysaccharides, and 

proteins (64). In clinical settings, bacterial biofilms pose a significant threat to human 

health and outcome of infection. A study in 2018 by the National Institute of Health 

(NIH) determined that 60-80% of total microbial infections were caused by biofilms (65). 

Biofilm-associated bacteria are more resistant to antimicrobials and detergents compared 

to their planktonic form and can colonize critical medical equipment in patients (66). 

Additionally, environmental biofilms of pathogenic bacteria represent reservoirs for 

further disease. For example, V. cholerae or V. parahaemolyticus biofilms on chitinous 

copepods play a significant role in disease transmission (67–69).  

Environmental biofilms also serve to maintain cellular homeostasis when bacteria 

are confronted with fluctuating or non-ideal environmental conditions (70). By 

generating an ideal local environment, critical signaling pathways can be maintained 

within the cell (71) and nutrients (e.g., macromolecules) can be concentrated (72). While 

V. parahaemolyticus biofilm formation is critical for the hydrolytic degradation of 

complex macromolecules like chitin (69), it may also important for the formation of 

satellite colonies to promote survival in tidal zones that undergo cyclical desiccation and 

flooding events (73). One study estimated that in one tidal cycle, 8.2 x 1013 cells are 

flushed into tidal creeks (74), allowing for the formation of new satellite colonies and the 

colonization of a new niche (73). Physical environmental features like plant stalks or 
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marine burrows, which accumulate the colonized suspended matter, serve to increase the 

concentration of V. parahaemolyticus in the local environment (74).  

The ability of V. parahaemolyticus to form biofilms is influenced by abiotic 

environmental conditions. Unlike other pathogenic Vibrio spp., V. parahaemolyticus 

demonstrates increased halotolerance, with growth in moderate (20ppt) to very high 

(>40ppt) salinity (33). Higher salinity is often associated with warmer sea surface 

temperatures. Since V. parahaemolyticus prefers a narrow but warmer temperature range 

in comparison to other Vibrio spp. and has been found in higher abundance in warmer sea 

water (33), this adaptation to high salinity may allow for the bacterium to persist in ideal 

growth conditions. Coincidently, increases in biofilm formation corresponds with 

increases in temperature from 15C to 25C (75, 76), with some evidence suggesting 

pathogenic V. parahaemolyticus strains are more effective at biofilm formation in 

comparison to environmental strains (76). 

 Altogether, the colonization of substrates and the increasing abundance of V. 

parahaemolyticus in coastal waters driven by fluctuating sea surface temperatures is 

leading to an even greater incidence of infection and disease (77). 

 

1.4.2 Cell Shape and Motility 

V. parahaemolyticus can differentiate into alternative cell and colony 

morphologies. Utilizing separate flagellar systems, V. parahaemolyticus cell 

morphologies include a distinct curved rod-shaped “swimmer” cell and a filamentous 

(30m in length) “swarmer” cell. The switch from swimming to swarming cell shape is 

mediated by inhibition of the single polar flagellum and partial starvation conditions 
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(e.g., iron limitation) (78). Prevention of flagellar rotation and low iron induces 

expression of a lateral flagellar system and elongated cell shape (79). The tightly 

coordinated control of swarmer cell differentiation suggests that elongated cell 

morphology provides a fitness advantage under non-ideal growth conditions, where the 

formation of sessile communities is advantageous (80, 81). The ability to transiently 

differentiate into the different morphologies is facilitated by the repression and activation 

of cell division, which must be tightly controlled to allow for swarmer cell growth 

without complete terminal repression (81). These cell morphologies are distinct from the 

club-shaped, round, or rabbit-eared cell morphologies associated with entry into the 

viable but non-culturable (VBNC) phase V. parahaemolyticus undergoes when under cold 

and/or nutrient starvation stresses (82).    

The differentiated cell types of V. parahaemolyticus contributes to biofilm 

formation and colonization. Colonies on substrates express non-homogenous cell 

morphologies, with rod-shaped cells dominating the center while swarmer cells are 

localized to the periphery (73). Additionally, the biofilms can undergo variable phase 

switching between opaque (OP) and translucent (TR) colonies. This transition is 

mediated by the master regulator OpaR, a LuxR homologue quorum sensing output 

regulator (83, 84). OP colonies form significantly more extracellular polysaccharide (10-

fold increase) in comparison to TR colonies however both phases form robust biofilms 

(85). The scrABC operon links phase transition with swarmer cell differentiation in V. 

parahaemolyticus (86). The products of the scrABC operon are predicted to form a 

sensory signaling cascade, where cytoplasmic ScrA and periplasmic ScrB are connected 

by the membrane associated ScrC, which contains both a cytoplasmic domain and a 
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periplasmic receptor. ScrB has solute-binding properties, suggesting it may respond to 

stimuli within the periplasm and can act on ScrA via ScrC, resulting in signal 

transduction (86). Furthermore, ScrC appears to be involved in the biogenesis and 

degradation of the secondary signaling molecule cyclic-di-GMP. Overexpression of 

scrABC induces swarmer cell formation, even in liquid cultures, while inhibition of 

scrABC increased the production of capsular polysaccharide (CPS) (86). The scrABC 

operon mediates the switch between lateral flagellar gene expression and CPS, reflecting 

the importance of coordinating when surfaces are initially colonized (swarmer cell 

differentiation) versus the formation of biofilm for bacterial persistence (CPS production) 

in the aquatic environment.  

Numerous surface-responsive genes are upregulated upon induction of the 

swarming phenotype, indicating that the alternative cell morphologies have a role beyond 

structural in biofilm formation. The Type VI Secretion System 1 (T6SS-1), a mechanism 

used by V. parahaemolyticus for interbacterial competition, is expressed upon swarmer 

cell differentiation (87). T6SS-1 has been found to be upregulated in warm temperatures 

and high salinity conditions, mimicking the conditions of marine coastal waters in 

summer, when V. parahaemolyticus is most abundant (87). However, the T6SS-1 was not 

active at temperatures simulating the mammalian host (37C), suggesting the T6SS-1 

does not play a role in mammalian virulence (87). Linking the expression of the T6SS-1 

to swarmer cell differentiation may aid V. parahaemolyticus during the colonization of a 

new niche by outcompeting other resident bacteria in the aquatic environment. Other 

surface-responsive genes found to be upregulated upon swarmer cell differentiation is the 

protein VPA1598, which encodes an important colonization factor involved in N-
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acetylglucosamine (GlcNac) and chitin-binding (80). VPA1598 shares high sequence 

similarity to the V. cholerae GbpA (GlcNac Binding Protein A) which is involved in 

adherence and absorption onto zooplankton (88).  

Some evidence indicates that the distinct cell differentiation states of V. 

parahaemolyticus promote dissemination and survival in the aquatic environment (73, 80, 

89). Cell shape and motility are intrinsically linked in V. parahaemolyticus. The rod-

shaped swimming cell employs a single sheathed polar flagellum to move in liquid 

environments while the filamentous swarming cell utilizes a completely distinct 

unsheathed lateral flagellar (laf) system comprising of hundreds of flagella for movement 

over surfaces (89). These cell morphologies have distinct protein profiles, with swarmer 

cells having an increase in laf gene expression, genes associated with chemotaxis, and a 

decrease in cell division-associated genes (90).  

 Freitas et al. (2019) observed that swarmer cells and swimming cells are both 

present during colonization of substrates and the motile ability of each cell type reflects 

their function. Their model proposes that swimming cells are initiators of surface 

colonization (73). The association with the substrate (e.g., chitin) impedes flagellar 

rotation, triggering the differentiation into the less motile swarmer state (80, 89). The 

swarmer cell colonies are a continuous source of cells to be released into the 

environment. However, swarmer cells are not released upon transition into liquid 

environment and instead another differentiated state, which Freitas et al. (2019) calls an 

adventurer cell, is released. Adventurer cells have a distinct protein profile from 

swimming and swarming cells (73). However, these cells, like swimming cells, are 

mobile and are optimized for swimming to find and colonize new substrates in the 
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environment. Taken together, these different cell types may allow V. parahaemolyticus to 

maintain biofilm while also successfully exploring new niches.  

 

1.4.3 Metabolic Flexibility and Diversity  

 Another notable feature of V. parahaemolyticus aquatic fitness is the organism’s 

ability to use a diverse array of nutrient sources. Having a versatile carbon assimilation 

program allows for V. parahaemolyticus to persist across diverse environments (e.g., 

estuaries, open ocean, biofilm-associations with marine organisms) (74, 91). This 

metabolic program is especially useful in the context of the V. parahaemolyticus-marine 

organism associations. V. parahaemolyticus can metabolize derivatives from various 

marine organisms including shrimp, crab, and oysters, to acquire the necessary amino 

acids, vitamins, and minerals required for growth (63). However, V. parahaemolyticus 

must compete with other endogenous microbiota during the colonization of a niche. For 

this reason, having a flexible carbon assimilation program is advantageous.  

A well-established hypothesis regarding microbial colonization is the Nutrient-

Niche Hypothesis (92, 93). For successful colonization, a species must be able to use a 

carbon source better than any endogenous microbiota and that the abundance of this 

specific carbon source is the limiting-factor with regards to population growth (92).  

Chitin is a significantly enriched macromolecule in the marine environment, where it is 

found in the exoskeletons of crustaceans and phytoplankton and is a complex and often 

inaccessible carbon source for most marine heterotrophs, with only 0.4% - 19% of 

culturable marine bacteria capable of degrading chitin (94, 95). However, Vibrio spp. can 

efficiently hydrolyze chitin using secreted chitinases to acquire carbon, nitrogen, and 
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energy required for growth (96). Indeed, the number of chitinase genes in Vibrio spp. is 

significantly higher than other marine bacteria, ranging from 9 genes in the smallest 

genome to 16 in the largest genome sequenced (97), demonstrating the importance of 

chitin catabolism to Vibrio spp. lifestyle. Ultimately, the chitinolytic ability of Vibrio spp. 

drives species distribution and supports a generalist behavior to allow for both free-

swimming or host-associated lifestyles (e.g., biofilm formation or intestinal infection) 

(95, 98).  

Metabolic flexibility is a characteristic of Vibrio spp. and assessments of the 

metabolic ability of V. parahaemolyticus found that V. parahaemolyticus can use 71 out 

of 190 different carbon sources that were tested (84). Any perturbations to metabolism 

significantly affect V. parahaemolyticus fitness (84), highlighting the importance of being 

able to utilize a carbon source when it is abundant and the significant contributions of 

metabolism to V. parahaemolyticus fitness in the aquatic environment.  

Genomic islands harbor numerous carbohydrate metabolic systems in V. 

parahaemolyticus (99). Acquiring of gene clusters and single gene transporters by 

horizontal gene transfer have significant impacts on bacterial fitness in the dual host-

aquatic lifestyle. For example, the acquisition of citrate metabolism is a hallmark of 

emerging pathogenic V. parahaemolyticus strains but is not found in environmental 

strains, suggesting an adaptation to host intestine conditions (99). In contrast, L-arabinose 

metabolism is conserved across V. parahaemolyticus, representing a key physiological 

feature of the species. The acquisition of metabolic diversity has enabled V. 

parahaemolyticus to target more complex metabolites and exploit patchy or non-ideal 

nutrient sources, opening new niches to colonize (97).  
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1.5 Rationale and Hypotheses 

The dual host-aquatic lifestyle of V. parahaemolyticus allows for the bacterium to 

infect a broad range of hosts and disseminate proficiently throughout the aquatic 

environment. Specific strains with increased pathogenic potential and drug resistance 

(including a pandemic O3:K6 clone) have spread globally. Critically, the rapid increase in 

sea surface temperature due to climate change is furthering Vibrio spp. abundance and 

migration into coastal waters, leading to an even greater number of bivalve populations 

with infectious doses of Vibrio spp. Therefore, identifying the contributions of genetic 

regulatory mechanisms to bacterial fitness is critical for understanding the impacts of 

foodborne zoonosis in the context of impending climate change.  

In this thesis, I set out to explore two transcriptional regulation paradigms present 

in the host-aquatic lifestyle of V. parahaemolyticus and their contributions to bacterial 

fitness. Firstly, I investigated the role of coordinated central carbon metabolism in the 

aquatic fitness of V. parahaemolyticus using a variety of phenotypic characterization 

assays and genetic tools. Next, I utilized a next-generation sequencing technology to 

investigate protein-DNA interactions during V. parahaemolyticus infection to identify 

targets of a global virulence regulator in Vibrio spp.  

 Aquatic fitness and pathogenesis are tightly linked in V. parahaemolyticus. 

Therefore, the mechanisms that underly bacterial fitness in the aquatic environment is 

well worth study. The ability to catabolize chitin is an important yet under-investigated 

facet in the aquatic lifestyle of V. parahaemolyticus. Building off previous work that 

utilized transposon mutagenesis (Tn-seq) to characterize the chitin utilization paradigm in 

V. parahaemolyticus (100), I set out in chapter 3 to explore VP1236, a gene that 
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demonstrated a significant role in bacterial fitness on chitin as a sole carbon source. 

While uncharacterized, VP1236 is annotated as a MurR/RpiR/HexR family 

transcriptional regulator in the V. parahaemolyticus RIMD 2210633 genome. MurR and 

HexR are transcriptional regulators of cell wall recycling and central carbon metabolism, 

respectively. I hypothesized that VP1236 is a critical regulator for V. parahaemolyticus 

chitin catabolism and that vp1236 mutants have dysregulated cellular processes, resulting 

in the observed fitness defect. Prior to characterization, I validated the Tn-seq results by 

generating a vp1236 mutant and a plasmid with a cloned vp1236 was used for trans-

complementation. Using a variety of phenotypic assays, I investigated the role of VP1236 

in bacterial fitness. In this study, I identified VP1236 as the V. parahaemolyticus HexR 

homologue and implicated coordinated regulation of central carbon metabolism and 

chitin utilization as a critical fitness determinant for V. parahaemolyticus in the aquatic 

environment.  

 As marine pathogen abundance increases and the resulting burden of disease 

grows, understanding how genes are mechanistically repressed and coordinately activated 

during infection is of great importance. Our lab previously identified how T3SS-1 is 

regulated in V. parahaemolyticus during infection. During infection, the transcriptional 

regulator HlyU relieves an H-NS-associated DNA cruciform at the promoter of the T3SS-

1 master regulator exsA, which goes on to activate T3SS-1 expression (101). In other 

pathogenic Vibrio spp., HlyU acts as a global virulence regulator by coordinating the 

expression of numerous virulence factors (102). Therefore, I hypothesized that HlyU 

regulates multiple genetic loci in V. parahaemolyticus during infection. In chapter 4, I 

developed a Chromatin-Immunoprecipitation Sequencing (ChIP-seq) approach to identify 
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global HlyU binding in the V. parahaemolyticus genome and sought to characterize 

additional HlyU targets. In this study, I identified 5 putative HlyU targets during V. 

parahaemolyticus infection. I validated the ChIP-seq assay by characterizing one of the 

targets that corresponded to the ExeM Extracellular Endonuclease using a previously 

developed in vivo quantitative assay to assess promoter activity (54). Since HlyU relieves 

a cruciform at exsA promoter, I investigated using both in silico and in vitro assays 

whether there are any DNA cruciform associated with the exeM promoter. I provide 

evidence for a DNA cruciform at the exeM promoter and identify a regulatory role for 

HlyU in exeM expression. These results establish HlyU as a global virulence regulator in 

V. parahaemolyticus and implicate HlyU regulated DNA cruciform as a mechanism for 

regulation of virulence gene expression in Vibrio spp. 
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Chapter 2 Materials and Methods 

 

2.1 Bacterial Strains and Growth conditions 

Vibrio parahaemolyticus RIMD2210633 was grown in Luria Miller Broth (LB; Bioshop; 

LBL417.1), Luria Broth Salt (LBS; 10g tryptone, 5g yeast extract, 20g NaCl, 20mM Tris-

HCl pH 8.0), or M9 Minimal Media (MM9; 420mM Na2HPO4, 220mM KH2PO4, 86mM 

NaCl, 187mM NH4Cl, MgSO4, CaCl2, 0.4% w/v glycerol). Cultures were grown at 37C 

and 200rpm unless otherwise stated. Antibiotics were used in the growth medium as 

required: chloramphenicol (Sigma) at 2.5𝜇g/ml or 30𝜇g/ml (for V. parahaemolyticus and 

Escherichia coli respectively), ampicillin at 100𝜇g/ml (for E. coli), erythromycin at 10 

𝜇g/ml (for V. parahaemolyticus) and neomycin at 25𝜇g/ml (for E. coli). For growth on 

colloidal chitin, 0.4% colloidal chitin was substituted for glycerol and cultures were 

grown at 30C and 250 rpm. For biofilm assays, 0.2% casamino acids (Fluka, 70171) was 

added to MM9. Agar (Bioshop; AGR003.1) was added to a final concentration of 1.5% 

(w/v) for solid media preparations unless otherwise stated. Spent Media was prepared by 

growing WT V. parahaemolyticus in LB, subculturing into LB at a starting OD600nm of 

0.025 for 16 hours at 37C and 200rpm. Cells were pelleted at 5000rpm and 4C until 

supernatant was clear (30 minutes) and then liquid media was filter sterilized using 

Nalgene Rapid-Flow 0.22𝜇m filter (Thermofisher; 564-0020). See Table 2.1 for strains 

and plasmids used in this study. 
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Table 2.1 Strains and Plasmids used in this study 

Strain or Plasmid Description Reference or 

Source 

WT V. 

parahaemolyticus   

Wild-type (WT) V. parahaemolyticus 

RIMD 2210633 

(38) 

∆hexR V. parahaemolyticus hexR null mutant with 

truncated hexR integrated into chromosome 

generated with pRE112-∆hexR 

This study 

∆hexR/VSV105  V. parahaemolyticus hexR null mutant with 

empty pVSV105 vector 

This study 

∆hexR/VSV105-hexR  V. parahaemolyticus hexR null mutant 

carrying hexR-pVSV105 by conjugation, 

complementation construct 

This study 

WT/VSV105-hexR WT V. parahaemolyticus expressing 

pVSV105-hexR. Used in spent media assay 

This study 

WT/Tn5::GFP (+) WT V. parahaemolyticus containing 

transposon from pEVS168 

This study 

∆hexR /Tn5::GFP (-) V. parahaemolyticus hexR null mutant 

containing transposon from pEVS168 

This study 

WT/VSVlux-murQP 

(CI) 

WT V. parahaemolyticus with pVSVlux-

murQP 

This study 

∆hexR/VSVlux-murQP 

(C1) 

∆hexR with pVSVlux-murQP This study 

WT/VSVlux-nagZ WT V. parahaemolyticus with pVSVlux-

nagZ 

This study 

∆hexR/VSVlux-nagZ ∆hexR with pVSVlux-nagZ This study 

WT/VSVlux-exeM WT V. parahaemolyticus with pVSVlux-

exeM 

This study 

∆hlyU/VSVlux-exeM ∆hexR with pVSVlux-exeM This study 

WT/VSVlux-glgX WT V. parahaemolyticus with pVSVlux-

glgX 

This study 

∆hexR/VSVlux-glgX ∆hexR with pVSVlux-glgX This study 

WT/VSVlux-zwf WT V. parahaemolyticus with pVSVlux-

zwf 

This study 

∆hexR/VSVlux-zwf ∆hexR with pVSVlux-zwf This study 

WT/VSVlux-murQP 

(CII) 

WT V. parahaemolyticus with pVSVlux-

murQP (C2) 

This study 

∆hexR/VSVlux-murQP 

(CII) 

∆hexR with pVSVlux-murQP (C2) This study 

WT/VSVlux-pgi WT V. parahaemolyticus with pVSVlux-

pgi 

This study 

∆hexR/VSVlux-pgi ∆hexR with pVSVlux-pgi This study 

∆hlyU/VSV105-hlyU-

FLAG 
FLAG-tagged hlyU construct in the V. 

parahaemolyticus hlyU null background 

(100) 
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Strain or Plasmid Description Reference or 

Source 

∆hlyU/VSV105-

hlyU(Q55A)-FLAG 

V. parahaemolyticus hlyU null mutant 

expressing FLAG-tagged hlyU with a 

mutation Q55A in DNA binding domain. 

