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ABSTRACT 

Quorum sensing is a type of bacterial cell-to-cell communication process using 

extracellular signaling molecules called autoinducers that reflect cell density. Bacteria 

respond to these autoinducers to detect changes in cell population and therefore alter 

gene expression. Vibrio parahaemolyticus is an enteric pathogen that causes 

gastroenteritis when consumed through raw or undercooked shellfish. We used V. 

parahaemolyticus as our model organism to study the quorum sensing pathway. In the 

V. parahaemolyticus quorum sensing pathway, at low cell density, quorum sensing 

response regulator LuxO is phosphorylated and activates sigma factor 54, also known 

as RpoN. Activated RpoN recruits RNA polymerase to initiate transcription of the five 

small quorum regulatory RNAs (qrr1-qrr5). The Qrr sRNAs post-transcriptionally 

stabilize aphA and degrade opaR mRNA transcripts. OpaR is the quorum sensing high 

cell density master regulator that has previously been shown to positively regulate the 

virulence factor capsule polysaccharide (CPS).  

We investigated the role of the Qrr sRNAs in CPS production, swimming, and 

swarming motility. We examined six strains: wild type, ΔopaR, Δqrr null (no qrrs), 

Δqrr1,3,4,5, Δqrr1,2,3,5 and Δqrr1,2,3,4, and determined that the Δqrr1,3,4,5 mutant 

restored the expression of wild type CPS, swimming and swarming. This indicates that 

qrr2 alone is capable of controlling the quorum sensing response in V. 

parahaemolyticus



 1

Chapter 1 

INTRODUCTION 

1.1   Introduction to Vibrio 

 Members of the family Vibrionaceae are rod-shaped, gram-negative motile 

bacteria that are highly abundant in aquatic environments. Vibrio species inhabit 

estuaries and marine-coastal regions worldwide, and are a global concern of foodborne 

illness (46). By 2013, a total of 142 Vibrio species in the Vibrio genus have been 

identified (45). Of those species, the common Vibrio members associated with 

gastroenteritis pandemics are Vibrio cholerae, Vibrio parahaemolyticus and Vibrio 

vulnificus (54, 62). The infection cases in most Vibrios are caused by consuming 

contaminated water, undercooked fish and mollusks or through contact of an open 

wounds with contaminated seawater (6).  

The occurrence of pathogenic Vibrio in the aquatic environments is highly 

dependent on the water temperature. A study has reported Vibrio population increased 

sharply as the water temperature rose from 10° to 20°C (5). Centers for Disease 

Control and Prevention (CDC) has estimated that each year in the United States, 

80,000 illnesses and 100 deaths are caused by Vibrio species. Because Vibrio species 
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are highly abundant in warmer seawater, infections commonly occur between May 

and October (67). 

1.2   Introduction to Vibrio parahaemolyticus 

Vibrio parahaemolyticus is a halophilic bacterium and is the leading causes of 

the seafood-borne bacterial gastroenteritis worldwide. Vibrio parahaemolyticus 

naturally inhabits aquatic environments and are well distributed among shellfish such 

as oysters (9). Consumption of the raw seafoods that has been contaminated with the 

bacterium leads to the symptoms of diarrhea and nausea (52). 

The outbreaks caused by  V. parahaemolyticus have increased over two 

decades and incidents have been reported globally, commonly in Asian countries, 

Europe and the United States (52, 64). O3:K6 clinical serotype has been identified 

with reports of 345 V. parahaemolyticus infections between 1988 and 1997 (8). The 

first outbreak in the United States, was reported in 13 states by 416 people between 

May and July of 1998 (9). This case is one of the largest known gastroenteritis 

outbreaks due to this strain, found in Alaskan Oysters. This case suggests the rise of 

ocean water temperature could have contributed to the outbreak (32).  

1.3   Quorum Sensing 

Quorum sensing is a type of bacterial cell-to-cell communication process used 

by a wide range of bacterial populations. Bacteria produce membrane-diffusible 

molecules, called autoinducers, which can be secreted into the environment and 
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detected by other bacteria (37). The major class of autoinducers used by most gram-

negative bacteria is N-acylated L-homoserine lactone molecules (AHLs) (7, 16, 34). 

The autoinducers are accumulated in the environment and act as ligands that bind to 

outer membrane receptors. As a result, the signal transduction pathway is triggered. 

Using these intracellular chemical signals, bacteria monitor population density and 

display group behaviors by altering their gene expression (34). It is known that at low 

cell density (LCD), organisms present asocial, individual behaviors while at high cell 

density (HCD) organisms present group and social behaviors (34).  

In general, Vibrio species have been great model organisms in studying 

quorum sensing and its regulatory pathway. The bioluminescent organism, Vibrio 

harveyi, is an important model to study quorum sensing. The quorum sensing pathway 

components in V. harveyi, is conserved in our model organism V. parahaemolyticus 

(65). Thus, previous work from V. harveyi can be used as a guide to better understand 

the quorum sensing cascade of V. parahaemolyticus. 

 In a consensus quorum sensing cascade (Figure 1), at low cell density (LCD), 

the accumulated autoinducers in the environment are relatively low. A low 

concentration of ligands leads to a lack of receptor bindings, which results in the 

phosphorylation of the receptor kinases by ATP (34). The phosphate group from the 

phosphorylated receptor is then transferred to the phosphotransferase protein, LuxU 

(34, 65). P-LuxU phosphorylates the quorum sensing regulator LuxO which activates 

sigma factor 54 (σହସ), also known as RpoN (27). RpoN is unique amongst other sigma 

factors in that it has a -12 and-24 consensus binding site and requires activation for 
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transcription initiation (3, 33). LuxO and RpoN, along with RNA polymerase, initiate 

transcription of five small quorum regulatory RNAs, called qrrs1-5 that stabilize aphA 

and degrade opaR mRNA transcripts. AphA is the master regulator of the low cell 

density quorum sensing pathway (57). 