Cannot bind DNA.  

(100) 

DH5𝛼𝜆pir E. coli host for oriR6K-dependent plasmid 

replication 

 

pVSV105 Vibrio shuttle vector with lac promoter and 

multiple cloning site, replication competent 

in V. parahaemolyticus and DH5𝛼𝜆pir.    

(103) 

pVSVlux LuxCDABE cassette cloned into SmaI site 

of pVSV105 

(100) 

pEVS104 Conjugation helper plasmid with 

mobilization machinery, used in triparental 

mating  

(104) 

pEVS168 Mini-Tn5 transposon plasmid, containing a 

promotor-less gfp, erythromycin selection, 

R6K origin of replication   

(105) 

pRE112 Suicide plasmid, R6K origin of replication, 

for allelic exchange 

(106) 

pRE112-∆hexR ∆hexR allele in pRE112, for allelic 

exchange 

This study 

pBS General cloning vector  Stratagene 

pBS-exeM pBS containing blunt cloned exeM 

intergenic region. Used in T7 mapping 

assay 

This study 

pUC(A/T) Vector containing known stable cruciform, 

positive control for cruciform mapping 

assay 

NEB 

pVSVlux-murQP (CI) murQP promoter cloned upstream of 

LuxCDABE cassette in pVSVlux 

This study 

pVSVlux-nagZ nagZ promoter cloned upstream of 

LuxCDABE cassette in pVSVlux 

This study 

pVSVlux-exeM exeM promoter cloned upstream of 

LuxCDABE cassette in pVSVlux 

This study 

pVSVlux-glgX glgX promoter cloned upstream of 

LuxCDABE cassette in pVSVlux 

This study 

pVSVlux-zwf zwf promoter cloned upstream of 

LuxCDABE cassette in pVSVlux 

This study 

pVSVlux-pgi pgi promoter cloned upstream of 

LuxCDABE cassette in pVSVlux 

This study 

pVSVlux-murQP (CII) murQP (C2) promoter cloned upstream of 

LuxCDABE cassette in pVSVlux 

This study 
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2.2 Generation of ∆hexR and ∆hexR chromosomal mutant strains 

Primers NT495 and NT496 (synthesized by Integrated DNA Technologies (IDT)) were 

used in a PCR to amplify the upstream flanking DNA and encompassed the start codon of 

vp1236 with V. parahaemolyticus RIMD 2210633 as template. Similarly, primers NT497 

and NT498 were used to amplify a distal and downstream coding sequence of vp1236. 

The resulting amplicons were digested with SacI/EcoRI and EcoR1/KpnI respectively. 

pRE112 was likewise digested with SacI and KpnI and a triple ligation was performed 

between the two digested amplicons and pRE112 prior to heatshock into E. coli 

DH5𝛼𝜆pir. Screening for successful ligation was performed on LB agar containing 

chloramphenicol. Successful transformants contained the plasmid pRE112 with a 

truncated vp1236. pRE112-truncated vp1236 served as a chromosomal integration suicide 

construct for homologous recombination and was conjugated into V. parahaemolyticus 

through tri-parental mating. Briefly, equal volumes of donor DH5pir carrying pRE112-

truncated vp1236, recipient WT V. parahaemolyticus and helper strain E. coli pEVS104 

were spotted on LBS agar at 28C overnight. Chromosomal integrants were selected on 

LBS containing chloramphenicol at 22C and underwent sacB-mediated sucrose selection 

on 5% sucrose LB agar to promote the loss of the integrated pRE112 construct carrying 

WT vp1236. This was followed by a chloramphenicol sensitivity screen to identify 

colonies that had lost the integrated pRE112 plasmid. Stable integrants were screened by 

PCR for truncated vp1236 using primers NT495 and NT498.   
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2.3 Genetic Complementation 

To generate a genetic complement, primers NT495 and NT499 (synthesized by IDT) 

were used in a PCR with genomic DNA derived from WT V. parahaemolyticus RIMD 

2210633 to amplify hexR. The resulting amplicon of 1,266bp size was phosphorylated 

with T4 Polynucleotide Kinase (NEB; M0201L) and blunt end cloned into 

dephosphorylated pBlueScript (pBS) digested with EcoRV. pBS containing WT hexR was 

transformed into E. coli DH5𝛼𝜆pir for propagation on MacConkey Agar (Biohsop; 

MAC001.500) to screen for recombinant DNA positive colonies. Provisional positive 

clones indicated by the formation of white colonies were selected and plasmids 

containing the hexR coding sequence were digested with SacI and SphI before being 

cloned directionally into pVSV105. pVSV105 containing WT hexR was transformed 

using heatshock into E. coli DH5𝛼𝜆pir for propagation and were delivered via tri-parental 

conjugation using the helper strain E. coli pEVS104 into the ∆vp1236 mutant strains. 

Transconjugants were selected on LBS supplemented with chloramphenicol and were 

streak purified for stable plasmid expression.   

 

2.4 Growth Assays 

Strains were grown overnight in LBS supplemented with chloramphenicol. Aliquots of 

cultures were collected, and cells were washed twice with 1x MM9 salts. The strains 

were normalized to a starting OD600nm of 0.025 in either LB or MM9 (0.4% Glycerol) 

and inoculated in triplicate into a 96 well plate. OD600nm measurements were taken at 

37C every 20 minutes for 18 hours in a VictorX5 Multi Label Plate Reader. Each 

experiment was performed with three technical replicates. For colloidal chitin growth 
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assays, strains were grown overnight in LBS supplemented with chloramphenicol and 

inoculated at a starting CFU/mL of approximately 105 cells into MM9 (0.4% colloidal 

chitin). Sampling was done every 6-12 hours post-inoculation and serial dilutions were 

plated in duplicate on MM9 Agar to determine the number of cells present.  

 

2.5 Biofilm Formation Assay 

Biofilm assays were performed as previously described (107, 108), with minor 

adjustments. Biofilms were grown in glass tubes by inoculating cells in LBS containing 

chloramphenicol overnight followed by an overnight subculture in MM9 at a starting 

OD600nm of 0.025. Liquid media was removed, and cells were washed twice in sterile 

phosphate buffered saline (PBS; 137 mM NaCl, 2.7 mM KCl, 8.1 mM Na2HPO4, 

1.46mM KH2PO4) before staining in 0.5% crystal violet for 30 minutes. Biofilms were 

washed twice with PBS to remove excess crystal violet from the tubes. The biofilms were 

de-stained with 3mL of 95% ethanol. Aliquots were collected and measurements were 

taken at an absorbance of 565nm in a 1 cm cuvette on a Biophotometer plus.  

 

2.6 Microscopy 

Microscopy was performed as previously described (109, 110), with minor adjustments. 

Overnight cultures were inocuslated into LB and MM9 at a starting OD600nm of 0.025 for 

16 hours at 37C, 200rpm. Strains were fixed in 2μL volumes on 1% agarose pads 

containing 0.5% PBS. A cover slip was added, and slides were immediately imaged using 
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a Zeiss Axio Imager Z1 microscope at 100x via Differential Interference Contrast (DIC) 

settings. Images were analyzed using ImageJ Fiji.   

 

2.7 Motility Assays 

Swimming motility assays were performed as previously described (111). Strains were 

cultured overnight in LBS, normalized to OD600nm of 0.05 in 1x MM9 salt and stab 

inoculated into 0.2% (w/v) agar LBS plates. Measurements were recorded after 5 hours 

of incubation at 37C.  A swimming pattern of radial growth (outward from the 

inoculation site) was documented for each strain via photograph.  

 

2.8 Mini-Tn5 Library Preparation 

Briefly, a conjugal tri-parental mating occurred on LBS agar at 28C and allowed for the 

delivery of the plasposon pEVS168 into either ∆hexR or WT V. parahaemolyticus RIMD 

2210633. The mating mixture was serially diluted and plated on LBS containing 10 

𝜇g/mL erythromycin and incubated at 22C for 36 hours to select for successful 

transposition. Colonies were further streak purified for stable integration. Strains 

expressing GFP were streak purified and represent transposon insertions near an active 

transcriptional promoter on the bacterial chromosome. Non-GFP expressing strains 

harbour a transposon but not near an active promoter that can support GFP expression.  

GFP and non-GFP producing strains for both genetic backgrounds were selected for 

further characterization.  
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2.9 Competition Assay 

Overnight cultures of both GFP and non-GFP producing strains were grown in LBS 

supplemented with chloramphenicol at 37C, 200rpm. The following day, 1 mL of culture 

was washed twice in 1x MM9 Salts and inoculated into 50 mL MM9 (0.4% Colloidal 

Chitin) at a starting OD600nm of 0.025. Cultures grew at 30C, 250rpm. Aliquots of 250uL 

were collected at 0 hpi, 6 hpi, 24 hpi, and 48hpi, serially diluted, and plated onto LB. 

Single colonies were counted (both the total and glowing sub-population) to determine 

the proportion of Glowing and Non-Glowing strains using Quantity One software (Bio 

Rad). Competition index was calculated using the equation (112): 

CI = (hexRf/WTf)/ (hexRi/WTi) 

Where subscript (f) denotes colony counts (CFU/mL) at final time point (t=48) and 

subscript (i) denotes colony counts of starting inoculum (t=0). Statistical significance was 

calculated using un-paired t-test against baseline of CI=1, where a value of 1 indicates no 

fitness defect.  

 

2.10 Spent Media Assay 

WT V. parahaemolyticus strains containing pVSV105-hexR were generated via tri-

parental mating using helper strain pEVS104 and then subjected to growth in Spent 

Media along with WT, hexR mutant, and complement strains. Growth assays were 

performed as previously described with minor adjustments. Flasks of 10mL of each strain 

were grown for 24 hours at 37C and 200rpm in Spent Media. OD600nm measurements 

were taken at 6 hours, 12 hours, and 24 hours, in duplicate.  
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2.11 Reporter Constructs for HexR Lux Assay 

Intergenic regions upstream of pgi, glgX, zwf, and murQP (specifically the alleles from 

chromosome 2 (CII)), were PCR amplified using primers NT511-NT518 (synthesized by 

IDT) (Table 2.2). Subsequent amplicons were digested with Sac1 and Kpn1 and 

directionally cloned into digested pVSVlux. Ligations were transformed into DH5𝛼𝜆pir 

via heatshock and clones were screened with restriction enzyme digestion for 

recombinant plasmid constructs. The constructs were then delivered via conjugation 

using the helper strain E. coli pEVS104 into WT and ∆hexR V. parahaemolyticus strains.  

 

2.12 Lux Reporter Assays to assess HexR activity.  

WT and ∆hexR V. parahaemolyticus strains containing pVSVlux bearing an upstream 

intergenic region of regulon members (namely glgX, zwf, pgi) as well as murQP (CII) 

were grown overnight in LBS with chloramphenicol. Cells were inoculated into LB at a 

starting OD600nm of 0.05 at 30C, 250rpm. Luminescence (counts per second (CPS)) and 

OD600nm measurements were taken in triplicate in a VictorX5 Multi Label Plate Reader at 

2 hours, 2.5 hours, 3 hours, and 3.5 hours post-inoculation.  

 

 2.13 Chemical Crosslinking of Protein-DNA complexes 

A crosslinking protocol was adapted from Grainger et al. (2004) (113) with the following 

changes. Strains ∆hlyu/VSV105-hlyu-FLAG and ∆hlyu/VSV105-hlyu (Q55A)-FLAG 

were cultured overnight in LB supplemented with chloramphenicol. Strains were 

inoculated into 20mL of Inducing Media (LB, 15mM Mg2+, 5mM EGTA) at a starting 
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OD600nm of 0.025 for 4 hours at 30℃, 250rpmm. Cultures were cross-linked with 1% 

formaldehyde for 20 minutes at 30℃, 250rpm. Following crosslinking, cultures were 

quenched with Glycine (final concentration 0.5M) for 20 minutes at 30℃, 250rpm. Cells 

were harvested in volumes of 20ml and pelleted at 4℃, 5000rpm for 10 minutes. Cell 

pellets were washed twice with PBS (pH: 7.4) before resuspension with 20mL of 

Osmotic Shock Buffer (10mM Tris pH:8, 10mM EDTA pH: 8, 20% (w/v) sucrose, 50mM 

NaCl, 100 μg/ml lysozyme) and incubated at 37℃, for 30min. After incubation, cultures 

were pelleted at 4℃ and 5000rpm for 20 minutes. Pellets were resuspended in 5mL Lysis 

Buffer (16.7mM Tris pH:8, 1.67M. NaCl, 1.2mM EDTA pH: 8, 1.1% Triton-X100, 

100ug/ml Proteinase K Inhibitor). Cellular DNA was then sheared via sonication to an 

average size of 500bp to 1000bp. Cellular debris were removed by centrifugation for 

20min at 4℃, 5000rpm.  

 

 2.14 Anti-FLAG Immunoprecipitation 

The immunoprecipitation workflow was adapted from Gu et al. (110, 111) with the 

following changes. Cleared lysates (5mL) were incubated with M2 anti-FLAG affinity 

matrix rotating overnight at 4℃. Following immunoprecipitation, the matrix was washed 

twice with 1mL Buffer A (150mM NaCl, 1mM EDTA pH: 8, 10mM Tris-HCl pH:8, 1% 

Triton-X100), twice with 1mL Buffer B (500mM NaCl, 1 mM EDTA pH:8, 10mM. Tris-

HCl pH:8, 1% Triton-X100), twice with 1mL LiCl Buffer (250mM LiCl, 1mM EDTA 

pH:8, 10mM Tris-HCl pH:8, 0.5% Triton-X100, 0.5% sodium deoxycholate) and twice 

with TE Buffer (pH: 8). Each wash was followed by a 1-minute centrifugation at 4℃, 

5000rpm. The affinity matrix was resuspended in 200uL elution buffer (50mM Tris-HCl 
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pH:8, 10mM EDTA pH:8, 1% SDS) at 65℃, for 2 hours. The supernatant was collected 

after pelleting at 5000rpm for 1 minute. Proteins within the supernatant were digested 

with Proteinase K (final concentration of 200ug/ml) at 45℃, for 2 hours. The reaction 

products were processed with a PCR Purification Kit (Qiagen) to produce purified DNA 

that was eluted in ultrapure water.  

 

 2.15 Library Preparations for Sequencing 

DNA fragments purified from the anti-FLAG immunoprecipitation were used for library 

preparation using the NEBnext Ultra II DNA Library Prep Kit for Illumina (NEB; 

E7645S). DNA fragment libraries were indexed using Multiplex Oligos for Illumina 

(NEB; E7335S) based on whether samples were generated from ∆hlyu/VSV105-hlyu-

FLAG or ∆hlyu/VSV105-hlyu (Q55A)-FLAG. Libraries were size selected using 

NucleoMag NGS Clean up and Size Select beads (Macherey-Nagel; 744970.5). The DNA 

quality of the prepared libraries was assessed using NEBNext Library Quant Kit for 

Illumina (NEB; E7630S). Adaptor dimers were removed with another round of size 

selection on NucleoMag beads if necessary. Sequencing of the libraries was performed on 

an Illumina MiSeq Platform using a Nano Kit (read length 2x150bp).  

 

2.16 Quantitative analysis of DNA reads  

The generated fastq files obtained from sequencing were uploaded to the Galaxy web 

platform and processed using usegalaxy.org. For both samples, forward (R1) and reverse 

(R2) reads were generated with an average size of 480bp. Reads were individually 

mapped to Vibrio parahaemolyticus RIMD 2210633 genome (GCF_000196095.1) using 
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BWA-MEM2 (Galaxy Version 2.2.1+galaxy1) which maps medium to long reads to the 

reference genomes (116). Resulting BAM files were filtered with SAMtools (Galaxy 

Version 1.8+galaxy1) to remove any non-uniquely mapped reads. This restricts the data 

to reads with mapping quality above 20. A read count matrix was generated with 

DeepTools (Galaxy Version 3.4.5+galaxy0) to assess correlation among input samples 

(∆hlyu/VSV105-hlyu-FLAG) and controls (∆hlyu/VSV105-hlyu (Q55A)-FLAG) (117). 

The correlation was plotted as a heat map. Signal strength was assessed using DeepTools 

(plotFingerprint, Galaxy Version 3.4.5+galaxy0) and generated Signal Extraction Scaling 

(SES) plots (117). BigWig files were created for each BAM file dataset to visualize 

peaks. Coverage was displayed using Integrated Genome Browser (Version 10.0.0) (118).  

 

 2.17 Generation of exeM intergenic region lux reporter construct 

Primers NT519 and NT520 (synthesized by IDT) were used in PCR with WT V. 

parahaemolyticus RIMD2210633 to amplify the intergenic region upstream of exeM start 

codon. The resulting amplicon was 583bp and was phosphorylated with T4 

Polynucleotide Kinase (NEB; M0201L) and blunt clones into dephosphorylated 

pBlueScript digested with EcoRV. Following ligation, pBS-exeM was transformed via 

heatshock into DH5𝛼𝜆pir for propagation on MacConkey Agar (Biohsop; MAC001.500). 

Clones were screened with Sac1 and Kpn1 digestions and double digested exeM was 

cloned into the Sac1 and Kpn1 cut sites of pVSV-lux. pVSV-lux-exeM was delivered via 

conjugation using the helper strain E. coli pEVS104 into WT, ∆hlyu, and ∆hns, 

∆hns∆hlyu V. parahaemolyticus strains.  
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 2.18 Lux Reporter Assay to assess exeM promoter activity 

WT, ∆hlyu, and ∆hns, ∆hns∆hlyu V. parahaemolyticus strains containing pVSVlux with 

an upstream intergenic region of exeM were grown overnight in LB with 

chloramphenicol. Cells were inoculated into Inducing Media at a starting OD600nm of 

0.025 at 30C, 250rpm. After 4 hours and 4.5 hours, aliquots were harvested and 

luminescence (counts per second (CPS)) and OD600nm measurements were taken in 

triplicate in a VictorX5 Multi Label Plate Reader.  

 

 2.19 in silico cruciform analysis of exeM intergenic region 

The DNA sequence for the intergenic region upstream of exeM (Genbank ID 

BA000031.2; 2966549bp to 2967089bp) was used as input into Palindrome Analyzer, an 

online bioinformatics tool which identifies inverted repeats and energy required for the 

formation of a cruciform. The following criteria was used: a minimum of 6 base pairs for 

the cruciform stem, a spacer/loop region of at least 15 base pairs. A single mismatch was 

allowed.  

 

2.20 T7 endonuclease and restriction enzyme mapping assays 

The exeM intergenic region was evaluated for cruciform forming elements using the pBS-

exeM construct generated previously. Briefly, fresh supercoiled pBS-exeM was prepared 

from cells using a Monach Plasmid Miniprep Kit (NEB; T1010L) Approximately 800-

1000ng of DNA was subjected to digestion with HindIII alone, T7 Endonuclease alone, 

PvuII alone, and a sequential digest using T7 endonuclease initially, followed by PvuII as 
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previously described (119). Digests were run on 1.75% agarose electrophoresis gels to 

resolve DNA fragments. pUC(A/T), which contains an engineered cruciform (119) was 

digested with the same strategy and served as the positive control. 

 

2.21 Statistical Analyses 

Statistical significance was calculated using a Student’s t-test with a two-tailed 

distribution parameter. Statistical analyses were calculated with Prism 10 (10.2.3). Means 

are plotted with standard deviation.  
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Table 2.2 PCR Primers used in this study 

Designation Sequence (5’ → 3’) Description 

or Purpose 

NT495 TTGAGCTCAGTACTGGACGAACAACGC hexR 

construction 

NT496 TTGAATTCGCGCTCTGACTTACTGAAATTCTCC hexR 

construction 

NT497 AAGAATTCCGTTATGACAAGCTAAGTCAG hexR 

construction 

NT498 AAGGTACCATGGCGATCACTAACGCTAAGTTGG hexR 

construction 

NT499 AAGCATGCTTAGTACTGACTTAGCTTGTCATAACG hexR 

construction 

NT511 AAGGTACCGTGTGCTGGCATGTCGTCAT pVSVlux-

pgi 

construction 

NT512 AAGGTACCATGTTACAGTAGGTTCCATTCC pVSVlux-

pgi 

construction 

NT513 AAGAGCTCCAAAGCGCGAACCCAGATCGTA pVSVlux-

zwf 

construction 

NT514 AAGGTACCAACGAGGTACTTATTGTGTGCC pVSVlux-

zwf 

construction 

NT515 AAGAGCTCTTGACCACCGTCAGCGTTCACG pVSVlux-

glgX 

construction 

NT516 AAGGTACCGTCGTGTCATCGGAGATAACTT pVSVlux-

glgX 

construction 

NT517 AAGGTAACCTGTACTGGCTGGATTACGGC pVSVlux-

murQP (CI) 

construction 

NT518 AAGAGCTCGCTGAGTACGCCTCGCGACTATCT pVSVlux-

murQP (CI) 

construction 

NT519 AAGAGCTCAGAGAGCTAGCCCAATACG exeM 

construction 

NT520 AAGGTACCGATTAACGTGTCCATTGTCG exeM 

construction 
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Chapter 3 The HexR Regulator is a Critical Fitness Determinant for 

Chitin Utilization by Vibrio parahaemolyticus 

 

3.1 Introduction 

The ocean biosphere plays an important role in the maintenance of the marine 

carbon cycle. This dynamic interaction between plants and animals allows for the long-

term sequestration of organic carbon in sediments. At the core, heterotrophic marine 

microbes can transform organic matter into simple inorganic forms (e.g., carbon dioxide) 

(120). Secreted extracellular enzymes allow for microbes to convert high molecular 

weight macromolecules into smaller transportable substrates like the chitin monomer N-

acetylglucosamine (GlcNac) or other simple 6-carbon sugars that can be further 

processed in the cell or used by other microbes in the water column, thus promoting the 

growth of secondary microbial ‘users’ (121). Chitin is among the most abundant organic 

macromolecule in the aquatic environment, derived primarily from planktonic organisms 

but also from the chitinous exoskeleton of crustaceans and copepods (122). More than 

1011 metric tons of chitin is generated every year which must be degraded to maintain 

marine carbon and nitrogen cycles. However, analyses of marine sediment reveal only 

trace amounts of chitin, indicating the presence of chitin utilizers in the marine water 

column and their considerable contribution to marine carbon cycling (123). The 

degradation of insoluble chitin, a complex polymer of GlcNac, requires a flexible and 

specialized carbon assimilation program (124). Vibrio spp. are capable of degrading 

chitin into the necessary metabolic precursors for amino acid and nucleotide biogenesis 

via the pentose phosphate pathway (125).  
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Chitin utilization involves a four main steps: sensing, chemotaxis and attachment, 

induction of gene expression, and finally catabolism (126). The first step of catabolism 

involves the breakdown of the macromolecule into its GlcNac oligosaccharides by 

extracellular chitinases followed by transport into the periplasmic space via outer 

membrane porins (127). Chitin oligosaccharides are degraded in the periplasm by 

chitinodextrinase and β-N-acetylglucosaminidase. The resulting chitin derivatives can be 

transported into the cytoplasm by either an ABC transporter or by a PTS transporter (124, 

128–130). Eventually, the chitin monomers are converted into fructose-6-phosphate, 

acetate, and ammonium for further utilization in central carbon metabolism (126).  

Not only is chitin an important carbon source, but Vibrio spp. associations with 

chitin also influences cellular growth and physiology. Associations of V. cholerae and V. 

parahaemolyticus with chitin has been shown to induce natural competence and allow the 

bacterium to take up free DNA from the environment (115, 131, 132). Several reports of 

mobilized virulence factors between V. cholera strains have attributed this phenomenon 

to chitin-induce competence, including the O1 to O139 serogroup conversion and 

movement of a previously un-mobilizable cholera toxin prophage between strains (133–

135). Likewise, the colonization of chitinous crustaceans is critical for the persistence and 

dispersal of Vibrio spp. in the aquatic environment. Preferential biofilm formation on 

chitin over other abiotic surfaces has been documented to increase V. cholerae resistance 

to predation (136). The presence of GlcNac in the local environment induces the 

expression of Type IV pilins and Mannose-Sensitive hemagglutinin (MSHA) which are 

required for the formation of a Type IV Pilus and contribute to the adherence of V. 

parahaemolyticus on biotic surfaces (137, 138). In the open ocean, V. parahaemolyticus-
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zooplankton associations comprise up to 80% of sampled zooplankton, with pathogenic 

strains present in environmental samples, indicating a reservoir for pathogenic V. 

parahaemolyticus (139). Therefore, chitin-associated biofilms overall contribute to the 

fitness of both environmental and pathogenic V. parahaemolyticus strains.   

The comprehensive chitin utilization program was first characterized in V. 

cholerae using microarray and genetic studies to identify the genes and regulatory 

elements that underpin the adherence mechanisms and the catabolism of chitin (138). 

While chitin catabolism in V. cholerae is very complex, involving numerous enzymes and 

structural proteins, considerable effort has been put into elucidating the pathway (122, 

124, 138). However, the genes involved in chitin utilization remain modestly understood 

in V. parahaemolyticus. Understanding the chitinolytic-associated genes is increasingly 

importance considering the chitin-induced changes in cell physiology and subsequent 

effects on virulence, biofilm formation, or competence.  

To characterize the homologous chitin utilization program in V. parahaemolyticus, 

Getz (2022) (100) employed transposon mutagenesis coupled with next-generation 

sequencing (Tn-seq) to identify chitinolytic associated genes. Briefly, a saturated 

transposon library of V. parahaemolyticus chromosomal mutants was subjected to 

selective fitness pressure with chitin as the sole carbon source for growth. The same 

library was subjected to growth on glucose as a sole carbon source to identify non-chitin 

specific essential genes. Total DNA was sequenced for both conditions and mutants 

underrepresented in the sequencing pool after growth on chitin were considered less fit. 

Among the statistical findings, VP1236, a member of the MurR/HexR/RpiR family 

transcriptional regulators, was identified as a fitness determinant for growth on chitin (p-
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value = 0.000016). This gene was of particular interest because its V. cholerae homologue 

VC1148 (locus tag: FY484_RS05840) was not functionally implicated in Vibrio spp. 

chitin catabolism by microarray (138).  

The MurR/HexR/RpiR family transcriptional regulators are all characterized as 

DNA-binding proteins, with an N-terminal winged helix turn helix (wHTH) motif, and a 

C-terminal sugar isomerase (SIS) domain which binds phosphosugars (140). DNA 

binding is mediated through the wHTH domain while the SIS domain of the 

transcriptional regulator is typically bound by the product of one of the downstream 

regulated enzymes to modify the regulator’s activity based on environmental or cellular 

signals.  

Key members of the transcriptional regulator family include MurR, a 

transcriptional repressor for cell wall recycling and biosynthesis, and HexR a 

transcriptional regulator of central carbon metabolism (141, 142). Cell wall (CW) 

recycling and synthesis is critical for maintenance of cell growth and homeostasis, as 

cells recycle upwards of 40% of their cell wall per generation. Strict regulation of CW 

recycling is required as new peptidoglycan (murein) is synthesized de novo and old 

murein is turned over to be reused (143). In E. coli, MurR is transcribed divergently from 

its target operon murQP. MurP and MurQ encode a N-acetylmuramic acid (MurNac) 

phosphotransferase, which imports peptidoglycan-derived MurNac-6-P from the 

periplasm into the cytosol, and a MurNac-6-phosphate etherase, responsible for 

converting MurNac-6-P into GlcNac-6-P which is further recycled back to the 

peptidoglycan layer (144) (Figure 3.1).  MurR binds the intergenic region upstream of 

MurQP, repressing the transcription of both itself and the murQP locus (141). During cell 
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wall recycling, MurNac-6-P binds the SIS domain, relieving MurR-mediated repression 

and allowing for the expression of murQP (141).  

HexR is a broader transcriptional regulator, targeting a regulon of upwards of 87 

genes in Proteobacteria (e.g. Pseudomonales, Burkholderiales, and Enterobacteriales) 

(145). Genomic reconstruction of the HexR regulon in all sequenced Proteobacteria 

highlighted the pleiotropic effect of HexR on central carbon metabolism, wherein HexR 

can be a transcriptional activator or repressor. This is a hallmark of the RpiR family, with 

other members like GlvR (146) in Bacillus subtilis functioning as a transcriptional 

activator or like E. coli RpiR as a transcriptional repressor (147). In Pseudomonas 

putitida, the SIS domain of HexR is recognized by the effector 2-keto-3-deoxy-6-

phosphogluconate (KDPG), an Entner-Duodoroff (ED) pathway intermediate. Like the 

regulation of cell wall recycling by MurR and the effector MurNac-6-P, control of CCM 

by HexR is modulated by the pathway intermediate KDPG rather than an initial substrate 

for the pathway (141, 142). Using RegPrecise, which curates a collection of inferred 

prokaryotic regulons, HexR is predicted to regulate 22 genes in 16 different operons in V.  

parahaemolyticus and is regulated in turn by the effector KDPG (148). Unlike in other 

Proteobacteria (E.g. Enterobacteriales and Pseudomonades), the Vibrionales HexR 

regulon is expansive and is implicated in the control of 15-20 operons (145). The 

consensus sequence for HexR is an imperfect palindrome of TGTAATTAAATTACA. In 

particular, the V. parahaemolyticus HexR regulon includes key enzymes involved in 

glycolysis, the pentose phosphate pathway, the tricarboxylic acid cycle (TCA), ED 

pathway, alternative metabolism pathways (Glycogen or Mannitol metabolism) and 

shorter carbon flux pathways like gluconeogenesis and the glyoxylate shunt (148). 
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Notable members include glucose-6-phosphate isomerase (pgi), glycogen debranching 

enzyme (glgX), glucose-6-phosphate dehydrogenase (zwf), isocitrate lyase (aceA), malate 

synthase (aceB), and phosphoenolpyruvate carboxylase (ppc).  

Dysregulation in either of these pathways that contribute to cell homeostasis and 

growth could result in the identification of VP1236 as a fitness determinant for growth on 

chitin. For example, a convergence of chitin catabolism and cell wall recycling at GlcNac 

during murein turnover could result in dysregulated cell wall synthesis and overall fitness 

defects (Figure 3.1). Alternatively, if VP1236 acts as HexR, any Fructose-6-P generated 

during chitin catabolism may be sent through glycolysis and other carbon flux rather than 

the pentose phosphate pathway where the required amino acids and nucleotides can be 

generated, making the cell deficient in the macromolecules required for growth on chitin 

as a sole carbon source (Figure 3.1).   
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Figure 3.1 Schematic of major CCM and Cell Wall Recycling-associated pathways 

contributing to vp1236 mutant phenotype. Key transcriptional regulators of CCM 

and CW recycling are in dark red. Light red star indicates site of potential convergence 

of chitin catabolism and cellular pathways at GlcNac. Representative enzymes 

investigated in this chapter are represented in respective pathway colours along arrows. 

Key enzymes involved in the conversion of intermediates in CW recycling and CCM 

are depicted along the arrows. Diagram adapted from (149). Abbreviations: GlcNac = 

N-acetylglucosamine, MurNac = N-acetylmuramic acid, AnhMurNac = 1,6-anhydro-

N-acetylmuramic acid, TCA Cycle = Tricarboxylic Acid Cycle 
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3.2 Results 

3.2.1 in silico analyses of VP1236 to identify V. parahaemolyticus HexR homologue 

Prior to phenotypic characterization, the V. cholerae N16961 and V. 

parahaemolyticus RIMD 2210633 genomes were probed using a variety of computational 

and database analyses to begin to elucidate the protein identity of VP1236. Three 

MurR/RpiR transcriptional family regulators are present in V. cholerae: a MurR 

homologue (VC-MurR; locus tag: FY484_RS0108), a HexR homologue (VC-HexR; 

locus tag: FY484_RS05840), and the uncharacterized FY484_RS08895. Using 

EMBOSS-Needle (Needleman-Wunsch alignment) for global protein sequence 

alignment, the protein sequences of VP1236 with VC-HexR were aligned and revealed 

the highest protein sequence similarity (alignment score = 95.053%) (Figure 3.2A). 

Additionally, protein domains were annotated with InterProScan and confirmed that 

VP1236 contains the classical wHTH and SIS domains of the superfamily. Of note, VC-

HexR and VP1236 share similar genetic neighborhoods on chromosome 1, encoded 

among pyridoxal-dependent aspartate 1-decarboxylase (PanP), lysine exporter LysO 

family protein, and GrxA family gluteradoxin. This preliminary search suggests VP1236 

may act functionally like HexR rather than MurR.  However, I was still interested 

whether the V. parahaemolyticus genome encoded a MurR homologue, and if so, where 

in the bacterial genome. Using NCBI BLAST, I searched the annotated genome of V. 

parahaemolyticus RIMD 2210633 with the protein sequence for VC-MurR. The top hit 

was VP_RS23475 (E value: 4x10−149), which was annotated as a SIS domain-containing 

protein on chromosome 2. Given that VP_RS23475 is located divergently from murQP 

(locus tags: VP_RS23480 and VP_RS23485 respectively) on chromosome 2 and contains 
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an SIS domain, I further investigated whether this protein was the MurR homologue. 

Alignment of the protein sequences for VC-MurR and VP_RS23475 revealed 70% 

identities and 87% positives (Figure 3.2B). Furthermore, alignment of VP_RS23475 and 

VP1236 only scored 25%, suggesting that VP1236 and VP_RS23475 encode  proteins 

that are less similar to each other and likely serve different functions (Figure 3.2C). Taken 

together, I predict VP1236 to be the V. parahaemolyticus HexR homologue while 

VP_RS23475 may act more like MurR. For the subsequent phenotypic characterizations, 

I refer to VP1236 as HexR.  
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Figure 3.2 Alignment of MurR/RpiR Family Transcriptional Regulators protein 

sequences in Vibrio spp. 

| = conserved identical residue, : = conserved mutation, . = semi-conserved mutation. 

(A) Alignment of V. cholerae O1 biovar El Tor str. N16961 HexR (VC-HexR) protein 

sequence aligned to V. parahaemolyticus RIMD 2210633 VP1236 protein sequence 

using EMBOSS Needle (EMBL-EBI). N-terminal winged helix-turn-helix (wHTH) (1-

77aa) domain and C-terminal sugar isomerase (SIS) domain (120-260aa). Domains 

annotated using InterProScan (Interpro). Identity: 95.1%, Similarity: 98.6%, Gaps: 0%. 

(B) Alignment V. cholerae O1 biovar El Tor str. N16961 MurR (VC-MurR) protein 

sequence and V. parahaemolyticus VP_RS23475 generated using EMBOSS Needle 

(EMBL-EBI). VP_RS23475 is a SIS-Domain containing protein and was identified as 

potential MurR homologue by using NCBI BLAST and searching VC-MurR protein 

sequence against V. parahaemolyticus RIMD 2210633 genome.  N-terminal winged 

helix-turn-helix (wHTH) (1-77aa) domain and C-terminal sugar isomerase (SIS) 

domain (125-265aa). Domains annotated using InterProScan (Interpro). Identity: 

70.0%, Similarity: 86.6%, Gaps: 0.4% (C) Pairwise sequence alignment of 

VP_RS23475 to VP1236 protein sequence using EMBOSS Needle (EMBL-EBI). 

Identity: 25.0%, Similarity: 45.5%, Gaps: 5.8%.  
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3.2.2 HexR is an important regulator for growth on diverse nutrient sources 

To assess the role of HexR in V. parahaemolyticus fitness, a chromosomal hexR 

deletion (hexR) and a hexR genetic complement were generated. Complementation of 

hexR allows for hexR-specific conclusions to be made based on the results. Given that the 

vp1236 transposon mutant had decreased fitness on the defined carbon source of chitin 

and that vp1236 may be functionally alike to HexR, I first assessed the growth of WT V. 

parahaemolyticus, hexR mutant, and complement strain in both rich and minimal nutrient 

sources. In rich LB media, WT growth followed a classical sigmoidal curve and reached 

stationary phase at around 800 minutes with a maximum OD600nm of 0.196. The mutant 

vp1236 strain followed a similar growth trend (slope of growth curve) but entered 

stationary phase much earlier, at around 400 minutes. Notably, in late stationary phase 

(around 550 minutes) it began to have a statistically significant decrease in growth with a 

maximum OD600nm of 0.157. In support, genetic complementation with WT hexR in trans 

restored growth trend to WT levels, emphasizing the growth defect is due to the deletion 

of hexR (Figure 3.3A).  

The hexR mutant growth defect was exacerbated in the metabolically demanding 

Marine M9 (MM9) media containing glycerol as the sole carbon source. Glycerol is 

metabolized into dihydroxyacetone-phosphate (DHAP) which can enter either the 

glycolytic or gluconeogenic pathways (150). In P. putida, growth on glycerol as a sole 

carbon source is characterized by a prolonged lag phase (151). Glycerol utilization genes 

(glpFK) are repressed upon entry into a glycerol-rich environment and expression is 

dependent on stochastic gene expression overcoming the de-repression. Previous studies 

have demonstrated the switch between non-growing and a growing state to be dependent 
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on metabolic pathway activity. As such the transition from lag phase into log phase only 

occurs once there is sufficient metabolic activity. While the WT V. parahaemolyticus 

strain did have an extended lag phase compared to rich (LB) conditions, the sigmoidal 

growth trend remained the same with a maximum OD600nm of 0.054. In contrast, the hexR 

mutants had an extended lag phase in the first 750 minutes followed by statistically 

significant decrease in growth through log and stationary phase where cultures reached a 

maximum OD600nm of 0.025 (Figure 3.3B). Consistently, complementation restored the 

growth phenotype back to WT.  