At high cell density, the phosphorelay cascade is the opposite of that at low 

cell density. High concentrations of autoinducers bind to the receptor proteins and no 

phosphorylation occurs. The inactivation of the phosphorylation circuit leads to the 

inactivation of LuxO. Unphosphorylated LuxO ultimately results in the lack of qrrs 

transcriptions and leads to the translation of the LuxR homolog, OpaR. OpaR is 

known as the high cell density master regulator (31, 34, 65). The master quorum 

sensing regulators play important roles in essential functions. These regulators are 

involved in the utilization of the carbon sources, colonization, production of the 

virulence factors amongst more (24, 63).  For example, the HCD master regulator, 

OpaR, is a positive regulator of capsule polysaccharide (CPS) (19, 57).  
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 At LCD, the quorum sensing response regulator LuxO is phosphorylated 
and along with RpoN results in transcription of small quorum regulatory 
RNAs, called qrrs1-5. The Qrr sRNAs post-transcriptionally stabilize 
mRNA of aphA, the quorum sensing low cell density master regulator. At 
high cell density, LuxO is not phosphorylated and the inactivation of the 
phosphorylation cascade results in no transcription of Qrr sRNAs. This 
leads to the stabilization of opaR mRNA, the quorum sensing high cell 
density master regulator.  

1.4   Small Quorum Regulatory RNAs (Qrrs) in Vibrio 

Small RNAs (sRNAs) are non-coding molecules that regulate gene expression 

by inhibiting or activating target mRNAs. Qrr sRNAs are part of trans‐encoded 

regulatory sRNAs present in a large number of bacteria (61). sRNA usually function 

through base pairing with and alteration of secondary structures in the 5′ untranslated 

regions (UTRs) of mRNAs (14). This base pairing at the ribosome‐binding site can 

either induce translation or repress translation by occlusion of ribosomes (61). sRNAs 
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are 50 – 400 nucleotides long and undergo RNA-RNA base-pairing, RNA-DNA base-

pairings, or protein binding. sRNAs interact with mRNA molecules by base-pairing 

with the 5’ UTR or 3’ UTR of mRNAs (36, 39, 61). More specifically,  they generally 

base pair with the Shine-Dalgarno (SD) sequence, start codon or the coding sequences 

of the mRNA and occupy the ribosomal binding site (12). 

sRNAs can either be cis-encoded or trans-encoded. Cis-encoded sRNAs are 

located on the same genetic locus as their target RNA and interact autonomously via 

complementation with their targets (36). Trans-encoded sRNAs are between 50-300 

nucleotides long and are located at different loci than their targets (39). Trans-sRNAs 

show only partial complementation to their target mRNA, therefore, in general, the 

mechanism associated with trans-sRNA involves the chaperone protein, Hfq in order 

to strengthen their interaction with their targets (4, 58, 59). It is known that trans-

sRNA can engage in cellular responses to environmental changes or even in the 

regulation of virulence in some of the pathogenic strains (30).  

The quorum regulatory RNAs called the Qrrs sRNAs are trans-acting small 

RNAs. (4, 12, 50). The Qrrs can either positively or negatively regulate their target 

mRNAs to post-transcriptionally stabilize or destabilize their target transcripts (12). In 

positive regulation, the Qrrs base-pairs with the 5’ UTR of the target mRNA, with the 

assistance of Hfq enhancing the interaction. Through this anti-antisense base pairing, 

the ribosome binding site (RBS) of the target mRNA is revealed, allowing for 

translation. In negative regulation, the Qrrs pairs with the 5’ UTR of the target and 

blocks the ribosome binding site. This inhibits the translation of the target mRNA. 
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Mostly in this scenario, the ribonuclease E (RNase E) is recruited and degrades the 

destabilized mRNA (12, 14, 39).  

The Qrrs number is conserved between V. harveyi and V. parahaemolyticus. 

Qrrs play a very important role in the quorum sensing pathway allowing for rapid 

alteration of gene expression (65). From a study of quorum sensing in V. harveyi, it 

was shown that all five Qrr molecules have a secondary structure with four stem loops 

and each stem loop has a unique function. The first stem loop (SL1) can base-pair with 

the mRNA, but the interaction is limited to specific complementary targets. However, 

this loop also protects the mRNA from degradation by RNase E. The second stem loop 

(SL2) has a critical function, as it carries out the core-interaction with most target 

transcripts, due to the conserved pairing sequences it contains. The third stem loop 

(SL3) aids in stability and supports in base pairing, while the fourth stem loop (SL4) 

acts as a rho-independent terminator which functions to stop transcription (47, 48).  

 

 

 Schematic of the trans-encoded sRNA with the positive post-
transcriptional regulation. The Hfq protein is not shown. The sRNAs 
partially complement with the target mRNA, carrying out the anti-
antisense base pairing mechanism. The ribosome binding site is revealed, 
and the translation of the transcript occurs.  

sRNA

mRNA

sR
NA

mRNA Ribosome

sRNA initiates transcription of mRNA by base pairing 
and revealing the ribosome binding site  
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 Schematic of the trans-encoded sRNA with the negative post-
transcriptional regulation. The complementary pairings of sRNAs blocks 
the ribosome binding site of the target transcript. The mRNA is 
destabilized, and the translation does not occur.  

1.5   Vibrio parahaemolyticus Capsule Polysaccharide 

V. parahaemolyticus is a marine-estuarine enteric pathogen that has adapted to 

life on surfaces and the colonization in human intestines. In the canonical HCD 

quorum sensing pathway, Qrrs1-5 are down regulated, resulting in the stable opaR 

transcripts that produce OpaR, the positive regulator of CPS production (11, 19).  

CPS also known as extracellular polysaccharide (EPS) creates a rough and 

opaque colony morphology. As the name ‘polysaccharide’ suggests, CPS materials 

consist of four major types of sugars: glucose, fucose, N-acetylglucosamine and 

galactose (11). This thick layer that surrounds the cell, presents the rugose colony 

phenotype.  

CPS produced by V. parahaemolyticus is highly organized and therefore 

functions as a barrier against physical forces and abiotic stresses. Unlike opaque 

smooth translucent colonies, CPS production allows for structural integrity which 

sRNA
mRNA sRNAmRNA

Ribosome
X

sRNA blocks transcription of mRNA by base pairing and 
blocking the ribosome binding site  
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withstands stronger disturbances (11). The polysaccharide found in CPS also 

introduces sticky, adhesive characteristics, allowing for adherence to surfaces (22). As 

V. parahaemolyticus is an enteric pathogen, it is essential for cells to have the ability 

to adhere and colonize intestinal epithelial cells. CPS materials are also found to 

display an essential function in pellicle formation which produces a layer of protein 

film, or biofilm (19).  