Entrance into stationary phase prompts significant metabolic changes and the flux 

of carbon (152). Likewise, adaptations of bacteria into stationary phase include 

significant changes to cell morphology and physiology to allow the cell to persist during 

environmental stressors (e.g., changes in pH or nutrient depletion) (153, 154). Changes in 

CCM in a hexR deficient cell could result in significant impacts on bacterial fitness 

during this growth stage, as seen in the LB growth assay (Figure 3.3A). Therefore, I 

investigated the growth of the hexR mutant in spent media assays. Spent media was 

collected from stationary phase cultures, filter sterilized, and re-inoculated. The hexR 

mutant had an exacerbated growth defect in spent media, with a nearly flat growth curve, 

suggesting that the growth defect in late stationary phase in LB is likely due to the cells 

using up the accessible nutrients and being unable to metabolize what remains (Figure 

3.3C-D). Strikingly, the hexR trans-complemented strain outgrew both WT and hexR 

mutants in a statistically significant manner (Figure 3.3C). This suggests that hexR 

overexpression provides an advantage in nutrient limited environments. I was then 

interested in whether WT V. parahaemolyticus growth could be increased by the 
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overexpression of hexR in trans in nutrient-limited conditions. Indeed, WT V. 

parahaemolyticus expressing hexR had increased growth compared to WT strain (Figure 

3.3D). Growth trends of the overexpression HexR strain and the complement were 

similar. Both strains entered stationary phase at 12 hours with an OD600nm of 

approximately 0.7. While the WT strain had a growth defect (comparable to hexR) in 

the first 12 hours of growth, it surpassed both overexpression and complement strains and 

did not enter stationary phase over the course of 24 hours.  

 Taken together, this suggest that while the overexpression of HexR provides a 

growth advantage in nutrient-limited environments, ultimately strains with coordinated 

CCM (WT) have the greatest fitness advantage over CCM-active but deregulated 

(overexpression and complement strains) cells (see discussion).  
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Figure 3.3 hexR mutants have a growth defect in rich and minimal media.           

A) Mutant has a statistically significant growth defect in stationary phase in LB. 

Experiment was repeated three times. Strains were cultured overnight in LBS and 

normalized to starting 𝑂𝐷600𝑛𝑚 of 0.025. 𝑂𝐷600𝑛𝑚 were taken every 20 minutes for 14 

hours at 37℃ in a VictorX5 Multi Label plate reader. Statistical significance was 

measured with unpaired t-test (n=3, *:p < 0.05). (B) Mutant has an extended lag phase 

followed by a statistically significant growth defect in log and stationary phase in 

MM9. Strains were cultured overnight in LBS and normalized to starting 𝑂𝐷600𝑛𝑚 of 

0.025. 𝑂𝐷600𝑛𝑚 were taken every 20 minutes for 14 hours at 37℃ in a VictorX5 Multi 

Label plate reader. Statistical significance was measured with unpaired t-test (n=3, *:p 

< 0.05). (C) Overnight LBS cultures were inoculated into Spent Media at a starting of 

𝑂𝐷600𝑛𝑚 of 0.025. 𝑂𝐷600𝑛𝑚 were taken every 20 minutes for 14 hours at 37℃ in a 

VictorX5 Multi Label plate reader. Statistical significance was measured with unpaired 

t-test (n=3, *:p < 0.05). (D) hexR overexpression strains grown in Spent Media. 

Overnight LBS cultures were inoculated into Spent Media at a starting of 𝑂𝐷600𝑛𝑚 of 

0.025. 𝑂𝐷600𝑛𝑚 was taken every 6-12 hours for 24 hours in duplicate on a 

spectrophotometer. Statistical significance was measured with unpaired t-test (n=3, 

**:p < 0.01, ***:p<0.001). 
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3.2.3 HexR is an important regulator for growth on chitin as a sole carbon source 

Chitin is one of the critical carbon sources utilized by V. parahaemolyticus during 

its aquatic lifestyle. To validate the TN-seq observations, I performed growth assay with 

WT, hexR, and hexR complement strains using MM9 supplemented with 0.4% colloidal 

chitin as a sole carbon source. Due to the insoluble properties of chitin, chitin can be 

chemically modified to generate colloidal chitin. Colloidal chitin has a smaller particle 

size which facilitates homogenous distributed in solution. Basic preparation of colloidal 

chitin involves manual pulverizing followed by acid hydrolysis. Large chitin chunks are 

filtered out and the remaining chitin is precipitated. The colloidal chitin puck is then 

extensively washed and neutralized (pH ~7) and can be used for further applications 

(155, 156).  

Since colloidal chitin contains solid flakes, I was not able to measure cell growth 

using OD600nm measurements in the plate reader. Instead, I developed an assay where 

colony counts (CFU/ml) were measured over time and where at every time point, aliquots 

were serially diluted, plated, and colonies were counted. Since WT V. parahaemolyticus 

can use chitin as a sole carbon source in the marine environment (132, 157), I expected to 

observe the WT strain to follow classical sigmoidal growth over the course of 54 hours 

(Figure 3.4A). Unexpectedly, while the hexR mutant had a statistically significant growth 

defect in the first 16 hours, the mutant strain consistently outgrew the WT strain by 20 

hours and continued this growth trend until reaching stationary phase at a CFU/ml similar 

to WT by 54 hours (Figure 3.4A). When hexR was complemented, the mutant strain 

returned to WT levels of growth. Therefore, while hexR mutants do display reduced 

growth, in isolation the strain can use chitin as a sole carbon source.  
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Since this observation of de-regulated growth was contradictory to previous 

growth assays and the Tn-seq data, I next investigated the competitive fitness of WT and 

hexR mutants. I hypothesized that the short growth defect early on in the chitin growth 

curves may have contributed to the hexR mutant disappearing from the sequenced 

population in the TN-seq experiment while in isolation the bacteria is able to overcome 

this defect and once primed for growth on chitin, can rapidly use the metabolites for 

required biogenesis (Figure 3.4A). WT and hexR mutants containing Tn5-GFP 

transposons were generated for a head-to-head competition assay. If the transposon 

inserts directly adjacent to an active promoter, cells will transcribe the GFP allele, 

allowing for GFP expression and strain identification by green fluorescence. The non-

fluorescent hexR mutant strain contained the transposon (same strain genetic background, 

but the transposon insertion was not adjacent to an appropriate promoter) and did not 

produce GFP. Both WT::Tn5-GFP (+) and hexR::Tn5-GFP (-) strains used in the 

experiment were screened for any transposon-associated growth defect by performing 

growth assays in LB. The selected strains had no significant changes in growth compared 

to parental WT or hexR mutant strains (data not shown). Following inoculation at the 

same starting OD600nm into MM9 (0.4% colloidal chitin), serial dilutions of the cultures 

were plated over the course of 48 hours. There was no significant change in growth of 

either WT or hexR mutant strains during the first 24 hours post-inoculation (Figure 3.4B). 

In contrast, the WT strain significantly outgrown the hexR mutant at 48 hours. The 

average competition index (CI) of the hexR mutant at 48 hours was approximately 0.4 

(Figure 3.4C). Given that a CI < 1 indicates a fitness defect, these results support that in 

mixed culture, cells lacking functional hexR are at a disadvantage and have a statistically 
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significant growth defect in chitin (see discussion). Taken together, the competition assay 

data supports the results of the TN-seq experiment, validating that hexR is a critical 

fitness determinant in chitin as a sole carbon source.  
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A   

B C 

 

Figure 3.4 HexR is a fitness determinant for V. parahaemolyticus on chitin as a sole 

carbon source. (A) Overnight LBS cultures of strains were inoculated into M9 

Minimal Media containing colloidal chitin as a sole carbon source. Samples were 

collected every 6-12 hours for 54 hours. Serial dilutions were plated to determine the 

number of cells present. Statistical significance was measured with unpaired t-test 

(n=3, *:p < 0.05). (B) Competition assay to assess fitness defect of hexR mutants 

compared to WT V. parahaemolyticus. Overnight LBS cultures of WT GFP (+) 

transposant and hexR GFP (-) transposant were inoculated together into MM9 (0.4% 

colloidal chitin) at a starting OD600nm of 0.025. Samples were collected every 6-12 

hours for 48 hours. Serial dilutions were plated to determine the number of fluorescent 

cells and total cells present. Statistical significance was measured with an unpaired t-

test (n=3, *: p<0.05) (C) Competition index (CI) calculated for hexR GFP (-) 

transposants at final timepoint t=48h. Dotted line is at CI=1 and CI < 1 indicates a 

fitness defect. Statistical significance was measured with unpaired t-test (n=3, ** 

p<0.01).  
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3.2.4 HexR is a regulator for biofilm formation, cell differentiation, and motility 

 
V. parahaemolyticus employs a numerous of mechanisms to adapt and survive in 

the marine water column. Notably, biofilms contribute significantly to the aquatic 

survival of V. parahaemolyticus and require considerable investment in the synthesis and 

export of polysaccharides (108). Robust biofilm formation is additionally critical for 

chitin catabolism as initiation occurs post-cellular attachment to chitin. Since the hexR 

mutants displayed growth defects on various nutrient sources, this led me to investigate 

biofilm formation. Initial assays were performed in MM9 with 0.4% Glycerol which 

resulted in successful biofilm formation in WT and complement backgrounds but hexR 

mutant biofilms were unable to adhere to glass tubes for crystal violet staining and 

quantification. This led me to supplement the MM9 media with 0.2% casamino acids. 

Casamino acids are a mixture of amino acids, relieving the cell from synthesizing all 

required molecules de novo. As expected, WT V. parahaemolyticus displays robust 

biofilm formation. However, the hexR mutant has a statistically significant reduction in 

biofilm formation even when cell number is normalized (Figure 3.5A). Complementation 

restored biofilm formation to WT indicating biofilm formation is at least somewhat 

regulated by HexR. To note, all strains could form robust biofilms in rich media 

indicating biofilm biosynthesis machinery was still intact.  

Previous studies have investigated the role of transcriptional regulators in central 

carbon metabolism (CCM) of gram-negative bacteria (158, 159). Mutations in these 

central regulators often lead to defects in cell morphology (109, 110). As well, in minimal 

media and chitin sources, V. parahaemolyticus exhibits elongated cell morphologies as a 

response to environmental cues (73). This prompted me to investigate whether hexR plays 
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a role in V. parahaemolyticus cell morphology. Observations of cells in LB media 

revealed no apparent differences in cell shape (Figure 3.6A). In liquid environments, V. 

parahaemolyticus cells are rod shaped swimmer cells. In contrast, WT cells cultured in 

nutrient limiting MM9 developed a filamentous subpopulation of cells. These cells are 

likely the differentiated cell state known as swarmer cells (73). Strikingly, hexR mutant 

cells remained rod-shaped and lacked any filamentous cells (Figure 3.6A). Genetic trans 

complementation restored the filamentous cell subpopulation. This phenotype was 

extremely robust across multiple microscopy observations. Given how consistent these 

observations were, I quantified the filamentous subpopulation. Across 50 fields of view 

(FOV) with a minimum of 30 cells, the filamentous swarmer cells made up 20-30% of 

the total cells observed in both WT and complement backgrounds but were completely 

lacking in the mutant background (Figure 3.6B). Based on this striking phenotype, I 

concluded that HexR is a significant contributor to the swarmer cell morphology (see 

discussion).   

V. parahaemolyticus morphology and motility are linked, therefore I quantified 

the swimming motility of these strains (89). V. parahaemolyticus cells are highly motile 

in the aquatic environment where the different cell morphologies (swimming and 

swarming cells) utilize different flagellar systems to promote dissemination and 

colonization (80). By stab inoculating each strain in soft agar LBS medium (0.2% w/v 

agar), swimming motility could be quantified via measurements of dense outward radial 

growth. As expected, measurements of radial growth confirmed WT V. parahaemolyticus 

motility. In contrast, hexR mutants had a statistically significant increase in radial growth 

indicative of increased cell motility (Figure 3.5B). This increase in swimming motility 
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was lost following genetic complementation with hexR. This data reveals that HexR 

contributes to regulated motility, and more specifically that its absence leads to increased 

motility (see discussion).  
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A B 

Figure 3.5 HexR is a regulator of V. parahaemolyticus biofilm and motility.         

(A) Biofilm formation of strains grown in MM9 (0.4% Glycerol, 0.2% Casamino 

Acids) for 18 hours at 37C. Each dot represents an individual sample. Statistical 

significance was measured using a t-test (n=3, *:p < 0.05, **: p < 0.01). After de-

staining of biofilms, retained 0.5% crystal violet (CV) stain is collected for OD565nm 

measurement. Representative image shown (right) of cuvettes containing CV aliquot 

post-staining. Intensity of stain is indicative of amount of biofilm formed. (B) 

Quantification of swimming via measurement of diameter of radial growth.  Strains 

were cultured overnight in LBS, normalized to OD600nm of 0.05 in 1x MM9 salt and 

stab inoculated into 0.2% (w/v) agar LBS plates. Measurements were recorded after 5 

hour incubation at 37C. Statistical significance was measured using a t-test (n=4, 

****:p < 0.0001). Each dot represents a biological replicate. Representative image 

shown (right) of radial growth patterns on agar swimming plate.  
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A B 

Figure 3.6 HexR is a regulator of V. parahaemolyticus cell differentiation.            

(A) Observations of WT, hexR mutant, and complement strains (Top to Bottom) using 

DIC microscopy at 100x. Strains were imaged after 16 hours of growth in MM9 (0.4% 

Glycerol) or LB. White arrow indicates filamentous cells. Scale bar = 5μm.               

(B) Quantification of filamentous subpopulation. All cells were counted and elongated 

cells further enumerated to determine the percentage (%) of filamentous cells per field 

of view (FOV). 
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3.2.5 HexR regulates carbon metabolism-associated genes 

Unlike other proteobacteria, the HexR regulon of Vibrio spp. is broad, allowing 

the bacterium to adapt cellular metabolism to best suit available nutrients and abiotic 

extracellular conditions. The ability to adjust the flux of metabolites to support the 

equilibrium of anabolic and catabolic pathways maintains bacterial fitness throughout the 

diverse array of environments (e.g., free-swimming in the water column, chitin-

associated biofilms, and in the human intestine) V. parahaemolyticus encounters during 

its lifecycle. Therefore, disruptions to CCM via the chromosomal deletion of hexR is 

likely contributing to the fitness defects as observed in biofilm formation, growth, and 

cellular morphology.  

To further confirm VP1236 functional identity as HexR and to provide evidence 

that the hexR mutant phenotype is due to a deregulation of underlying CCM pathways, I 

assessed the promoter activity of three predicted V. parahaemolyticus HexR regulon 

members: Glycogen Debranching Enzyme (glgX; Locus Tag: VPA1645), Glucose-6-P 

dehydrogenase (zwf; Locus Tag: VP1710) and Glucose-6-P isomerase (pgi; Locus Tag: 

VP2731) in both the WT and hexR strains. These regulon members were selected based 

on the HexR consensus sequence (TGTAATTAAATTAACA) scores identified on 

RegPrecise (ranging from 4.5 to 7.8) but have not been experimentally validated as genes 

regulated by HexR in V. parahaemolyticus. The consensus sequence score represents the 

likelihood of each base occurring at each location of the motif. Lux assays were 

performed in LB which hexR mutants were shown to have a statistically significant 

growth defect in late stationary phase and multiple timepoints (2 hours to 3.5 hours post-

subculture) were recorded to best capture when the promoters were active during growth. 
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While I was interested in the activity of these promoters in more metabolically 

demanding media (e.g. MM9), my previous microscopy has shown that the morphology 

of the cell populations is non-homogenous across WT and hexR mutant strains. 

Therefore, any OD600nm measurement taken could be artificially inflated/non-

representative of the actual cell density at the time of measurement (160). I assessed 

promoter activity using the vector pVSV105 containing the luxCDABE cassette. Cloning 

the promoter upstream of this cassette drives the production of light, recorded as Counts 

Per Second (CPS). A difference in light production from the hexR mutant to the WT strain 

would indicate a regulatory role for hexR at this specific locus.  

Zwf catalyzes the first step of the oxidative pentose phosphate pathway (PPP) and 

the Entner-duodoroff (ED) pathway, where glucose-6P is converted into gluconate-6P. 

Gluconate-6P can either enter the PPP via 6-phosphogluconate dehydrogenase or the ED 

pathway via phosphogluconate dehydratase (161). The primary role of the oxidative PPP 

is the generation of cofactors like NADP and NADP(H) which provide reducing power. 

In contrast, the non-oxidative PPP produces vitamins, nucleotides, and amino acids 

necessary for growth (162). Therefore, I expected that any dysregulation of the PPP 

would contribute to the fitness defects of the hexR mutant across the diverse carbon 

sources. Interestingly, zwf promoter activity in the hexR mutant was significantly higher 

than WT at each time point (Figure 3.7A). While comparative genomic approaches did 

not identify zwf as a member of the reconstructed V. parahaemolyticus HexR regulon, zwf 

is a member of the P. putida HexR regulon and is transcriptionally repressed by HexR 

(142). In line with those observations, HexR appears to also act repressively at the zwf 
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locus in V. parahaemolyticus, implicating zwf as an additional member of the HexR 

regulon and emphasizing the importance of strict regulation of the PPP.  

As well, promoter activity of glgX was significantly different in the hexR mutant 

compared to WT. Unlike zwf, glgX promoter activity in the hexR mutant steadily 

increased at 3 hours but then fell at 3.5 hours (Figure 3.7B). In comparison, the WT strain 

alternated high and low expression levels over the course of the time points. GlgX is a 

key enzyme in glycogen metabolism, responsible for cleaving the 1-6 linkages, and in 

E. coli, the enzymes responsible for glycogen biosynthesis and degradation appear to be 

expressed concomitantly. As well, synthesis of glycogen is known to occur when carbon 

sources are abundant, but another essential nutrient is limiting (163). The more variable 

expression over the time course could be the bacterium responding to changes in nutrient 

concentrations of the rich media (see discussion).  

Pgi is an enzyme that catalyzes the conversion of glucose-6-phosphate to 

fructose-6-phosphate. As such, it plays an important role in glycolysis, gluconeogenesis, 

the PPP, and the production of reducing power for the synthesis of biomass. Disruptions 

of pgi in E. coli have demonstrated significant rerouting of CCM towards the PPP rather 

than glycolysis (164) and V. cholera lacking functional pgi have significant cell 

morphology defects by the formation of spherical cells and the accumulation of toxic 

glycolysis intermediates (109). Given HexR is predicted to be the transcriptional 

regulator of pgi, I expected hexR mutants to have deregulated pgi expression resulting in 

considerable effects on glycolysis, gluconeogenesis, and the PPP. Indeed, the promoter 

activity of pgi in the hexR mutants was significantly increased in comparison to WT over 
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each timepoint (Figure 3.7C), indicating the central role of this enzyme in carbon 

metabolism pathways. 

These preliminary in vivo assays provide evidence of deregulated CCM in the 

hexR mutants and confirms zwf, glgX, and pgi as members of the HexR regulon. 

Furthermore, this data supports the in silico analyses of VP1236 as the functional 

homologue of HexR in V. parahaemolyticus.     
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A C 

B  

Figure 3.7 CCM-associated regulons are deregulated in hexR mutants.                

(A) Lux Reporter assay of zwf promoter region in WT and hexR mutants. Strains were 

grown overnight in LBS and inoculated at a starting OD600nm of 0.05 into LB. CPS and 

OD600nm readings were taken 2 hours post-subculture every 30 min. Statistical 

significance was calculated using a t-test (n=3, **: p<0.01, ***: p<0.001). (B) Lux 

Reporter assay of glgX promoter region in WT and hexR mutants. Strains were grown 

overnight in LBS and inoculated at a starting OD600nm of 0.05 into LB. CPS and 

OD600nm readings were taken 2 hours post-subculture every 30 min. Statistical 

significance was calculated using a t-test (n=3, *: p<0.05). (C) Lux reporter assay of 

pgi promoter region. Strains were grown overnight in LBS and inoculated at a starting 

OD600nm of 0.05 into LB. CPS and OD600nm readings were taken 2 hours post-

subculture every 30 min. Statistical significance was calculated using a t-test (n=3, **: 

p<0.01, ***: p<0.001).  
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3.2.6 V. parahaemolyticus HexR is a regulator at the nagZ – murQP locus  

Vibrio spp. commonly have multiple copies of the murQP locus, a characteristic 

that differs from other Proteobacteria (e.g., E. coli or Pseudomonas aeruginosa). One is 

frequently associated in the same genomic region as murR, perhaps acting as the MurQP 

homologue and implicated in CW recycling. Indeed, NCBI blastp using E. coli MurR in 

the V. cholerae O1 biovar El Tor str. N16961 identified VC-MurR (40.88% identity, E-

value: 3x10-65). However, the role of the other murQP copy is not clear. In V. 

parahaemolyticus, a murQP locus is located divergently from a -hexosaminidase 

(NagZ) on chromosome 1. NagZ catalyzes the conversion of imported periplasmic 

AnhMurNac-GlcNac into AnhMurNac and GlcNac derivatives by cleaving at the -1,4 

linkage between GlcNac and -anhydro-N-acetylmuramic acid peptides in the cytoplasm 

(165). Another target of interest was the intergenic region of murQP on chromosome 2 

which is located divergently from the putative VP-MurR (locus tag: VP_RS23475). 

While all evidence supports a HexR-like functional identity of VP1236, I wanted to 

thoroughly assess the potential of MurR-like activity by quantifying any promoter 

activity at the murQP loci. Using a lux reporter assay, I assessed hexR regulatory activity 

at the loci of murR-murQP and nagZ-murQP.  

The murQP locus located on chromosome 2 (CII) shows little hexR-dependent 

activity. Differences in expression between WT and the hexR mutant were non-significant 

(Figure 3.8A). This data supports the in silico analysis, indicating that murQP (CII) is 

likely the V. parahaemolyticus cell wall recycling murR-murQP homologue.  

While expression of murQP (CI) showed no significant changes in the hexR 

mutant (Figure 3.8B), expression of nagZ was significantly increased following 3.5 hours 
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of subculture in LB (Figure 3.8A). This suggests a potential regulatory role for HexR at 

the nagZ locus. In E. coli, NagZ is implicated in CW recycling and nagZ null mutants 

have been found to accumulate cytoplasmic amino sugars during growth in LB thus 

supporting a potential role for NagZ in CCM as well in V. parahaemolyticus (see 

discussion) (165).  
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Figure 3.8 HexR is a regulator of nagZ expression but not murQP on chromosome 

1. (A) Lux reporter assay of murQP (CII) promoter region. Strains were grown 

overnight in LBS and inoculated at a starting OD600nm of 0.05 into LB. CPS and 

OD600nm readings were taken 2 hours post-subculture every 30 min. Results are non-

significant (n=3). (B) Lux Reporter assay of nagZ promoter region in WT and hexR 

mutant in V. parahaemolyticus. Strains were grown overnight in LBS and inoculated at 

a starting OD600nm of 0.05 into LB. CPS and OD600nm readings were taken 2 hours post-

subculture every 30 min. Statistical significance was calculated with a t-test (n=3, 

*:p<0.05, **:p< 0.01). (C) Lux Reporter assay of murQP (CI) promoter region in WT 

and hexR mutants in V. parahaemolyticus. Strains were grown overnight in LBS and 

inoculated at a starting OD600nm of 0.05 into LB. CPS and OD600nm readings were taken 

2 hours post-subculture every 30 min. Differences are non-significant (n=3) 
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Chapter 4 Investigation of HlyU-regulated genetic loci in Vibrio 

parahaemolyticus 

 

4.1 Introduction 

Vibrio spp. are facultative pathogens and do not require constant expression of 

virulence-associated genes. Overexpression of non-essential genes is costly to the cell.    

It is only once the bacteria have entered a host (e.g., marine organism or human) that the 

expression of virulence factors is necessary (166). Pathogenic Vibrio spp. utilize 

numerous virulence factors to colonize within a host, evade host immunity, disseminate, 

and ultimately cause infection (167). Therefore, understanding the contributions of 

genetic regulatory mechanisms of virulence-associated genes is important for 

understanding bacterial pathogenesis.  

A proposed mechanism for gene regulation is via the architecture of the DNA. 

The Watson and Crick model postulates that DNA resides in a static B-form state 

characterized by negative supercoiling (168). Maintenance of this helical state determines 

the collection of bound proteins and acts as a repository of genetic information (169). 

However, biological information is encoded in both the sequence of nucleotides and the 

topology of the DNA (169). Intrinsic features of DNA, including inverted repeats, 

nucleotide enrichment, supercoiling, and DNA-binding proteins, can cause local 

conformational changes resulting in the formation of complex DNA superstructures (170, 

171). Notable DNA superstructures that deviate from the canonical B-helical form 

include cruciform, Z-DNA (172), triplexes, G-quadruplexes (173), hairpins, and Holliday 

junctions (174, 175).    
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Notably, DNA cruciform, unusual 4-way DNA junctions formed by intra-strand 

stem loops, have been proposed as a novel regulatory mechanism of gene expression 

(176). Certain A/T rich DNA sequences are more prone to cruciform formation due to the 

presence of more than one of the intrinsic features highlighted above. Critically, inverted 

repeats, stretches of nucleotides followed by their reverse complement which flank a 

spacer element, can make up the key stem structure of the cruciform by forming 

hydrogen bonds with bases on the same strand (177). Inverted repeats are ubiquitous 

across prokaryotic genomes but are enriched at promoters and origins of replication, 

suggesting a functional role in gene expression or DNA replication (171, 178). The 

structure of a cruciform is energetically unfavorable due to the unbound bases in the 

spacer element of the hairpin loop and the disruption of the B-helical state. Therefore, 

energy in the form of negative supercoiling is required to facilitate cruciform formation 

(179).     

Negative supercoiling can be induced and maintained in multiple ways. Firstly, by 

the start of transcription: as RNA polymerase and DNA topoisomerase unwind the DNA 

to promote transcription, the coding strand is displaced and forced to coil as the 

polymerase reads the DNA. This translocation of the DNA generates negative 

supercoiling behind the transcription complex (180) which can arrest gene expression in 

neighboring genes. Alternatively, DNA-binding proteins can induce conformational 

changes in the DNA to either promote or inhibit transcription via changes in DNA 

structure. Histone-like Nucleotide Structuring protein (H-NS) is an incredibly abundant 

protein that binds chromatin and constrains negative supercoiling (181), thus maintaining 

DNA topology. H-NS has a high affinity for A/T rich regions of DNA, a characteristic of 
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transcriptionally active gene promoters (182, 183), making it a prolific global gene 

regulator with the ability to alter DNA accessibility by inducing DNA loop formation 

(DNA-protein-DNA bridges) or long H-NS polymers which prevent the RNA polymerase 

and transcriptional activators from binding the promoter (184, 185). hns mutants typically 

have decreased growth rate compared to WT cells which is worsened under low 

temperatures and have increased sensitivity to changes in osmolarity (186). Specifically, 

it has been observed that the binding of H-NS to A/T rich intergenic regions and the 

constraining of negative supercoiling, inhibits gene expression (187–189). Since inverted 

repeats are enriched in promoter regions, the negative supercoiling facilitated by H-NS 

provides the energy to form a H-NS-associated cruciform (175) which may block 

promoter activity by overlapping with the -10 and -35 sequences of the promoter (190), 

preventing RNA polymerase binding and transcription complex formation (191). It is in 

this manner, that bacteria can use alternative DNA structures like cruciform to repress 

gene expression.  

 However, upon environmental stimuli the cell would seemingly require a 

mechanism to relieve the transcriptionally repressive DNA cruciform to allow for gene 

expression. One possible mechanism to de-repress DNA cruciform is by protein-binding, 

especially in cases where proteins have high affinity for bent rather than relaxed DNA 

(192). While protein binding can promote cruciform formation, like in the case of H-NS 

or the eukaryotic protein PARP-1 (193), some proteins can also relieve cruciform 

elements. Notably, V. parahaemolyticus employs the DNA-binding transcriptional 

regulator HlyU during infection to relieve a cruciform that regulates the expression of the 

T3SS-1 (54, 101).  
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V. parahaemolyticus relies on many virulence factors during infection but the 

T3SS-1 and 2 remain critical virulence determinants. The T3SS-1 is a molecular syringe 

that secretes effector proteins into host cells during early infection, contributing to host 

cell killing and cytotoxicity, and is present in all clinical and environmental isolates (194, 

195). The T3SS-1 is regulated by the ExsACDE cascade, where ExsA acts as a master 

transcriptional regulator of 40+ genes that contribute to T3SS-1 expression (196, 197). 

ExsA expression is regulated by the transcriptionally repressive H-NS along with HlyU. 

During host colonization, HlyU binds the A/T rich palindrome within the DNA cruciform 

at the cryptic promoter in the exsB-exsA intergenic region and relieves the H-NS-

associated superstructure. This kickstarts promoter activity of exsA, and transcribed exsA 

results in ExsA protein expression that autoregulates the exsA promoter, further 

upregulating exsA transcription. Increased exsA expression results in the downstream 

expression of the ExsA-dependent T3SS-1 operons to produce a functional T3SS-1 

apparatus for effector translocation during infection (101). 

HlyU is a small homodimeric protein with a wHTH DNA binding motif. The 

protein belongs to the Metalloregulator ArsR/SmtB family transcriptional regulators but 

lacks the key metal binding residues characteristic to the rest of the family (198). The 

core helix of the motif interacts with the major groove of the DNA whereas the winged 

regions bind the minor grooves (199). Binding of HlyU to its DNA targets introduces a 

bend to the DNA to bring the wHTH motif in contact with the major and minor grooves 

(198), promoting HlyU-specific gene regulation.     

HlyU is a critical virulence determinant for in vivo V. vulnificus infection (200), 

with V. cholerae hlyU mutants having 100-fold increase in LD50 compared to wild-type 
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(201), and has been implicated in overcoming other H-NS-mediated silencing of 

virulence-associated genetic loci in Vibrio spp. (202, 203). Liu et al. (2009) propose that 

to overcome the H-NS repressive effect, HlyU relieves DNA supercoiling upon binding 

to a distal site and bending DNA (203). The initial transcription of the cryptic promoter 

would then drive conformational changes that destabilizes the H-NS nucleoprotein 

complex, allowing for RNA polymerase activity and ultimately promoter expression 

(198).  

HlyU activity is conserved across Vibrio spp., as it regulates multiple virulence 

factors across multiple species, namely the hemolysin HlyA and Type VI Secretion 

System-associated hemolysin-coregulated protein (Hcp) in V. cholerae (201, 204, 205), 

the repeat-in-toxin (rtx) RtxA1 in V. vulnificus (206), and the hemolysin Vah1 in V. 

anguillarum (207), along with 4 classes of exotoxins: cytolysins, secreted 

phospholipases, vibriolysins, and the multi-functional autoprocessing repeats-in-toxin 

(MARTX) (102, 208).  As such, the protein is often considered a global virulence 

regulator. HlyU binding sites are characterized by A/T rich imperfect ~17bp palindromic 

sequences (207, 209) but no clear consensus sequence has been derived between Vibrio 

spp. 

 Given HlyU’s role as a global virulence regulator in other pathogenic Vibrio spp., 

I hypothesized that along with the T3SS-1, HlyU regulates other virulence genetic loci in 

V. parahaemolyticus. Using an approach known as Chromatin-Immunoprecipitation 

coupled with next-generation sequencing (ChIP-seq), which allows for the global 

assessment of DNA-protein binding and is commonly used to investigate and map 



 69 

transcriptional regulators (210), I can broadly investigate how genes are coordinately 

regulated by HlyU during V. parahaemolyticus infection.  

 

4.2 Results 

4.2.1 Genome-wide screen of HlyU-binding regions in V. parahaemolyticus  

 Given that HlyU is known as a global virulence regulator in Vibrio spp. (102), I 

investigated HlyU binding at genetic loci on chromosome 1 and 2 of V. parahaemolyticus 

using ChIP-seq. It is critical to carry forward the appropriate control strains to determine 

the amount of background non-specific protein-DNA binding. For this experiment, I used 

a FLAG-tagged hlyU complement strain (hlyU/VSV105-hlyU-FLAG) to identify HlyU-

specific binding to the genome and as my control, the strain Q55A which is the hlyU 

complement strain with a glutamine to alanine mutation in the DNA-binding domain 

(hlyU/VSV105-hlyU(Q55A)-FLAG). The Q55A strain should not be able to bind DNA 

and has been shown experimentally to have reduced cytotoxicity in HeLa cells in 

comparison to WT or HlyU complement strains (data not shown). Unlike other 

conventional ChIP-seq controls: DNA input (sheared crosslinked DNA-protein 

complexes that are not selectively enriched) and IgG mock immunoprecipitation (211), 

Q55A allows for the identification of non-HlyU specific DNA-protein interactions. 

Indeed, DNA was immunoprecipitated from the Q55A input and peaks were identified in 

the Q55A control input that were also present in the complement strain, speaking to the 

importance of having appropriate controls for background (Figure 4.1C). Therefore, 

peaks present in the complement strain input but not in the Q55A input represent 

potential and higher confidence HlyU interacting sites in the genome.  
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Optimization of the ChIP-seq protocol allowed for the selection of ideal 

experimental conditions. All strains were grown in LB containing EGTA and MgSO4, a 

calcium-deplete and magnesium-supplemented rich environment, which has previously 

demonstrated the ability to induce the expression of the T3SS-1 in V. parahaemolyticus 

(54, 197). Given that I am interested in identifying other virulence-associated loci, this 

media was a reasonable starting point. At 4 hours of induction, sufficient recombinant 

HlyU-FLAG was expressed in both strains and was separated into soluble and insoluble 

fractions as assessed by western blot (Figure 4.1A). Alternative induction timepoints of 

2.5, 3, and 3.5 hours resulted in insufficient HlyU-FLAG recovery post fractionation. 

HlyU binding is transient, therefore protein-DNA complexes must be crosslinked. 

Formaldehyde was used as a chemical crosslinker due to its cell permeability, short 

spacer length (0.2nm) for the entrapment of closely associated proteins and DNA, and 

rapid reactivity to crosslink the complexes together (212). Since HlyU binds as a dimer to 

the DNA targets, alternative chemical crosslinkers (e.g. EGS/DGS) which can target large 

protein complexes were unnecessary. HlyU has a molecular weight of 11kDa and so the 

presence of higher molecular weight anti-FLAG specific species at 22kDa and 33kDa in 

the crosslinked samples but absent in non-crosslinked samples provides evidence of 

successful crosslinking (Figure 4.1A) 

Immunoprecipitation allows for the selective enrichment of the HlyU-DNA 

complexes (213). Minimal optimization of immunoprecipitation was required. Overnight 

incubation with M2 anti-FLAG affinity matrix reduced amount of HlyU-FLAG in soluble 

fraction. Elution of HlyU-FLAG from the matrix using SDS-containing elution buffer 

subsequently increased HlyU-FLAG amounts in the aliquots (Figure 4.1B). SDS 
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denatures the anti-FLAG antibody, causing an increase in higher molecular weight 

species. Additionally, V. cholerae encodes a protein ChiP (Locus Tag: FY484_RS04980) 

which has been experimentally shown to interact and bind anti-FLAG M2 antibodies 

(214). A homologue is present in V. parahaemolyticus which may also contribute to these 

higher molecular weight species. HlyU and contaminating proteins were digested with 

proteinase K and DNA was purified using a Qiagen PCR purification kit. To confirm pool 

of enriched DNA and estimate DNA concentration prior to library preparation, aliquots 

were run on 1X TAE agarose gel. Approximate DNA concentrations were determined to 

be 10-20ng/L and sheared to ~800bp fragments (Figure 4.1C).  

Library preparation was performed following the protocols of the NEB kits and 

size selection of DNA fragments excluded any fragments <200 bp in size. Shorter DNA 

fragments are biased during sequencing, resulting in overamplification and false positive 

peaks of enrichment. Likewise, qPCR was used to assess for adaptor dimers (120-170bp), 

which cluster on flow cells during sequencing and generate data. Adaptor dimers 

outcompete other DNA during next generation sequencing (NGS): 5% contamination 

results in 50% of reads being adaptor dimer sequences (215). Therefore, I performed 

repeated steps of size selection to remove adaptor dimers from the library pool prior to 

sequencing. 

Consistent quality control checks during crosslinking and library preparation 

resulted in both hlyU complement and Q55A strain having adequate DNA for sequencing 

and generated robust genome coverage (Figure 4.2).   
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Figure 4.1 Quality Control of Chemical Crosslinking and Chromatin-

Immunoprecipitation. (A). Western Blot of post-crosslinking and fractionation of 

Q55A (hlyU/VSV105-hlyU(Q55A)-FLAG) and hlyU complement (hlyU/VSV105-

hlyU-FLAG) strains. Evidence of higher molecular weight complexes at 22 & 33KDa 

indicative of successful HlyU crosslinking. PVDF membrane was blotted with a mouse 

anti-FLAG antibody.  WCL = Whole cell lysate, S = Soluble Fraction, IS = Insoluble 

Fraction. (B) Western Blot to confirm successful immunoprecipitation of HlyU-FLAG. 

Higher molecular weight bands in lanes E are representative of FLAG antibody 

denaturation. Pre-IP = Pre-immunoprecipitation, Post-IP= Post-immunoprecipitation, E 

= Elution. (C) Post-Immunoprecipitation DNA yields assessed by gel electrophoresis. 

Approximately 10-20ng/L of DNA in sample. DNA smearing is indicative of 

successful sonication with an average fragment length of 500-800bp. 1 = Q55A, 2 = 

hlyU complement.  
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4.2.2 ChIP-seq identifies five putative targets of HlyU during infection 

The output of ChIP-seq quantitative DNA analysis are peaks of enrichment. 