The cpsA-K operon has been identified as a locus encoding CPS biosynthesis 

(10). It is known that OpaR positively controls CPS production by indirectly 

regulating the CPS biosynthesis through two additional regulators (11, 15, 19). The 

OpaR deletion mutant does not form CPS and presents an opaque, smooth colony 

phenotype (31).  

1.6   Motility of Vibrio parahaemolyticus: Swimming and Swarming 

Movement is essential for bacteria to exhibit chemotaxis behaviors in response 

to the nutrient sources, chemical signals, threats, or group behaviors in an 

environment. Many bacterial species synthesize flagellum, a complex-structured 

appendage consisting of three parts: the filament, the basal structure, and the hook. 

Cells rotate these flagella to achieve various movement patterns, including swarming 

and swimming (53).  

Vibrio parahaemolyticus is a great model organism in the study of motility due 

to its ability to both swim and swarm using polar and lateral flagella respectively. On a 

liquid surface, cells swim using a single, polar flagellum, however, when on a solid 
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surface, the bacterium transitions to swarmer cells using multiple lateral flagella. 

Using these peritrichous flagella, cells display collective swarming movements, which 

consumes the proton motive force (1, 25, 44, 49).  

The quorum sensing regulators, AphA and OpaR have been examined in their 

regulation of swimming and swarming. The LCD master regulator, AphA activates 

swimming and swarming behaviors of the cell by regulating genes encoded for 

flagella biosynthesis (43, 60). The HCD master regulator, OpaR represses swarming, 

through upregulation of the second messenger c-di-GMP (13, 51, 55).  

1.7   Aims of the Study 

According to the canonical quorum sensing cascade, the small quorum 

regulatory RNAs (Qrrs) are involved in the translation of the LCD and inhibition of 

the HCD quorum sensing master regulators. The HCD master regulator, OpaR, is 

shown to positively regulate the production of capsule polysaccharide (CPS).  

The overall goal of the study is to investigate the role of quorum sensing 

regulator mutants and their effects on three phenotypes of interest. We conducted 

phenotypic analysis of the mutant and performed computational comparative analysis 

of the qrr secondary structures. The three phenotypes of interest are CPS production, 

swimming, and swarming motility. To study the expression of these phenotypes in 

association with the Qrrs, a wild type V. parahaemolyticus and multiple quorum 

sensing mutant strains were used. The mutant strains used were ΔopaR, Δqrr null (no 

qrrs), and mutants with only one qrr present. To accomplish this, we constructed three 
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mutants with a single qrr present by inserting via homologous recombination, qrr1, 

qrr2 or qrr3 into the Δqrr null mutant creating three quadruple qrrs mutants  

Δqrr2,3,4,5, Δqrr1,3,4,5 and Δqrr1,2,4,5. 

To understand the regulatory role of each Qrr in aphA and opaR mRNA 

transcripts stability, we performed a computational analysis of predicted RNA-RNA 

interactions. In addition, the five qrrs coding regions were aligned to better understand 

the homology between them. Ultimately, we observed noteworthy stem loop pairing 

that perhaps suggest an individual role of each Qrr in the V. parahaemolyticus quorum 

sensing pathway.  
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Chapter 2 

MATERIALS AND METHODS 

2.1   Bioinformatics Analysis 

 An alignment of Vibrio parahaemolyticus small quorum regulatory RNAs 

(qrrs) 1-5 was created using the software T-Coffee (28, 35). To determine the 

interaction between the mRNAs of opaR and aphA with qrrs1-5, RNAhybrid Tool 

was used (26, 41). The results of the base-pairing regions obtained by the RNAhybrid 

software were located on the predicted structures of the Qrrs1-5. The structural folding 

of Qrrs1-5 was completed using the RNAfold WebServer software, ViennaRNA 

WebServices (66).  

2.2   Bacterial Strains, Plasmids and Growth Conditions 

 All bacterial strains and plasmids were grown in aerobic conditions overnight 

at 37°C. Table 1 lists all the strains and plasmids used in the study. Vibrio 

parahaemolyticus strains were grown in Luria Bertani (LB) broth containing 3% 

NaCl. When required, the LB media was supplemented with 25µg/mL of 

chloramphenicol (Cm), 100µg/mL of ampicillin (Amp) or 10% sucrose. All E. coli 

strains were grown in LB media with 1% NaCl. E. coli β2155 ƛpir was grown in LB 

1% NaCl, supplemented with 0.3mM of diaminopimelic acid (DAP), as it is a DAP 

auxotroph.  
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Table 1 All bacterial strains and plasmids used in the study 

Strains and Plasmids Genotype/Background 

Vibrio parahaemolyticus (VP):   

RIMD2210633 O3:K6 serotype 

ΔopaR RIMD2210633 with VP2516 deleted 

Δqrr null RIMD2210633 with all wild type qrrs1-5 deleted 

Δqrr2,3,4,5 RIMD2210633 Δqrr null with wild type qrr1 inserted 

Δqrr1,3,4,5 RIMD2210633 Δqrr null with wild type qrr2 inserted 

Δqrr1,2,4,5 RIMD2210633 Δqrr null with wild type qrr3 inserted 

Δqrr1,2,3,5 RIMD2210633 Δqrr null with wild type qrr4 inserted 

Δqrr1,2,3,4 RIMD2210633 Δqrr null with wild type qrr5 inserted 

Escherichia coli:   

β2155ƛpir DAP auxotroph used in transformation and conjugation 
experiments  

DH5𝛼 Used in Transformation experiment and plasmid preparation 

DH5𝛼 pDS132 DH5ɑ containing pDS132 plasmid; CmR 

Plasmids:   

pJET1.2 Cloning vector; AmR 

pJET1.2 wild type Vp qrr2 pJET1.2 vector containing wild type Vp qrr2 insert 

pDS132 Suicide vector with screening markers SacB, pir, cat; CmR 

pDS132 wild type Vp qrrs (1/2/3) pDS132 vector containing wild type Vp qrr1, 
pDS132 vector containing wild type Vp qrr2 and pDS132 

vector containing wild type Vp qrr3 

2.3   Construction of V. parahaemolyticus qrrs Insertion Mutants 

A summary of the constructed quadruple qrrs mutant strains which contain 

only one qrr are shown in Figure 4. The three quadruple qrrs mutants containing qrr1, 
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qrr2 or qrr3 only were created through an insertion method. The amplified qrr 

fragment using primers A and D represents the wild type coding region of that 

corresponding gene. Each qrr AD fragment is inserted into the Δqrr null mutant strain.  