Enriched specific reads that align to the V. parahaemolyticus RIMD 2210633 reference 

genome represent a genetic locus that encompasses putative HlyU binding sites. The 

peaks that are generated are the measurements of the density of reads where the summit 

of the peak likely represents a more localized locus for a HlyU binding site on the 

chromosome. However, prior to peak calling which allows for the identification of 

enriched binding sites in a ChIP-seq experiment, certain quality control steps must be 

performed. Notably, assessing the correlation between treatments (hlyU complement and 

Q55A control). This correlation can be represented as a heatmap (Figure 4.2A), where the 

R1 and R2 data sets for both treatments strongly correlate to themselves but are less 

correlated to the respective R1 or R2 control. This indicates that there is a signal in the 

HlyU complement samples that is unique to those treatments. However, it is important to 

note that the two strains used in the experiment are very genetically and technically very 

similar, save for the Q55A mutation in the hlyU binding domain, making the correlation 

matrix quite similar.  

Peak calling identified three putative HlyU-binding targets at 4 hours of infection 

across both chromosomes 1 and 2 in V. parahaemolyticus (Table 4.1). A peak located on 

chromosome 1 with a summit at the chromosomal location of 2966876-2966877th base 

pair, corresponds to the intergenic region between ExeM/NucH Extracellular 

Endonuclease (Locus tag: VP_RS13735) and a 124 amino acid Hypothetical Protein 

(Locus tag: VP_RS13740) (Figure 4.2B). To further characterize VP_RS13740, I used a 

combination of NCBI blastp+ to search V. cholerae genomes for homologous proteins 
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and InterProScan to identify protein domains. VP_RS13740 did not have any significant 

matches in the V. cholerae genomes but InterProScan identified a N-terminal lipoprotein 

signal peptide with a cleavage site between residues G19 and C20 followed by a large 

non-cytoplasmic domain. Secondary analyses with TMHMM 2.0 software support the 

extracellular localization of this protein.  

Another peak of enrichment corresponded to the intergenic region between a 102 

amino acid metalloregulator ArsR/SmtB family transcriptional regulator (Locus tag: 

VP_RS19710) and a 61 amino acid DUF2892-domain containing protein (Locus tag: 

VP_RS19715) on chromosome 2 (Table 4.1). The peak was located at the chromosomal 

position of 981772-981773th base pair and was the most highly enriched across replicate 

experiments (n=2) (Figure 4.2C). Analyses by InterProScan identified a large wHTH 

domain containing DNA binding interfaces in VP_RS19710, a common feature in the 

metalloregulator superfamily. In contrast, bioinformatic analyses of the DUF2892-

domain containing protein identified a YgaP domain. The E. coli YgaP protein is a 

membrane bound rhodanese, a thiosulfate-cyanide sulfurtransferase (216). TMHMM 2.0 

predicts 2 transmembrane domains with cytoplasmic-oriented N- and C-terminus. NCBI 

blastp+ of the amino acid sequence genomes identifies a rhodanese-related 

sulfurtransferase homologue in V. cholerae strains. Rhodanese are ubiquitous in both 

eukaryotes and prokaryotes and functionally may be involved in both detoxification of 

cyanide (217) or the production of iron-sulfur clusters in ferredoxin (218). The single 

rhodanese-domain containing protein Q9KN65 (Locus tag: VC_A0100) involved in 

stress response has been described in V. cholerae (219, 220). Expression of a stress 
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response protein may be beneficial to V. parahaemolyticus during infection, hence HlyU 

regulation (see discussion).   

 Finally, the second peak on chromosome 2 corresponds to the intergenic region 

upstream of a small 88 amino acid Hypothetical Protein (Locus Tag: VP_RS21200) 

(Table 4.1) (Figure 4.2D). NCBI blastp+ of the protein sequence identifies a potential V. 

cholerae homologue of a AbrB/MazE/SpoVT family DNA-binding domain-containing 

protein (Percent Identity: 58.62%). This superfamily includes numerous proteins 

involved in toxin sequestering and toxin-antitoxin (TA) systems and transcriptional 

regulators of cell state and division (221). For example, MazE-like proteins are the 

antitoxin protein of a toxin-antitoxin (TA) system (222) while AbrB-like proteins have 

been implicated in the repression of biofilm formation in B. subtilis (223).  

V. parahaemolyticus encodes multiple TA systems that remain modestly understood but 

are typically clustered in the superintegron on chromosome 1 (224, 225). However, the E-

value score of the blastp+ alignment is 0.002, indicating a low probability of shared 

function. Additionally, TMHMM 2.0 and SignalP 5.0 predict an extracellular localization 

of VP_RS21200.   

To validate the ChIP-seq peaks of enrichment, I characterized one of the putative 

HlyU-regulated loci. The upstream intergenic region of the extracellular endonuclease 

ExeM was selected based on annotation in the V. parahaemolyticus RIMD 2210633 

genome. To further characterize exeM as a specific endonuclease, I performed 

preliminary in silico analysis. The protein coding sequence of exeM was used to search 

available V. cholerae genomes on NCBI blastp+. Top hits all resolved Xds, a Gly-Gly 

anchored extracellular endonuclease, as the potential functional identity of exeM (E-
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value: 0.0). Xds and another endonuclease Dns have been implicated during V. cholerae 

infection, with primary roles in biofilm formation, dispersal, and resistance to innate 

immune factors in the small intestine (226–229).  
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Figure 4.2 Sample correlation and peak calling of high confidence MACS2 results. 

R1 and R2 denote forward (R1) and reverse (R2) sequencing reads. Treatment reads 

were mapped unpaired with corresponding control read files. (A) Correlation between 

replicates of treatment (hlyU/VSV105-hlyU-FLAG) and control (hlyU/VSV105-

hlyU(Q55A)-FLAG) samples. Correlation was plotted as a heatmap using DeepTools 

plotCorrelation (Galaxy Version 3.5.4+galaxy0). (B) Peak identified on chromosome 1. 

Peaks were viewed on Integrated Genome Browser. (C-D) Peaks located on 

chromosome 2. Peaks were viewed on Integrated Genome Browser.   
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Table 4.1 Summary of high confidence peak set identified by MACS2. 
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4.2.3 Bioinformatic analyses of ExeM 

Since V. cholerae expresses the nucleases Xds and Dns as virulence factors, I 

wanted to confirm whether ExeM may function similarly in V. parahaemolyticus. 

Alignment of the protein sequences of ExeM and Xds using a compositional matrix 

adjustment returned 51% identity, 65% positives, and 3% gaps, suggesting shared but not 

identical amino acid composition. The predicted molecular weight of ExeM is 

approximately 105.83 KDa in comparison to the molecular weight of Xds at 94 KDa.  

Next, I analyzed the domains in ExeM and compared them to those found in Xds. 

SignalP-5.0, a software that can predict the presence of extracellular trafficking signal 

peptides, identified a signal peptide (likelihood: 0.994) with a cleavage site between 

residues A24 and E25 (cleavage probability = 0.7592). This is supported by the analysis 

of functional domains in ExeM using InterProScan (Interpro) (230) which identified an 

N-terminal signal peptide between residues M1-A24 (Figure 4.3). Additionally, 

InterProScan identified a Lamin-Tail Domain (LTD) between residues S16-G135. LTDs 

are typically C-terminal in eukaryotic nuclear Lamins and contain an immunoglobulin 

fold that has been thought to provide stability to the nuclear membrane. However, LTDs 

have been identified in bacterial proteins and are thought to tether the LTD-containing 

protein to the membrane or membrane-associated structures (228, 231). An 

Oligonucleotide/oligosaccharide-binding (OB) fold was identified between resides V223 

and S289 and facilitates protein -RNA, -DNA, or -protein interactions (232, 233). Finally, 

a catalytic Endo/Exonuclease/Phosphatase (EEP) domain which cleaves nucleotide 

phosphodiester bonds between residues Q512-D836 was identified at the C-terminus 

(Figure 4.3). In V. cholerae Xds, the OB-fold and the EEP domain are indispensable for 
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catalytic activity while truncations of the LTD resulted in no impact of enzyme activity 

suggesting that membrane anchoring is dispensable (228).  

Despite low sequence similarity, Xds and ExeM share key functional domains, 

suggesting a similar role for ExeM in V. parahaemolyticus virulence. Given that the goal 

of the ChIP-seq was to identify additional HlyU-regulated virulence factors in V. 

parahaemolyticus, I pursued the target exeM for further characterization. 
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A 

Figure 4.3 Analysis of ExeM and Xds Extracellular endonucleases protein 

domains. Domains were annotated with InterProScan and SignalP-5.0. Xds annotated 

domains adapted from (228). Abbreviations: SP – Signal Peptide, LTD – Lamin Tail 

Domain, OB Fold – Oligonucleotide/Oligosaccharide Binding Fold, EEP – 

Endo/Exonuclease/Phosphatase  
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4.2.4 in silico cruciform identification in exeM intergenic region 

  Previous work by our lab has shown that HlyU relieves a DNA cruciform at the 

cryptic promoter located in the intergenic region of exsB-exsA, thus promoting T3SS-1 

expression (101). Therefore, I considered whether V. parahaemolyticus uses DNA 

cruciform structures at other HlyU-regulated loci to coordinate virulence gene 

expression.  

Using an in silico approach, the 584bp intergenic region directly upstream of 

exeM was searched using Palindrome Analyzer to identify DNA sequences capable of 

forming a cruciform (234). I allowed for a maximum of 1 mismatch and excluded 

cruciform with less than 6 bp stem loops and 10 bp spacer elements. Since HlyU 

consensus sequences are not defined across Vibrio spp. I looked for cruciform forming 

sequences that contained features required for HlyU binding. An A/T rich palindromic 

core that is approximately 17 bp in length is flanked by inverted repeats. The palindromic 

core forms the major grooves that support HlyU-DNA binding while the flanking 

inverted repeats (which form the critical stem loops of the cruciform) appear to be 

implicated in the binding of the ‘wings’ of the wHTH HlyU structure. Palindrome 

Analyzer identified 29 sequences capable of forming a cruciform. Importantly, all 

potential cruciform had a positive G value (ranging from 2.72-24.13) meaning an input 

of energy from DNA supercoiling is required for the formation of the cruciform.  

Of the twenty-nine sequences identified, two cruciform were investigated further 

(Table 4.2). The putative cruciform at position 298 was selected due to its proximity to 

the proposed center of the ChIP-seq enrichment peak (at position 245) and the size of its 
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spacer. Likewise, the putative cruciform at position 473 was selected due to its A/T rich 

palindromic sequence and size of spacer element (see discussion).  
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Table 4. 2 Putative cruciform in exeM promoter.  

Sequence Length - Spacer - 

Mismatch 
G Position 

AAGGAA GTATTGATGTA TTCCAT 6-11-1 16.91 298 

TTTCTT ATTTATTTCATA AATAAA 6-12-1 15.57 473 

Inverted repeats are identified in red and blue. Analyses performed using Palindrome 

Analyzer.  
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4.2.5 T7 Mapping of cruciform-forming elements in exeM intergenic region 

 To validate the predicted cruciform in the intergenic region of exeM identified by 

Palindrome Analyzer, restriction enzyme mapping was performed as demonstrated 

previously (101, 119). Utilizing T7 Endonuclease, which cuts DNA at cruciform elements 

in a two-step nicking process, and PvuII which has flanking cut sites around the 

cruciform forming region, I could assess the promoter region of exeM for the presence of 

cruciform and approximately identify where the cruciform was formed. The plasmid 

pUC(A/T) contains a known stable cruciform and served as the positive control for the 

mapping experiment (119). Indeed, pUC(A/T) digested with T7 resulted in linearization 

of the plasmid and an altered migration pattern on the DNA gel (Figure 4.4A). Since the 

T7 digestion is a two-step process, a subset of pUC(A/T) is incompletely digested, 

resulting in the highest migratory band that represents a nicked sub-population. Treatment 

of pUC(A/T) with PvuII results in the formation of a second 350bp band as well as 

linearization of the plasmid backbone. The cruciform is known to be located within the 

350bp PvuII DNA segment (in uncut, supercoiled DNA). A sequential digest of 

pUC(A/T) initially with T7 and followed by PvuII results in 4 DNA bands on the gel: the 

linearized backbone (highest band), the band at 350bp indicative of PvuII cutting, and 

two fragments of approximately 100bp and 250bp. These latter two fragments add up to 

350bp, with the cleaved cruciform located at the position where the two DNA species 

conjoin (Figure 4.4A).  

 To functionally assess for the presence of cruciform in the exeM intergenic region 

identified by the ChIP-seq, the exeM promoter was cloned into the EcoRV site located 

between the two PvuII sites in pBS. pBS alone does not contain any cruciform (101) thus 
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any cruciform identified in the pBS-exeM construct are located within the cloned DNA. 

Digestions of pBS-exeM followed a similar pattern to pUC(A/T). Firstly, treatment of 

pBS-exeM with T7 resulted in linearization indicating the presence of a cruciform in the 

promoter region (Figure 4.4A). To note, there is a large population of pBS-exeM that was 

only nicked by T7. Secondly, cutting with PvuII forms a band that runs at approximately 

1000bp. However, in contrast to pUC(A/T), the sequential digestion of pBS-exeM with 

T7 and PvuII resulted in four fragments (approximately 250bp, 425bp, 610bp, 750bp) 

that are all smaller than the 1000bp PvuII master fragment. To map the cruciform, 

fragments should be paired to make up a total length of ~1000bp.  

 Two putative cruciform are identified in the promoter region of exeM. Alignment 

of fragments 425bp and 610bp between the two PvuII cut sites map a cruciform at the 

327th base pair of the exeM promoter. Likewise, the alignment of fragments 250bp and 

750bp map a cruciform at the 446th base pair of the exeM promoter (Figure 4.4B). 

Notably, these two putative cruciform map within approximately 30 base pairs to the 

cruciform predicted by Palindrome Analyzer (298th base pair and 473rd base pair) (Table 

4.2), supporting the in silico results. While both cruciform are predicted to form in the 

promoter region of exeM in pBS, whether they truly form on the chromosomal DNA 

remains to be seen. As well, this assay does not identify which cruciform is relieved by 

HlyU binding.  
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Figure 4.4 Identification of potential cruciform sites in exeM intergenic region. 
(A) DNA electrophoresis of potential cruciform-containing DNA (right) digested with 

1- no enzymes, 2- HindIII, 3- T7 Endonuclease, 4- pvuII, 5- T7 followed by pvuII. 

HindIII was used as a control for DNA linearization. T7 endonuclease targets 

cruciform-forming DNA elements in a two-step process which linearizes DNA while 

pvuII has two cut sites that flank the MCS and could be used for cruciform mapping. 

Notably, complete cleavage by T7 is rare as the first cut releases the DNA supercoiling, 

reducing the efficiency for the secondary cut required for linearization, and resulting in 

the enrichment of nicked DNA (lane 3). Arrows indicate the fragments used for 

cruciform mapping (lane 5). pUC(AT) served as a positive control (left). Experiment 

was repeated three times with representative data shown. (B) Mapping of T7-pvuII 

digestion fragments of pBS-exeM onto palindrome analyzer to identify location of 

potential cruciform (red arrow). Sequences identified by Palindrome Analyzer at those 

locations are added (inverted repeats are underlined).  
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4.2.6 HlyU is a regulator of exeM expression 

To assess hlyU-dependent regulation at a putative HlyU-regulated locus, I cloned 

the exeM intergenic region into the VSVlux vector backbone. VSVlux contains a 

promoter-less luxCDABE cassette, wherein the addition of a functional DNA promoter 

upstream of the cassette would drive the production of luxCDABE mRNA and result in 

light emission due to luciferase activity, recorded as CPS. A difference in light production 

from the hlyU mutant compared to the WT strain would indicate a regulatory role for 

HlyU at the promoter region of exeM. Strains were cultured and monitored for exeM 

promoter activity, and a time course was performed to identify when the promoter was 

active. CPS and OD600nm measurements were taken three hours post-subculture and 

followed by measurements every 30 minutes for an additional 2 hours, for a total of a 5-

hour subculture. Since exeM was captured in the ChIP-seq at 4 hours via HlyU binding, I 

expected to see promoter activity between 4 and 4.5 hours.  

Based on the lux reporter assays, HlyU contributes to exeM promoter activity. 

While there was a decrease in exeM promoter activity at 4 hours in the hlyU mutant, the 

difference was not statistically significant (Figure 4.5A); However, at 4.5 hours the hlyU 

mutant demonstrated a statistically significant reduction in promoter activity (30%) 

compared to WT V. parahaemolyticus (Figure 4.5A). Since expression of the T3SS-1 is 

dual regulated by H-NS and HlyU and H-NS is a global transcriptional repressor, I 

considered whether H-NS plays a role in the regulation of exeM. Indeed, at 4.5 hours, 

there was a statistically significant 8-fold increase in promoter activity of the hns mutant 

compared to WT (Figure 4.5B). Finally, to determine if HlyU is required for derepression 

of the exeM promoter in the absence of H-NS or specifically implicated in relieving H-
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NS from the promoter region, the same time course was performed in a double hns and 

hlyU mutant. The double mutant had an11-fold increase in promoter activity compared to 

WT (Figure 4.5B), indicating that in the absence of hns, HlyU is not required for the 

expression of exeM. This observation aligns with the current model of HlyU regulation.   

Taken together, these results indicate that HlyU is a global virulence regulator in 

V. parahaemolyticus, implicated in both the regulation of the T3SS-1 and ExeM, a novel 

extracellular endonuclease (see discussion). Even more broadly, this data validates the 

ChIP-seq approach I have developed as an effective way to identify HlyU-regulated 

genetic loci in V. parahaemolyticus.  
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Figure 4.5 Characterization of HlyU regulatory activity at the exeM promoter 

locus in V. parahaemolyticus. (A) Lux reporter assays used to quantitively assess 

promoter activity in an hlyU-dependent manner. Strains were grown overnight and was 

inoculated into Inducing Media at a starting OD600nm of 0.025 and grown at 30C, 

250rpm. CPS and OD600nm measurements were recorded after 4 hours and 4.5 hours. 

Statistical significance was calculated using an unpaired t-test (n=3, *:p <0.05). (B) 

Conjugation of hnshlyU V. parahaemolyticus with VSVlux-exeM to assess whether 

HlyU is required for de-repression of the promoter proper or acts to relieve repressive 

H-NS activity. Statistical significance was calculated using an unpaired t-test (n=3, *: 

p<0.05, **:p<0.01).  
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Chapter 5 Discussion 

 

5.1 Central Carbon Metabolism in the Aquatic Lifestyle of V. parahaemolyticus 

In Chapter 3, I explored the transcriptional regulator HexR and the role of CCM 

in the aquatic lifestyle of V. parahaemolyticus. Multiple factors contribute to the survival 

of V. parahaemolyticus in the marine environment, but it is chitin – an abundant yet 

complex polymer of GlcNac – and its degradation that provides the necessary metabolic 

precursors for ATP generation and the biogenesis of amino acids and nucleotides via the 

PPP (125). Therefore, regulation of CCM is a critical fitness determinant for V. 

parahaemolyticus in the aquatic environment and dysregulation often results in global 

cellular impacts.  