The remaining two qrr quad mutants were constructed using the deletion 

method in a wild type background. The ∆qrr1,2,3,5 mutant, containing wild type qrr4, 

and the ∆qrr1,2,3,4 mutant, containing wild type qrr5, were constructed previously 

using the deletion method in a wild type background. The aforementioned mutants 

were constructed while making the Δqrr null mutant.   

 

 

 Overview of the constructed quadruple qrrs mutants containing qrr1, 
qrr2 and qrr3. Each corresponding qrr was inserted into Δqrr null mutant 
strain. Mutants containing qrr4 and qrr5 have been made previously 
thorough the deletion of qrrs1,2,3,5 and qrr1,2,3,4 respectively, in the 
wild type background.  

2.3.1  Construction of pDS132 Vector with Wild Type qrr1 Insert Product 

A 1197 base-pair product of wild type qrr1 AD fragment was amplified 

through High-fidelity Polymerase Chain Reaction (HF PCR) using previously 

designed Gibson Assembly primers. The fragment is digested with the restriction 
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enzyme SacI and assembled into pDS132 vector using Gibson Assembly protocol (17, 

18).  

2.3.2   Construction of pDS132 Vector with Wild Type qrr2 Insert Product 

Using qrr2 AD primers, the 1068 base pairs of wild type qrr2 AD insert was 

amplified through HF PCR (20, 21). Without the three extra base pairs at the 5’end of 

designed primers, the insert-fragment was cloned into pJET1.2 blunt end vector. The 

product was transformed in E. coli DH5𝛼 and spread on LB 1% NaCl agar plates, 

supplemented with Amp. Positive WT qrr2 colonies that were selected through PCR 

screenings (Figure 6), were purified for digestion using restriction enzymes, SacI and 

XbaI. The purified DNA fragment containing single-stranded overhang regions was 

ligated into digested pDS132 vector.  
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 Workflow of wild type qrr2+pJET1.2 vector construction. Using the 
SOE qrr2 AD primers, wild type qrr2 was amplified from gDNA as a 
template. Wild type qrr2 insert was ligated with the blunt end cloning 
vector, pJET1.2 and transformed to E. coli DH5𝛼 strain, on LB 1% NaCl 
with AMP plate. 

 
 
 
 
 
 
 

 The PCR analysis of the constructed vector (pJET1.2 + wild type qrr2) 
using SOE qrr2 AD primers and gDNA as positive control. The colonies 
(1,4-9) with the wild type qrr2 size of 1068 bp are positives.  

(pJET) E.coli DH5α Transformation 
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 Continued schematic workflow of qrr2 insertion mutant making process 
following the pJET1.2 cloning. Wild type qrr2 is reinserted into Δqrr 
null mutant via allelic exchange. Restriction enzymes SacI and XbaI 
were used for digestion of qrr2 fragments and pDS132 plasmid. The 
product is transformed into to E. coli DH5𝛼, purified, and transformed to 
E. coli β2155ƛpir that can be conjugated with V. parahaemolyticus Δqrr 
null strain.  
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2.3.3   Construction of pDS132 Vector with Wild Type qrr3 Insert Product 

 The SOE qrr3 primers were used in HF PCR and amplified 1250 base pairs of 

wild type qrr3 AD fragment. The primers were designed with three extra base pairs 

“CAC” at the 5’end in order to bypass the pJET1.2 cloning method. The qrr3 insert-

product was digested with PaeI and SacI and ligated with the cloning vector pDS132.  

2.3.4   Bacterial Transformation 

 After the construction of pDS132 with each insert (Wild type qrr1, Wild type 

qrr2 and Wild type qrr3), each vector containing the wild type coding region was 

transformed into E. coli DH5𝛼 competent cells (40) and 50mM of CaCl2 were used 

during this process. Positively transformed colonies were selected using plates 

containing Cm and verified via PCR screenings. and the plasmids were purified (29). 

Plasmids from the positive colonies were harvested and transformed into E. coli 

β2155ƛpir using the same transformation protocol. The product of E. coli β2155ƛpir 

transformation was spread on LB 1% NaCl agar plates supplemented with Cm and 0.3 

mM DAP. Positively screened colonies (shown in Figure 8), were incubated overnight 

for the conjugation procedure.  

 

 

 

 

 

 

E.coli DH5α Transformation E.coli β2155 Transformation 
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 PCR analysis of vector pDS132 + wild type qrr2 after each 
transformation. Each product of E. coli DH5𝛼 and E. coli β2155ƛpir 
transformations were spread plated onto LB1% NaCl Cm plates with 
DAP for β2155ƛpir. PCR screenings using the SOE qrr2 AD primers 
ensured the correct product was transformed. gDNA is used as a positive 
control which yields 1068 bp of wild type qrr2 bands.  

2.3.5   Conjugation and Single Crossover Selection  

 E. coli β2155ƛpir + plasmid vector with each insert of interests was conjugated 

to the Δqrr null strain on 1% NaCl LB agar plates, supplemented with 0.3mM DAP. 

After incubating the conjugation plate overnight, about one quarter of the lawn of cells 

was plated onto 3% NaCl LB agar plates containing Cm. As V. parahaemolyticus does 

not encode pir gene that is required for the replication of pDS132 (38), the plasmid is 

incorporated into the chromosome through single crossover (homologous 

recombination with AD product). Using colony PCR screenings with AD and flanking 

primers, colonies with the single crossover event were selected.  

 Figure 10 depicts confirmed positive colonies with the single crossover event. 

The gel in the left is the screening with qrr2 AD primers and shows the wild type 

fragment size of 1068 bp. The gel in the left is the PCR reaction with qrr2 flanking 

primers. The wild type qrr2 flanking band is 1237 bp long and the wild type flanking 

bands are not shown in colonies with the single crossover event. The plasmid is 

incorporated into the genome and makes the fragment size too large to be amplified 

under the regular qrr2 conditions.  
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 Schematic of the designed primers: SOE qrr2 A, B, C, D, flanking 
forward and flanking reverse primers. Flanking primers were designed to 
amplify the extended section, including the AD regions.  

 
 

 

 

 

 

 PCR analysis of the single crossover selection (pDS132+ wild type qrr2 
conjugation with V. parahaemolyticus Δqrr null strain). Each colony 
served as PCR DNA templates for both SOE qrr2 AD primers and 
Flanking primers. gDNA was used as positive controls for both PCR 
reactions. Successful single crossover colonies show wild type qrr2 
bands of 1068 bp and presents no flanking bands.  

2.3.6   Plasmid Excision and Double Crossover Event  

 Positively selected single crossover colonies that were confirmed by PCR 

screenings were inoculated overnight in LB 3% NaCl without Cm. The absence of Cm 

in the plate initiates the loss of the plasmid incorporated in the genome. Serially 

diluted cultures were plated onto LB 3% NaCl agar plates with 10% sucrose. The 

pDS132 vector contains a cytotoxic sacB gene that is sensitive to sucrose (29, 38, 42). 

qrr2 AD qrr2 FL 
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As sucrose is toxic to pDS132, any healthy colonies that grew on the sucrose plates 

have excised the plasmid through the double crossover/homologous recombination 

with the AD product. Any unhealthy colonies appearing soupy or transparent on 

sucrose plates, indicating that the incorporated plasmid has not been lost from the 

chromosome. Healthy colonies were selected for PCR screenings with AD and 

flanking primers. Figure 11 shows healthy colonies (left panel) and soupy unhealthy 

colonies (right panel) of qrr2 insertion mutant. Positive colonies contained qrr1, qrr2 

or qrr3 product after allelic exchange during the double crossover events (Figure 12).  

 

 Double crossover colonies on LB 3% NaCl 10% sucrose plates. Left 
panel shows healthy colonies of wild type qrr2 insertion mutant, which 
have successfully excised the plasmid, pDS132. Right panel presents 
unhealthy, soupy colonies of the wild type qrr2 insertion mutant with 
transparent morphology. Only the healthy-looking colonies were selected 
for PCR screenings.  
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 PCR analysis of the double crossover product (wild type qrr2 insertion 
into V. parahaemolyticus Δqrr null strain). Each of the healthy colony 
selected serve as templates for both SOE qrr2 AD primers and Flanking 
primers. gDNA was used as positive controls for both PCR reactions. 
Successful double crossover colonies show 1068 bp of the wild type qrr2 
bands and 1237 bp of flanking bands as plasmids have been lost. The gel 
shows wild type qrr2 remains inserted in colonies 4,5,8 and 9 out of 10 
colonies.  

2.4   Capsule Polysaccharide Assay 

 All strains of interests, including the wild type (WT) and ΔopaR used in this 

study (listed in Table 1) were inoculated on LB 3% NaCl agar plates the day before 

the assay. Fresh Capsule Polysaccharide (CPS) plates were prepared with Heart 

Infusion (HI) broth, 1.5% agar with 50 mg of Congo Red dye. 5 mL of 100mM CaCl2 

was added per 195mL dH2O. Strains of interest were inoculated by touching the 

desired surface of CPS plates using a sterile pipette tip. Wild type RIMD2201633 was 

inoculated as a positive control and ΔopaR colonies was inoculated as a negative 

control. The plates are incubated at 30°C for 48 hours. Colonies characteristics were 

analyzed by comparing the phenotypes to that of the wild type.  
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2.5   Swimming Motility Assay  

All strains used in the assay, including the positive control wild type 

RIMD2210633, were inoculated on LB 3% NaCl agar plates the day before. Semi-

solid LB swimming plates were prepared with 0.3% of agar and 3% NaCl. Exactly 25 

mL of the prepared swimming media was distributed to each plate and cooled for ten 

minutes. Only one strain per plate was stab-inoculated at the center using a sterile 

pipette tip. Swimming plates were incubated at 37°C for 18-24 hours as necessary. 

The assay was repeated in two biological replicates and each with three technical 

replicates. The diameters of the swimming colonies were measured, and data 

analyzed.  

2.6   Swarming Motility Assay 

The day before the assay, the wild type and strains of interest were inoculated 

on LB 3% NaCl agar plates. The solid LB swarming plates were prepared on the day 

of the assay, with 2% NaCl and 1.5% agar. The colonies were surface- inoculated 

using sterile pipette tips. The plates were incubated at 30°C for 48 hours before 

imaging.  
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Chapter 3 

RESULTS 

3.1   Confirmation of Δqrr1,3,4,5 mutant  

After the double crossover event, qrr2 insertion into the Δqrr null was 

confirmed using PCR screenings with SOE qrr2 AD and FL bands (Figure 12). To 

confirm the Δqrr1,3,4,5 mutant strain, screening with all qrrs1-5 AD primers was 

performed. The agarose gel Figure 13 presents positive wild type qrr2 bands showing 

the same band sizes as the positive control, which is the representation of the wild type 

qrr2. The coding regions of qrr1, qrr3, qrr4 and qrr5 have previously been deleted in 

the mutant strain, causing mutant sized bands compared to wild type length. Overall, 

Figure 13 confirms the Δqrr1,3,4,5 mutant by showing only qrr2 has the wild type 

sized bands. 
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 PCR analysis confirming the wild type qrr2 insertion mutant. Two 
mutant colonies were selected and served as templates for all reactions 
with qrrs1-5 AD primers. gDNA was used as positive controls for all 
reactions. All qrrs AD bands except qrr2 present smaller band sizes 
when compared to the positive controls. The gel presents only wild type 
qrr2 is inserted and qrr1, qrr3, qrr4, and qrr5 are shown deleted. 