My investigation revealed the significant role HexR plays in metabolically 

reprogramming V. parahaemolyticus upon encountering a diverse array of nutrient 

sources. Despite the hexR mutant sharing a similar sigmoidal growth trend to WT upon 

introduction to LB, a nutrient rich growth media, the mutant strain developed a growth 

defect in late stationary phase (Figure 3.3A). It is well understood that when useable 

nutrients are depleted from the growth medium, cells enter a non-steady growth known as 

stationary phase. Entrance into stationary phase prompts significant changes in 

metabolism and carbon flux (152). Disruptions to bacterial CCM and associated 

regulators like HexR result in growth defects (including defects in stationary phase) 

under a diverse array of nutrient sources (107, 143). As seen in the Spent Media growth 

assays, the hexR mutant is unable to grow spent media, indicating the mutant strain is 

unable to metabolize the remaining macromolecules (Figure 3.3C-D). In contrast, 
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overexpression of hexR in the WT strain promoted early growth in nutrient depleted 

conditions but was eventually outgrown by the WT strain by the endpoint of the 

experiment. The growth defect of the hexR mutants is worsened in defined marine 

minimal media with glycerol as a sole carbon source in comparison to LB, though entry 

into stationary phase is much closer in time to WT or complement strains. Here, the 

expression of HexR is providing a clear growth advantage in nutrient limited or deplete 

environments.  

In the context of growth on chitin as a sole carbon source, loss of hexR results in 

significant fitness costs both in isolation and in head-to-head competition with WT V. 

parahaemolyticus. Colloidal chitin is a non-homogenous source of chitin due to the acid 

hydrolysis, meaning the MM9 media contains numerous chitin derivatives including 

chitohexose, GlcNac monomers, and other lengths of (GlcNac)n polymers (223). As 

such, chitin derivatives are entering the chitin catabolism pathways at various steps. 

Regardless, the endpoint for chitin degradation is CCM via fructose-6-P and the PPP. In 

MM9 supplemented with colloidal chitin, the hexR mutant had a statistically significant 

growth defect in the first 16 hours of growth. This may be attributed to a delayed shift to 

chitin-related pathways like the PPP which are required for synthesis of biomass. 

Unexpectedly, cells lacking functional hexR significantly outgrew the WT strain post-20 

hours of growth, indicating that a broader dysregulation of carbon flux was occurring 

(Figure 3.4A).  

While this initial observation contradicted the previous Tn-seq results, the context 

of these two experiments differs. Firstly, VP1236 was identified in a population of 

transposon mutants all competing for colloidal chitin while the hexR mutant was grown 
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in isolation. And secondly, the MM9 colloidal chitin growth assays were performed over 

a 54-hour time course, much longer than the allotted time for growth for the Tn-seq 

experiment. Therefore, to further explore this preliminary observation, I developed a 

head-to-head competition assay for the WT and hexR mutant on colloidal chitin using a 

promoter-less GFP-transposon system. In accord with the Tn-seq result, the hexR mutant 

was competitively disadvantaged in comparison to the WT strain over the course of 48 

hours (Figure 3.4B-C). I propose the following explanation: in isolation the hexR mutant 

can overcome the growth defect in the initial 16 hours of growth and is not at a 

disadvantage for taking longer to metabolize the colloidal chitin. But during competition, 

the hexR mutant is outcompeted by the WT strain and never recovers. Likely the vp1236 

transposon mutant had this same growth defect on chitin and could not compete with the 

rest of the transposon mutant population, resulting in its underrepresentation in the 

sequencing pool. These experiments reveal a critical regulatory role for HexR in chitin 

utilization and the overall fitness of V. parahaemolyticus in the aquatic environment 

(Figure 5.1). 

The hexR mutant growth defect reflects an underlying dysregulation of CCM. Key 

regulon members pgi (gluconeogenesis and glycolysis) and glgX (glycogen catabolism) 

promoter activity is elevated in the hexR mutant, indicating that HexR acts repressively at 

these loci (Figure 3.7). The variable glgX promoter activity in WT V. parahaemolyticus 

could be attributed to the specific metabolism of glycogen. E. coli grown in nutrient rich 

media use glycogen only when preferential nutrient sources have been depleted (161). 

Utilization of glycogen allows for cells to overcome the nutrient deficiency and continue 

to metabolize effectively. This allows for bacteria to adapt to adverse conditions or 
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specific ecological niches (161). The significant upregulation of glgX in WT V. 

parahaemolyticus at a later timepoint could reflect an adaptation to allow for growth in 

media being depleted of other preferred nutrient sources (236). In addition, the variable 

promoter activity of glgX may reflect the concomitant expression of glycogen 

biosynthetic and degradation enzymes. An interesting observation was that HexR appears 

to be a regulator of zwf expression in V. parahaemolyticus. Zwf is a member of the P. 

putida HexR regulon and is involved in the first step of the PPP and the ED pathways 

(140). Given how important the PPP is for growth on chitin as a sole carbon source, the 

deregulated flux of carbon through both the PPP and the ED pathway would have 

contributed to the hexR mutant phenotype. 

The quantification of promoter activity at the nagZ-murQP and murR-murQP loci 

revealed another axis of HexR regulation. HexR did not regulate the murR-murQP locus, 

providing further evidence that VP1236 is not MurR. However, activity of the nagZ-

murQP locus did differ in the hexR mutant. nagZ promoter activity was elevated in the 

hexR mutant indicating HexR-specific regulation (Figure 3.8). NagZ is implicated in cell 

wall recycling. During growth, E. coli releases CW-derived murein peptides into media 

culture which can be efficiently utilized for both CW recycling and metabolism (224, 

225). These muropeptides accumulate in excess in rich media like LB, halting CW 

recycling pathways and the subsequent production of more muropeptides (226). 

However, the accumulated muropeptides can be used as a carbon source (139) and NagZ 

is a critical enzyme in this process, facilitating the cleavage of GlcNac from AnhMurNac. 

This could account for the increased activity of the nagZ promoter during later growth in 

LB subculture in V. parahaemolyticus. GlcNac can then be further metabolized into 
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fructose-6P for CCM, providing an energy source in nutrient deficient or depleted 

medium. Overall, these quantitative reporter assays demonstrate the broad regulatory 

ability of HexR on both canonical pathways like the PPP, and non-canonical CCM 

pathways like NagZ-mediated catabolism of murein peptides.  

Deregulated CCM impacts the aquatic fitness of V. parahaemolyticus. Notably, 

this dysregulation is reflected in V. parahaemolyticus ability to form biofilms. Biofilms 

are a key mechanism of aquatic survival for V. parahaemolyticus and contribute to the 

incidence of gastroenteritis by promoting cell adherence to both abiotic and biotic 

surfaces, including seafood (75). Biofilm formation is tightly linked to the cell’s 

metabolic activity and reprogramming, as the formation of the extracellular matrix draws 

on cellular polysaccharides, nucleic acids, and proteins and in return provides adherence 

and increased persistence to the colonizing cells (227). Thus, disruptions in the 

production of the extracellular matrix have significant impacts on biofilm formation 

(228). As expected, WT V. parahaemolyticus formed robust biofilm in the marine 

minimal media, which represents the environmental conditions when biofilm formation 

would be favorable, and cells remained tightly adhered to the test tubes following 

multiple washes even under more limited nutrient conditions (e.g. MM9 supplemented 

only with glycerol). Despite normalizing cell number to remove any discrepancies due to 

growth defects, the hexR mutant exhibited a statistically significant reduction in biofilm 

formation upon growth in MM9 supplemented with glycerol and casamino acids and did 

not form adherent biofilms at all when media was supplemented with only glycerol 

(Figure 3.5A). Critically, remodeling of CCM (notably the TCA cycle and pentose 

phosphate pathway) provides the energy and reducing power to generate the components 
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of the extracellular matrix during early biofilm development (229). Likely, the hexR 

mutant cannot produce as robust an exopolysaccharide matrix under the same nutrient 

conditions as WT, due to the high metabolic cost required and the dysregulation of CCM 

caused by the absence of HexR. Overall, this would limit the colonizing cells adherence 

to the test tube and delay the entry into early biofilm formation. As well, impacts on 

biofilm formation could partially explain the hexR mutant growth defect on colloidal 

chitin. To begin the chitin utilization cascade, cell adherence must be initiated and effects 

on cell adherence would have significant effects how efficiently the hexR mutant can 

metabolize chitin (Figure 5.1).  

Additionally, deregulated CCM resulted in significant impacts on cell 

morphology. During its environmental lifecycle, V. parahaemolyticus uses two distinct 

cell types: the classical slightly curved rod-shaped cell and a highly elongated swarmer 

cell. Each cell type employs a uniquely specialized flagellar system that provides motility 

to the cells in the marine environment (88). Different modes of locomotion aid V. 

parahaemolyticus in colonizing a wide array of niches from the liquid marine water 

column to the formation of biofilms on the chitinous surfaces of various marine organism 

who play host including zooplankton, bivalves, and crustaceans (69, 106). Recent efforts 

have revealed that the different morphologies appear to contribute to the environmental 

dissemination of V. parahaemolyticus (73). Observations of cells cultured in nutrient rich 

LB media revealed no differences in rod cell shape. In contrast, WT bacteria cultured in 

MM9 supplemented with glycerol had dramatic cell morphology changes, resulting in 

stark cellular elongation and the development of a filamentous subpopulation that 

accounted for ~30% of total cell population. Strikingly, this subpopulation was missing in 
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the hexR mutant background. The development of the swarmer cell subpopulation in 

liquid culture was likely attributed to the minimal but trace amounts of iron in the growth 

media which mimics the stimuli by nutrient starvation (78, 230). The underlying 

mechanisms that regulate V. parahaemolyticus cell differentiation remain unknown. 

Adjacent regulation by OpaR and the ScrABC operon during phase transition and cell 

swarming indicate some sort of sensing of environmental stimuli and assessment of 

nutrient availability is involved in cell morphology changes (82, 85). Perhaps HexR-

facilitated shifting of carbon flux provides the necessary signal, in the form of cyclic-di-

GMP precursors, for activation of swarming-specific genes. This is the first time to our 

knowledge that HexR has been implicated in the regulation of cell differentiation in V. 

parahaemolyticus. 

The isolation and characterization of the hexR mutant is an important contribution 

to understanding the underlying molecular mechanisms that contribute to V. 

parahaemolyticus cell differentiation. Since hexR appears to be unable to differentiate 

into swarmer cells, this provides an additional genetic tool that can be added to the 

experimental workflow for understanding the switch between these key morphological 

states of V. parahaemolyticus. In Caulobacter crescentus, experimental analyses of key 

mutations that locked cells in differentiated states provided the necessary molecular tools 

for dissecting the regulatory mechanisms that contributed to swarmer and stalked cells 

(244). Therefore, identification of these mutants lays the groundwork for broadening our 

understanding of the complex regulatory systems that govern bacterial physiology.           

Swarmer cell formation is critical for V. cholerae colonization of chitinous 

surfaces (231). Filamentation of cells results in marked increase in colonization of chitin 
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particles under nutrient-limiting environments and outcompetes non-swarming, shorter, 

cell types. Filamentous colonization of particles is best suited for rapid turnaround, where 

long term biofilm formation would be excessive. This is ideal for environments like the 

marine biosphere where nutrients cycle and abiotic factors rapidly change (231). 

Likewise, impacts to V. parahaemolyticus swarmer cell formation may also significantly 

disadvantage the cell during chitin utilization, thus contributing to the hexR mutant 

phenotype during the competition experiment (Figure 5.1).  

Furthermore, the differentiated cell morphologies contribute to the dissemination 

of V. parahaemolyticus in the aquatic environment, with cells of a body length of 5𝜇m or 

shorter being highly motile. Longer cells have significantly reduced swim speed in 

comparison (73). Microscopy of the swimming plate growth confirms that the hexR 

mutant maintained swimmer or planktonic cells while both the WT and complement 

strains were made up of the heterogenous populations of swimming and swarming cells 

(data not shown). A reduction in total planktonic cells could account for the reduction in 

swimming of both WT and complement strains. Alternatively, given that the hexR mutant 

has reduced accessibility to carbon sources, the marked increase in motility could reflect 

how the cell has metabolized all useable nutrients in the local vicinity and must swim 

farther to find new energy sources.  
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Figure 5.1 Interplay of HexR in V. parahaemolyticus chitin utilization and aquatic 

fitness. Disruptions to HexR results in significant loss of bacterial fitness. Reduced 

biofilm formation likely reduces bacterial colonization and utilization of chitin. In a 

similar manner, swarmer cell-mediated colonization of chitin and dispersal would be 

impacted in the hexR mutant background. Overall, these effects would result in 

significant fitness defects in nutrient poor environments like the marine water column 

where chitin is the dominant carbon source. EPM = Extracellular Polysaccharide 

Matrix 
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Ultimately, the data in chapter 3 demonstrates the contributions of HexR to V. 

parahaemolyticus fitness and demonstrates how V. parahaemolyticus is competitively 

advantaged during colonization of new niches against the endogenous microbiota. 

Specifically, coordinated regulation of CCM expression is the cornerstone to successful 

colonization by V. parahaemolyticus, and ultimately Vibrio spp., in niches with variable 

carbon sources and availability (143). The compounding effects caused by the loss of cell 

differentiation, which reduces colonization and dispersal, along with less biofilm 

formation reducing overall persistence, results in the significant fitness defect of the hexR 

mutant (Figure 5.1). Due to this fitness defect, it is extremely unlikely that a hexR 

genotype would be maintained in the aquatic environment.  

 

5.2 The Global Virulence Regulator HlyU 

 In Chapter 4, I investigated the global regulatory ability of the transcriptional 

regulator HlyU in the context of V. parahaemolyticus infection using a ChIP-seq 

approach and provided preliminary characterization of the novel extracellular 

endonuclease ExeM. ChIP-seq is the standard method for identifying interactions 

between DNA-binding proteins like transcriptional regulators (TR) and their DNA 

targets.  

During optimization of the ChIP-seq protocol, effort needs to be made in the 

selection of controls carried through the experiment as generated datasets are often full of 

false-positive or spurious hits (232, 233). Intergenic regions, bound by the TR of interest, 

are often full of other TR binding sites. Recent reports have shown that this uneven 

binding of TRs can skew the enrichment step during immunoprecipitation, resulting in 
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peaks of enrichment that do not represent true TR binding (233). Furthermore, regions of 

DNA that are highly expressed due to the high abundance of RNA polymerase and 

transcriptional machinery have also been found to be falsely over-represented in 

treatment samples. These peaks are reproducible between replicate ChIP-seq runs but do 

not represent any specific biological interactions between the TR and DNA targets (234). 

It is speculated that the clustered TRs and transcriptional machinery contain 

‘unstructured’ protein regions that are highly charged or contain low sequence complexity 

(235, 236). These unstructured domains of other TRs or transcriptional machinery 

crosslinked to DNA may interact non-specifically with the antibody during 

immunoprecipitation, leading to the formation of false positive peaks of enrichment 

(236). Jain et al. (2015) observed that ChIP-seq performed in a specific TR knockout 

background detected >3000 binding sites, each falsely representative of an interaction 

(236). Therefore, selection of appropriate controls is important to distinguish these non-

biologically relevant peaks of enrichment.  

One proposed solution to overcome the abundance of spurious peak enrichment is 

to carry forward a deletion construct of the TR of interest as a control (236). For this 

reason, I used the V. parahaemolyticus strain Q55A as my control. This strain expresses a 

FLAG-tagged HlyU protein with a single point mutation at the 55th amino acid 

(glutamine to alanine) in the DNA-binding domain. This mutation abolishes HlyU-DNA 

binding and significantly reduces cytotoxicity against HeLa cells, acting like a deletion 

TR construct while still providing information on non-HlyU specific DNA binding and 

enrichment along with non-specific anti-FLAG antibody binding. Indeed, the Q55A and 
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hlyU complement samples contained identical peaks of enrichment, indicative of spurious 

binding. Using the Q55A control, I removed those peaks from my analyses.  

 The genome wide screen of HlyU-binding regions identified three peaks that were 

unique to the hlyU complement strain. These three peaks corresponded to the intergenic 

regions of five potential targets. With minimal annotation in the V. parahaemolyticus 

RIMD 2210633 genome, I used a set of basic bioinformatic analyses, including NCBI 

Blast, InterProScan, SignalP-5.0, and TMHMM 2.0, to gain insight into the functional 

identities of the targets. The in silico analyses highlighted some interesting features 

discussed below.  

A putative stress response protein was identified in the ChIP-seq screen. The 

DUF2892-domain containing protein (Locus tag: VP_RS19715) was predicted to contain 

a YgaP domain. YgaP is one of the numerous thiosulfate sulfurtransferases expressed by 

E. coli (237) but this class of enzymes are widespread across eukaryotic and prokaryotic 

organisms (217). These sulfurtransferases move sulfur between molecules via a catalytic 

cysteine located in the C-terminal active site (217) and participate in numerous functions 

including sulfur metabolism (238), cyanide detoxification (215), and maintenance of 

iron-sulfur clusters (216). It is this last function that may be significant to V. 

parahaemolyticus virulence. During infection, V. parahaemolyticus must cope with 

stressful environmental conditions. Nitric Oxide (NO), reactive nitrogen species (RNS), 

and reactive oxygen species (ROS) are generated in the host lumen via the innate immune 

system and exerts antimicrobial activity against enteric pathogens (239). The NO, RNS, 

and ROS target the reactive metal centers and iron-sulfur clusters of key enzymes, 

therefore disrupting metabolic, respiratory, and DNA-synthesizing processes (240, 241). 
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V. parahaemolyticus must then have some mechanism to detoxify the reactive species 

upon arrival into the host lumen to avoid terminal enzymatic damage, and this 

mechanism would maintain V. parahaemolyticus virulence. The enteric pathogen 

Salmonella Typhimurium highly expresses the sulfurtransferase PspE during infection 

(242) and Wallrodt et al. (2013) observed a significant loss in Salmonella Typhimurium 

virulence upon the deletion of both the sulfurtransferases pspE and glpE (243). 

Comparatively, V. cholerae pspE (Locus tag: VC_A0100) mutants are also deficient in 

colonization and infection of a zebrafish model, indicating a potential role for 

sulfurtransferases in V. cholerae pathogenesis (254). Interestingly, NO activates the 

master regulator OpaR, initiating biofilm formation in V. parahaemolyticus (255). 

Therefore, V. parahaemolyticus may be able to balance NO stimuli to promote 

colonization and establish an infection (e.g. biofilm formation) with the antibacterial 

activity of the reactive species via the putative sulfurtransferase activity of VP_RS19715.  

 Characterization of the target ExeM/NucH Extracellular Endonuclease validated 

my ChIP-seq approach to identify HlyU-regulated loci. In vivo quantitative analysis of 

exeM promoter activity in a WT and hlyU mutant background identified HlyU as a key 

regulator of exeM promoter activity during infection (Figure 4.5A). In pathogenic Vibrio 

spp., HlyU often coordinates gene expression alongside H-NS by relieving H-NS at the 

promoter (54, 201, 204, 205, 256). Congruently, HlyU was not required for exeM 

expression in the absence of H-NS, as demonstrated by the significant increase in exeM 

promoter activity in the hns and double hns hlyU mutant (Figure 4.5B). While the 

reporter assays were performed in the same growth conditions as those used for ExeM 

discovery via ChIP-seq, it remains to be seen what conditions promote maximal exeM 
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expression. DNA supercoiling, and thus cruciform formation, responds to environmental 

conditions (261) including high temperature (262), low oxygen (263), and osmotic stress 

(264). These abiotic factors serve as signals for appropriate gene expression based on the 

bacterium’s environment. The preliminary quantification of exeM promoter activity 

highlights how further investigation is required to identify the physiologically relevant 

conditions for exeM promoter activity.          