3.2   V. parahaemolyticus Δqrr1,3,4,5 Restored the Wild Type CPS Phenotype 

The expression of CPS in V. parahaemolyticus quorum sensing mutant strains 

was characterized and analyzed (Figure 14). Wild type was used as a positive control 

and ΔopaR was used a negative control. As opaR is known as a positive regulator of 

CPS expression, deletion of the gene leads to a smooth, translucent colony 

morphology (Figure 14). The other mutant strains used are Δqrr1,3,4,5, Δqrr1,2,3,5, 

Δqrr1,2,3,4 and Δqrr null.  

All tested qrrs mutant strains except Δqrr1,2,3,5 expressed various capsule 

polysaccharide phenotypes when compared to the negative control, ΔopaR (Figure 

14). The Δqrr1,2,3,5 mutant did not produce CPS and presented a translucent, smooth 

colony morphology as appeared in ΔopaR (Figure 14). The Δqrr null and Δqrr1,2,3,4 

mutants had a very similar phenotype, but a very different colony morphology relative 

to wild type. These two colonies are smaller in size than the positive control but 

appeared to have a rough colony surface (Figure 14). We are currently unsure whether 

CPS is actually formed. The Δqrr1,3,4,5 mutant strain produced CPS and presented a 

wrinkled, rugose colony morphology very similar to wild type (Figure 14).  
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 Capsule polysaccharide production as determined by colony morphology 
in the mutant strains. Wild type is used as a positive control and ΔopaR is 
used as a negative control with a translucent, non-CPS producing colony. 
The Δqrr1,2,3,5 mutant showed defect in CPS expression. The Δqrr null 
and Δqrr1,2,3,4 mutants appeared in smaller colonies with rough 
surfaces, relative to wild type. The Δqrr1,3,4,5 mutant appeared to have 
restored the wild type CPS production. 

3.3   V. parahaemolyticus Δqrr1,3,4,5 Restored Swimming Motility 

The swimming motility of quorum sensing mutant strains were observed, 

indicating the use of a single, polar flagellum to swim in a semi-solid LB 3% NaCl 

media. Four strains used in the assay were wild type (WT) and mutants ΔopaR, Δqrr 

null and Δqrr1,3,4,5.  

No Defect No Defect No Defect Defect 

Defect 
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For the swimming assays, all strains were compared to the wild type positive 

control (Figure 15). The ΔopaR mutant is known as a hyper-swimmer and the 

swimming cells move across the plate (Figure 15). The Δqrr null mutant presented 

less swimming motility than positive control (Figure 15). The Δqrr1,3,4,5 mutant also 

displayed swimming activity relative to wild type (Figure 15). The swimming assay 

results were quantified and are shown in Figure 16. The ΔopaR mutant showed a 

significantly higher average diameter relative to the wild type by p-value less than 

0.01 (Figure 16). Oppositely, Δqrr null showed a significantly lower mean value than 

the wild type by p-value less than 0.01 as well (Figure 16). However, statistics showed 

no significant difference between Δqrr1,3,4,5 swimming diameter from that of the 

wild type. Overall deletion of qrrs1-5 caused a defect in swimming, while the 

presence of only qrr2, restored the wild type swimming behavior (Figure 16).  

 

 

 Swimming motility. Wild type was used as a positive control for the 
comparison with other tested strains. The ΔopaR mutant is known as a 
hyper-swimmer. The Δqrr null mutant showed a lesser swimming 
motility when compared to the wild type. The Δqrr1,3,4,5 mutant was 
presented with a similar swimming phenotype as the wild type.  

No Defect No Defect Defect 
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 The average swimming diameters measured with the standard deviation. 
It is shown ΔopaR mutant has a significantly higher average of the 
swimming diameter compared to wild type. The Δqrr null has a 
significantly lower average of the swimming diameter relative to wild 
type. The average diameter of Δqrr1,3,4,5 was shown to be significantly 
different from that of the Δqrr null, but showed no significant differences 
compared to wild type. *** p<0.01   

3.4   V. parahaemolyticus Δqrr1,3,4,5 Showed Wild Type Swarming Motility 

The swarming assay was performed with six strains: wild type (WT), and 

ΔopaR, Δqrr1,3,4,5, Δqrr1,2,3,5, Δqrr1,2,3,4 and Δqrr null mutants. These assays 

measure the present of lateral flagella that allow swarming behavior on a solid surface. 

All tested mutants were compared to wild type, the positive control (Figure 17). The 

ΔopaR mutant, known as a hyper swarmer, was also used as a control. As opaR is 

76.2 

65 

46.7 

64.8 
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known to repress the swarming behavior (23), thus deletion of the gene leads to the 

hyper swarming activity (Figure 17).  

The assay results show Δqrr null, Δqrr1,2,3,5 and Δqrr1,2,3,4 mutants had a 

defect in swarming motility (Figure 17). When compared to the positive control, the 

colonies of these three mutant strains were relatively circular in shape. In contrast, 

ΔopaR (as a known hyper swarmer) and Δqrr1,3,4,5 mutants showed swarming 

behaviors (Figure 17). Both mutants presented clear protrusion of the swarming cells 

from the colonies (Figure 17).  

A flowery-like colony morphology of Δqrr1,3,4,5 strain was similar to the 

swarming phenotype appeared in the positive control (Figure 17). While the deletion 

of other tested qrrs showed defect in swarming, wild type swarming was restored with 

the presence of wild type qrr2 (Figure 17).  
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 Swarming motility. The phenotypes of the mutants were compared to that 
of wild type and ΔopaR, a hyper swarmer. The Δqrr1,3,4,5 mutant 
swarmed with similar swarming expression relative to wild type. The 
Δqrr null, Δqrr1,2,3,5 and Δqrr1,2,3,4 mutants showed defect in 
swarming.  

3.5   Predicted Interactions Between the 5’ UTR of opaR and aphA With Qrrs  

Qrrs interact with the mRNAs anti-antisense by base-pairing with the target’s 

5’ untranslated region (UTR). Computational analyses were performed to study the 

interactions of V. parahaemolyticus qrrs1-5 with opaR and aphA mRNA. The 5’ UTR 

of the mRNA targets were acquired from the transcriptional start site (31, 65) to the 

translational start site of the genes. The lengths of the 5’ UTR of opaR and aphA are 

78 and 203 bp, respectively. Figure 18 shows multiple RNA hybridization regions of 

Defect Defect Defect No Defect 

No Defect 
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qrrs1-5 and the target, opaR. Figure 19 also presents multiple base-pairing regions 

from the interaction of qrrs1-5 and the target, aphA.  