 In addition, the endonuclease ExeM may also play a role in V. parahaemolyticus 

virulence. V. cholerae utilizes two extracellular endonucleases during its lifecycle: Xds 

and Dns. These extracellular endonucleases are important contributors to V. cholerae 

biofilm formation by facilitating the formations of the three-dimensional architecture of 

the biofilm via alterations to extracellular DNA, while also permitting cellular 

detachment (227). Upon deletion of either endonuclease, the biofilm is dense, thick, and 

unstructured. Dns is the dominant nuclease in the maintenance of V. cholerae biofilm 

formation while Xds is most highly expressed during late biofilm development where it 

primarily degrades extracellular DNA down into nucleotides for further biogenesis (227). 

Dns expression is controlled via HapR, the functional homologue of quorum-sensing 

regulator LuxR (257), while Xds expression is partly facilitated via the PhoB/R two-

component regulatory system (227, 258, 259). Moreover, Mg2+ and Ca2+ are critical for 

maximum Xds activity, while a crucial signal for xds induction is phosphate limitation 

(226, 227). My in silico analysis of protein domains identified significant similarity 

between ExeM and Xds, with the essential catalytic (EEP) and DNA-binding (OB-fold) 

domains present (Figure 4.3). Biofilm formation is a critical virulence factor for V. 

parahaemolyticus as it allows for cells to persist during infection of mammalian host and 
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marine organisms (260). HlyU-mediated regulation of ExeM may promote biofilm 

formation during infection, allowing for V. parahaemolyticus persistence and access to 

nucleosides as a nutrient source under nutrient-limiting conditions.   

Alternatively, ExeM may primarily function to aid in V. parahaemolyticus evasion 

of the innate immune system. Neutrophils are the most abundant leukocytes in circulation 

and are early responders during the innate immune response to contain and clear 

pathogens (261). During infection, neutrophils are recruited to the site of infection via the 

induction of pro-inflammatory cytokines (262). The antimicrobial activity of neutrophils 

is derived from the subsequent release of neutrophil extracellular traps (NETs), DNA-

based extracellular structures containing decondensed chromatin, modified histones, and 

numerous primary and secondary granules, some of which include neutrophil elastases 

(263). Neutrophil elastases can degrade gram-negative virulence factors while the 

physical structure of the NET prevents pathogen spread and minimize damage to host 

tissue (264–266). To overcome this innate immune barrier, bacterial pathogens have 

evolved numerous evasion mechanisms. V. cholerae Xds and Dns contribute to the 

degradation of NETs during infection in a mammalian host (224). The endonucleases 

contribute greatly to V. cholerae virulence as the xdsdns mutant resulted in a 

significant colonization defect in an immunocompetent mouse model (224). Another 

interesting mechanism of innate immune evasion is through the degradation of self-DNA. 

Group A Streptococcus utilize the nuclease Sda1 to degrade extracellular self-DNA, thus 

avoiding Toll-like receptor 9 (TLR9) recognition and TLR9-dependent cytokine release 

which promotes further innate immune cell recruitment (267). In a similar manner, ExeM 
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may provide defense against NETs and TLR recognition during early V. 

parahaemolyticus infection. 

Recent evidence has pointed towards V. parahaemolyticus using DNA cruciform 

to regulate gene expression. Preliminary in silico analysis of the promoter regions of V. 

cholerae tlh-hlyA, V. vulnificus rtxA1, and V. anguillarum plp-vah, which are all known to 

be bound and regulated by HlyU, identify a putative cruciform DNA structure that 

overlaps with the HlyU binding sites (99). This prompted my own investigation of the 

exeM intergenic region using in silico and in vitro methods. More than 20 DNA 

sequences capable of forming cruciform were identified in the exeM intergenic region, 

with two meeting the criteria for HlyU binding and regulation. Mapping of the cruciform 

with restriction enzymes supported the presence of two cruciform at the exeM intergenic 

region; however, based on the criteria for cruciform formation and HlyU binding, I 

hypothesize that the cruciform at 473rd base pair is likely the DNA superstructure 

regulating exeM expression. Firstly, HlyU has a propensity to bind A/T rich palindromes 

in the promoter regions of Vibrio spp. (99, 202, 205, 256, 268), and the cruciform at the 

473rd base pair contains an imperfect A/T rich palindrome. Secondly, the predicted 

location of the cruciform is within 100bp of the start codon of ExeM which may encode 

the -10, and the -35 sequences of the promoter. Finally, the size of the spacer element and 

G free energy value of the cruciform agrees with the known cruciform at the T3SS-1 in 

V. parahaemolyticus (99). Further investigation via electrophoretic mobility shift assays 

(EMSA) and DNase I footprinting assays to identify the HlyU binding site would provide 

clarity about which cruciform may be bound by HlyU.  
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Overall, my work in chapter 4 demonstrates the efficacy of using ChIP-seq as a 

genomic screen for targets of DNA-binding proteins and highlights the global virulence 

regulatory ability of HlyU. Preliminary in silico characterization of VP_RS19715 

identified a stress-response protein which could be involved in resistance to host NO and 

RNS during luminal infection as a target for HlyU regulation. Additionally, 

characterization of ExeM reveals an interesting role of HlyU-regulated biofilm formation 

and NET evasion in V. parahaemolyticus infection. Finally, DNA sequences with 

cruciform forming potential are found at a variety of intergenic regions bound by HlyU, 

representing a conserved mechanism of gene regulation in pathogenic Vibrio spp. 

      

5.3 Final Remarks  

In this thesis, I have explored transcriptional regulation paradigms in V. 

parahaemolyticus through two studies. The first investigates how genes are regulated 

during the aquatic lifestyle to maintain bacterial fitness, while the second explores the 

contributions of genetic regulatory mechanisms to V. parahaemolyticus pathogenesis.   

Vibrios are generalist species, making the cells adept at living in the marine water 

column, in brackish coastal waters, in the human gut, and on the chitinous surface of 

marine organisms (25, 63). In the case of V. parahaemolyticus, tightly coordinated gene 

regulation allows for the colonization of different niches, making the bacterium an 

extremely versatile colonist (63, 88). Despite climate change broadening Vibrio spp. 

geographic distribution in the ocean, V. parahaemolyticus remains an incredibly 

successful colonist due to the bacteria’s ability to use diverse organic carbon and energy 

sources mediated through coordinated regulation of CCM pathways (63). As nutrient 
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sources can be extremely variable in the marine environment, often separated by long 

periods of starvation, Vibrio spp. need to quickly react and take advantage of any 

nutrients encountered (269, 270). The open ocean is typically considered a nutrient-

limited environment and is dominated by microorganisms capable of nutrient 

specialization (271). Alternatively, the coastal ocean zones, which are the sites for 

primary productivity and the release of terrestrial P, N, and Si, are frequently dominated 

by complex and rich nutrient sources (272). As V. parahaemolyticus move throughout the 

dual lifecycle from coastal to open ocean and back, having genetic regulatory 

mechanisms to cope with the significant fluxes in nutrient availability would be critical 

for maintaining cellular fitness.  

The switch from a generalist to a specialist is tightly linked to coordinated CCM. 

Observations of V. vulnificus mutants in key stressosome proteins (273) demonstrated 

increased growth during late-log and early stationary phase in chemically defined media 

compared to wild type (274). Assessment of the activity of TCA cycle and glyoxylate 

shunt enzyme activity (aceA and aceB, both which are in the V. parahaemolyticus HexR 

regulon) revealed that dysregulated carbon flux and metabolism through those pathways 

contributed to the dysregulated but increased growth observed in the mutant strains (274). 

Shifting to alternative metabolism pathways (e.g. the glyoxylate shunt) in the WT strain 

allows for the cells to cope with metabolically demanding or stressful growth conditions 

but the payoff is a less efficient energy generation. Conversely, the mutants were unable 

to make that switch, instead becoming more specialized and able to use less efficient but 

more energetically favorable pathways like the TCA cycle (274). As a result, the mutant 

strains have an extended log phase and overall increased growth. In a similar manner, 
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disruptions to HexR-regulated pathways may have shifted the hexR mutant from a 

generalist to a specialist-oriented lifestyle.  

Furthermore, previous work has been aimed at assessing genes involved in 

bacterial fitness in the diverse array of environments that Vibrio spp. encounters during 

the bacteria’s lifecycle (274, 275). There are significant shifts in local environmental 

conditions when pathogenic Vibrio are shed from the human gut to the aquatic 

environment. The bacteria must rapidly adapt to the significant drop in osmolarity, 

temperature, and nutrient availability (276). In V. cholerae, cells undergo rapid changes in 

gene expression, from a downregulation of genes involved in protein synthesis coupled 

with an upregulation of nitrogen and phosphate scavenging genes to cope with the more 

metabolically demanding conditions (276). This change in gene expression allows for 

host-passaged V. cholerae to persist and disseminate in the new environment, leading to 

an increase in the incidence of reinfection. In line with our observations on the 

importance of HexR in metabolically demanding conditions, Kamp et al. (2013) 

identified HexR as providing a significant fitness advantage to host-passaged V. cholerae 

survival in the aquatic environment (275). The data presented in this thesis supports the 

contribution of HexR, as the master regulator of CCM, to the generalist phenotype of V. 

parahaemolyticus thus promoting bacterial fitness in dual host-aquatic lifestyle (Figure 

5.2). 
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Figure 5.2 Model of HexR regulation and broad fitness impacts on the aquatic 

survival of V. parahaemolyticus. Master regulator HexR coordinates biofilm 

formation, cell differentiation, motility, and metabolism to promote bacterial fitness in 

the diverse aquatic environments occupied by V. parahaemolyticus, contributing to the 

ubiquitous distribution of the marine organism. HexR regulon was predicted to include 

22 genes. The data presented in this thesis implicates nagZ and zwf in the V. 

parahaemolyticus HexR regulon (*). Known members of the HexR regulon are 

identified in white font on red circles while yellow circles represent the data 

implicating HexR in three broad domains of aquatic V. parahaemolyticus lifecycle. 

Note: listed regulon members are not exhaustive.  

 

  

* 



 111 

The role HexR plays in V. parahaemolyticus adaptation to nutrient-limited 

environments raises interesting considerations for bioremediation. In this thesis, I 

demonstrated that WT V. parahaemolyticus are adept at using diverse nutrient sources but 

could be modified via overexpression of hexR to have a significant growth increase in 

spent media (Figure 3.3C-D). Due to the insolubility and inertness of chitin, current 

methods of disposal include ocean dumping, incineration, and land filling. However, 

derivatives produced from chitin catabolism are beneficial for numerous industries 

including pharmaceuticals and ethanol production as well as preventing significant 

environmental pollution and biofouling (57, 277). Therefore, overexpression of hexR in 

chitinolytic bacteria may represent an interesting solution to the significant amount of 

chitinous shellfish waste that is produced by the seafood industry (278). The strain Vibrio 

natriegens has been proposed as a workhorse strain for biotechnology and molecular 

biology purposes due to its rapid growth and synthesis of cellular components, non-

pathogenicity, and diverse metabolism (287–289). Using the developed molecular tools 

(288), V. natriegens could be engineered to overexpress hexR and in a batch system with 

continuous supply of nutrient-pour carbon sources, may be able to efficiently metabolize 

the waste products.  

Much like how the adaptive ability of V. parahaemolyticus relies on tightly 

coordinated gene expression, V. parahaemolyticus must regulate the expression of genes 

during infection to adapt to the environment of a human host. Virulence factors play 

numerous roles in the lifestyle of pathogenic bacteria, from colonization to adherence to 

infiltration mechanisms (279, 280). Overall, these virulence factors contribute to the 

bacteria’s fitness in the human host and influence the severity of disease. Understanding 
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the underlying mechanisms of genetic regulation is critical for understanding bacterial 

pathogenesis.  

In the case of pathogenic Vibrio spp., numerous virulence factors involved in the 

induction of cytotoxicity (204, 268) and the characteristic hemolytic activity (205, 207), 

are regulated by the transcriptional regulator HlyU. As a result, HlyU is often considered 

a global virulence regulator. In the case of V. parahaemolyticus, HlyU has been 

implicated in the regulation of the T3SS-1 (54) and the extracellular endonuclease ExeM. 

In addition, genomic screens of HlyU binding during infection using a ChIP-seq 

approach identified VP_RS19715, a putative sulfurtransferase. Comparison of ExeM and 

VP_RS19715 to similar proteins in other gram-negative pathogenic bacteria reveal 

another type of HlyU-regulated virulence factor. As opposed to directly promoting 

cytotoxicity, these virulence factors may play a more defensive role in V. 

parahaemolyticus infection by promoting bacterial persistence and host evasion. The 

expression of either a stress response protein or an extracellular endonuclease involved in 

biofilm formation and NET evasion alongside the expression of cytotoxic T3SS-1 and 

enterotoxic Tdh would enhance V. parahaemolyticus virulence and promote robust 

infection.  

Xds homologues like ExeM are frequently found in pathogens that form biofilms 

(281, 282); However, broadly the homologues remain quite rare. Currently, no ExeM 

homologue is found within humans (226). As a result, ExeM represents an interesting 

therapeutic target for V. parahaemolyticus infection. Small molecule inhibitors (SMI) of 

bacterial virulence factors are a developing field for targeting pathogenic bacteria while 

avoiding selective pressure that drives resistance. These molecules represent an appealing 
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alternative to antibiotic treatment given the rise in antibiotic resistance (283). Numerous 

SMI have been developed to target critical virulence determinants: T3SS (284), biofilm 

formation (285), fimbriae/pili (286), and cell division (287). Given the lack of human 

ExeM homologue, a highly specific inhibitor of ExeM could effectively target 

increasingly antibiotic-resistant V. parahaemolyticus (288) while preventing the gut 

dysbiosis caused by normal antibiotics. 

Finally, HlyU binding during V. parahaemolyticus infection relieves a 

transcriptionally repressive DNA structure. The propensity of DNA cruciform to overlap 

with HlyU binding sites is multifactorial. Firstly, alternative DNA structures are 

preferentially located at intergenic regions (289). These intergenic regions are enriched in 

inverted repeats and are often A/T rich (176). Secondly, both H-NS and HlyU binding is 

facilitated by these A/T rich sequences, where H-NS binding maintains negative 

supercoiling, providing the energy required for cruciform formation. Substantial 

experimental evidence demonstrates HlyU-mediated relieving of H-NS at the promoter 

region in pathogenic Vibrio spp. (54, 201). The interplay of H-NS, cruciform formation, 

and HlyU binding represents an underexplored mechanism of virulence gene expression 

in pathogenic Vibrio spp.  

Overall, HlyU is a global virulence regulator contributing to the fitness of V. 

parahaemolyticus in the host during infection by coordinating the expression of 

numerous virulence factors involved in colonization, dissemination, and persistence. This 

regulation is facilitated by HlyU-mediated attenuation of alternative DNA structures, a 

mechanism that appears to be conserved for other HlyU targets in pathogenic Vibrio spp. 
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Relieving these DNA cruciform via DNA-binding proteins like HlyU represents a novel 

mechanism to de-repress gene expression in bacteria.  

The impacts of climate change on the global ocean are becoming increasingly 

apparent, affecting both the global food supply and human health. Warming sea surface 

temperatures (290) is driving significant redistribution of fish populations (291) and 

expansion of marine pathogens, bringing these organisms in closer contact with humans 

and their marine hosts (292). Improved climate suitability for pathogenic Vibrio spp. is 

resulting in outbreaks in areas where the disease is rare (293) and upregulation of genes 

affecting virulence (294). This leads to an overall greater incidence of infection and 

disease in both humans and marine hosts like shellfish (295, 296). Investigating the 

contributions of genetic regulatory mechanisms to the dual host-aquatic lifestyle is 

therefore critical in understanding the impacts of foodborne zoonosis as climate change 

continues. The data presented in this thesis identifies the roles of the transcriptional 

regulators HexR and HlyU in the dual host-aquatic lifestyle of V. parahaemolyticus, 

where HexR is a critical fitness determinant and promotes V. parahaemolyticus expansion 

into new aquatic niches while HlyU coordinates virulence gene expression within host 

infections, inducing cytotoxicity and promoting bacterial persistence.   

 

5.4 Limitations 

 The data presented in this thesis is underscored by a few key limitations. Firstly, 

while the hexR mutant appears to be unable to efficiently utilize the remaining 

metabolites in late stationary phase growth in LB and completely in deplete LB, 

characterization of metabolites was not performed. High-performance liquid 
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chromatography (HPLC) is an analytical method that can be used to identify and quantify 

molecules in growth media (274). It would be interesting to assess what metabolites are 

depleted from the growth media, representing accessible carbon sources for the hexR 

mutant, along with the remaining and accumulating metabolites. This would provide 

insight into how carbon is in flux in the context of the hexR mutant and support the in 

vivo quantitative assays of promoter activity which indicated dysregulated CCM. 

Secondly, quantification of biofilm by crystal violet (CV) staining assumes equal 

molecular composition between all biofilms and thus equal capture of CV stain. Biofilm 

compositions are not identical across bacterial species. Among Vibrio spp. alone, 

different polysaccharide loci are expressed leading to the production of distinct 

extracellular matrices (308). The hexR mutant could synthesize an extracellular matrix 

that is less able to capture CV, but the biofilm may still be quite robust. Therefore, the 

content of the hexR mutant and WT biofilm could not be quantified. The exact nature of 

the biofilms could be explored further with Mass Spectrometry.  

 Additionally, the GFP transposants generated for the colloidal chitin competition 

assays were not sequenced to identify the insertion location of Tn5::GFP. Care was made 

to phenotypically characterize both WT and hexR mutant Tn5::GFP transposants so that 

the selected strains for the competition assay had no observable changes in growth in 

comparison to parental strains that would result in false results. However, it is highly 

probable that the transposon insertion sites differ between WT and hexR mutant and 

subsequent impacts of this transposition event on the fitness of the strains during 

competitive growth in colloidal chitin cannot be ruled out. To resolve this, genetic marker 
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retrieval can be performed as previously described (54), by taking advantage of the M13 

forward priming site located in pEVS168 system.   

 Lastly, the ChIP-seq approach did not identify exsA as a target for HlyU 

expression. ExsA is an ideal positive control for the assay as it has been experimentally 

validated as a target for HlyU regulation (54). However, maximal exsA expression has 

been quantified at 2.5 to 3 hours post-induction of infection conditions, with near total 

HeLa cell killing by 4 hours (54). In contrast, the ChIP-seq assay was performed at 4 

hours post-induction of infection conditions, when exsA expression is likely decreasing. 

Preliminary attempts to crosslink, fractionate, and immunoprecipitate samples collected 

at 2.5 to 3.5 hours post-induction were unsuccessful in collecting sufficient HlyU-FLAG 

protein and samples were not carried forward for library preparation. Scaling up the 

induction culture volumes could increase the concentration of HlyU-FLAG expressed at 

these earlier timepoints, allowing for the capture of exsA by the ChIP-seq screen. 

Nevertheless, the characterization of exeM promoter activity validates the developed 

ChIP-seq assay as capable of identifying HlyU-regulated targets.  
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