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 Predicted RNA-RNA interaction analysis of the target: 5’ UTR of opaR 
and the miRNA: qrrs1-5.  

 

 

 

 
 
 

 

 

 Predicted RNA hybridization analyses of the miRNA: qrrs1-5 and the 
target: 5’ UTR of aphA.  

qrr1

qrr2

qrr3

qrr4

qrr5
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qrr4

qrr5
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3.6   Predicted Structure of Qrrs1-5 with Base-pairing Regions in Stem Loops 

Vibrio harveyi is a very closely related species to V. parahaemolyticus. From 

the study of the Qrrs in V. harveyi, it is known all Qrrs are folded into four stem loops 

(SL). Each of these loops were determined to function in protection, interaction, or 

termination of their target transcripts.  

In this study, the base-pairing regions of the five V. parahaemolyticus qrrs 

with the 5’ UTR of opaR and aphA (Figures 18, 19) were located within the predicted 

structures. As described in the reference (48), SLs of all Qrrs are in the order of SL1-4 

from the 5’end.  

In Figures 20-24, predicted RNA-hybridizing regions of the five V. 

parahaemolyticus Qrrs with the 5’ UTR of opaR are highlighted in red. The predicted 

base-pairing regions of Qrrs1-5 with the 5’ UTR of aphA are highlighted in yellow. 

The base-pairing regions were located in stem loops (SL). The SL1 and SL2 were 

especially noted, as these loops were determined to interact with target mRNAs 

previously for sRNA from other Vibrio species (48).  

The base-pairing interaction of Qrr1 with opaR and aphA mRNAs were located 

within SL2 and partial binding in SL4 (Figure 20), and Qrr2 pairing regions with opaR 

mRNA were within SL2 and SL4 (Figure 21). However, the base- pairing regions of 

Qrr2 with aphA mRNA were found in SL1 and SL3. The Qrr2 pairing regions located 

in SL1, SL2 and SL3 are of note as these could possibly be involved in the Qrr2 

unique regulation of OpaR and AphA. The RNA-hybridizing regions of Qrr3 with the 

5’ UTR of opaR were found only in SL2 and SL3, and with the 5’ UTR of aphA were 
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located within all four SLs, with partial binding in SL1 (Figure 22). The base-pairing 

regions of Qrr4 with aphA mRNA were located within all four SLs (Figure 23), 

however, SL2 was the only loop showing the pairing interaction with opaR. In Qrr5, 

the RNA-hybridizing regions with opaR were observed in SL2 and SL4, and aphA 

involved all four SLs, with partial binding in SL1 (Figure 24).  

  

 

 The predicted folding of Qrr1, presented with four stem loops. The top 
structure shows the Qrr1 base pairing regions with the 5’ UTR of opaR, 
highlighted in red. The bottom structure shows the interacting regions 
with the 5’ UTR of aphA, highlighted in yellow. Qrr1 interacting regions 
with both targets are located within SL2 and partial SL4.  

SL1 

SL2 

SL3 

SL4 

SL1 

SL2 

SL3 

SL4 
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 The predicted structure of Qrr2 folded into four loops. The top Qrr2 
highlighted in red indicate the interacting regions with the 5’ UTR of 
opaR. The highlighted regions in yellow at the bottom Qrr2 indicate the 
pairing regions with the 5’ UTR of aphA. Qrr2 base-pairing regions with 
opaR are located within SL2 and SL4, and the pairing regions with aphA 
are located within SL1 and SL3.  

SL4 
SL1 

SL2 

SL3 

SL3 

SL1 

SL2 

SL4 
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 The predicted structure of Qrr3 with four stem loops (SL). The top Qrr3 
shows the base pairing interactions with the 5’ UTR of opaR, in red 
highlight. The bottom Qrr3 shows the interactions with the 5’ UTR of 
aphA, in yellow highlight. Qrr3 interacts with opaR mRNA at SL2 and 
SL3, Qrr3 binds with aphA mRNA at SL2, SL3, SL4 and partial SL1.  

SL4 

SL4 
SL1 

SL2 

SL2 

SL3 

SL3 

SL1 
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 The predicted structure of Qrr4 with four stem loops. The top structure 
highlighted in red represents the base pairing regions with the 5’ UTR of 
opaR. The bottom structure highlighted in yellow represents the 
interacting regions with the 5’ UTR of aphA. The Qrr4 base-pairing 
region with opaR is found in SL2, and the pairing regions with aphA are 
located within SL1, SL2, SL3 and SL4.  

SL2 
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SL4 

SL2 

SL1 

SL3 
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 The predicted structure of Qrr5 folded into four stem loops (SL). The top 
Qrr5 highlights in red the pairing-regions with the 5’ UTR of opaR. The 
bottom Qrr5 in yellow highlights the pairing regions with the 5’ UTR of 
aphA. The interacting regions with opaR are located within SL2 and SL4. 
Base-pairing regions with aphA are located within SL2, SL3 and SL4 and 
partial SL1. 
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Table 2 Summarization of the V. parahaemolyticus Qrrs1-5 stem loops 
interaction with the 5’ UTR of opaR and aphA.  

 
Qrrs Stem Loop 

(SL) 

Interaction with the 5’ UTR 

of opaR 

Interaction with the 5’ UTR 

of aphA 

 

Qrr1 

SL1 No Interaction No Interaction 

SL2 Yes  Yes 

SL3 No Interaction No Interaction 

SL4 Partial Interaction Partial Interaction 

 

Qrr2 

SL1 No Interaction Yes 

SL2 Yes No Interaction 

SL3 No Interaction Yes 

SL4 Yes No Interaction 

 

Qrr3 

SL1 No Interaction Partial Interaction 

SL2 Yes Yes 

SL3 Yes Yes 

SL4 No Interaction Yes 

 

Qrr4 

SL1 No Interaction Yes 

SL2 Yes Yes 

SL3 No Interaction Yes 

SL4 No Interaction Yes 

 

Qrr5 

SL1 No Interaction Partial Interaction 

SL2 Yes Yes 

SL3 No Interaction Yes 

SL4 Yes Yes 
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3.7   The Alignment Shows the qrrs1-5 of V. parahaemolyticus are Conserved 

The Qrrs play important roles in regulating the mRNA through the anti-

antisense base-pairing mechanism. The Qrrs sequences are important in the interaction 

of the target transcripts. The alignment of qrrs1-5 is shown in Figure 25. The * sign at 

the bottom of the alignment indicate the conserved sequences among all five qrrs. The 

alignment shows that all qrrs1-5 are conserved in V. parahaemolyticus, however qrr2, 

qrr3, qrr4 and qrr5 show the highest homology. Among these, qrr1 is shorter and 

shows less conservation.  

qrr1            CGACCCCTC---------GGGTCACCTAGCCAACTGACGTTGTTAGTGAA 
qrr2            CGACCCTTCTTAAGCCGAGGGTCACCTAGCCAACTGACGTTGTTAGTGAA 
qrr3            -GACCCTTCTTAAGCCGAGGGTCACCTAGCCAACTGACGTTGTTAGTGAA 
qrr4            TGACCCTTATTAAGCCGAGGGTCACCTAGCCAACTGACGTTGTTAGTGAA 
qrr5            TGACCCTTTCTAAGCCGAGGGTCACCTAGCCAACTGACGTTGTTAGTGAA 
                 ***** *          ******************************** 
 
qrr1            CG--A-TATGTTCACAAA----ACA-AGCCAATAGACCCGACTGCCTATT 
qrr2            TAT-AGATTGTTCACAATAAATATG-AGCCAATCG-CGATTATTGCGGTT 
qrr3            CTTGATTTTGTTCACATG-TATATA-AGCCAATCG-CACTCTTTGCGGTT 
qrr4            TAC-ACATTGTTCACAAG-TATATACCGCCAATCA-CCTTTCTTGTGATT 
qrr5            CCC-A-ATTGTTCACAAG-TATATACAGCCAATCA-CACACCTTGTGGTT 
                    *   ********      *    ******   *     *     ** 
 
qrr1            GGCTTCTTTTTT 
qrr2            GGCTATTTTTTT 
qrr3            GGCTATTTTTTT 
qrr4            GGCGTTTTTTCT 
qrr5            GGCTTTTTTTTT 
                ***   **** * 

 Constructed alignment of five qrrs1-5 in V. parahaemolyticus. The sign, 
* indicates conserved sequences across all qrrs. The alignment shows 
that all V. parahaemolyticus qrrs1-5 are conserved. Among these five 
qrrs, qrr1 is the least similar with more polymorphic base pairs and a 
shorter sequence. Yellow indicates polymorphic sites unique to qrr2. 
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Chapter 4 

DISCUSSION 

4.1   Restoration of Wild Type CPS Expression, Swimming and Swarming 

Motility In Δqrr1,3,4,5 mutant Strain   

In the quorum sensing pathway of V. parahaemolyticus, at LCD, five 

regulatory sRNAs known as qrrs1-5 are transcribed. These qrrs1-5 post-

transcriptionally stabilize aphA mRNA and destabilize opaR mRNA. At HCD, the 

lack of qrrs1-5 ultimately results in the stabilization of opaR, and destabilization of 

aphA (31, 34, 43, 56, 65). These two master quorum sensing regulators play roles in 

the expression of three phenotypes of cells we analyzed in the study. AphA is known 

to activate the swimming and swarming motility of the cell. OpaR, a homolog of 

LuxR, is known to activate CPS of the cell (2, 31).  

The CPS, swimming and swarming assays presented various phenotypic 

results among the tested mutant strains. In the CPS assay, Δqrr1,2,3,5 mutant showed 

a translucent, non-CPS producing colony morphology very similar to that of ΔopaR, 

the negative control. When compared to the positive control, Δqrr1,2,3,4 and Δqrr 

null mutants presented very small colonies with a rough surface. Further work is 

needed to determine whether CPS is formed in these two mutants. However, we 

observed Δqrr1,3,4,5 mutant expressed a very similar CPS expression relative to wild 

type.  
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In the analysis of swimming assay with wild type, ΔopaR, Δqrr null and 

Δqrr1,3,4,5 strains, we observed only Δqrr1,3,4,5 mutant restored wild type 

swimming motility. The statistical analysis showed ΔopaR mutant had a significantly 

higher mean swimming diameter relative to wild type. In contrast, Δqrr null had a 

significantly lower average diameter of swimming cells when compared to wild type. 

However, there was no significant difference of the mean diameter between wild type 

and Δqrr1,3,4,5 mutant strain.  

In the swarming assay, the same strains used in CPS assay were used, and 

ΔopaR and Δqrr1,3,4,5 mutants expressed swarming. Amongst the tested qrrs 

mutants, only the Δqrr1,3,4,5 mutant restored wild type swarming motility. 

Meanwhile, the Δqrr null, Δqrr1,2,3,5, Δqrr1,2,3,4 mutants showed defect in 

swarming. When compared to wild type, these mutants presented relatively circular, 

non-protruding colony morphologies. 

Overall observations show the deletion of five qrrs resulted in differences in 

expression of CPS and defective swimming and swarming behaviors compared to wild 

type. On the other hand, among the tested qrrs mutants, we observed the presence of 

qrr2 alone could restored wild type CPS swimming and swarming expression. With 

this unique observation of Δqrr1,3,4,5 phenotypes, we decided to focus on V. 

parhaemolyticus Qrr2 in this study.  
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4.2   Hypothesizing the Base-pairing Interactions of Qrr2 SL2 regulates OpaR, 

and SL1 and SL3 Regulates AphA  

Qrrs interact with the 5’untranslated regions of the target mRNAs by base-

pairing anti-antisense (36, 39). Previous studies of quorum sensing in V. harveyi 

determined all Qrrs1-5 are folded into four stem loops (SL), and each loop has a 

specific function. The first two, SL1 and SL2 interact with the target transcripts by 

base-pairing to them (48). The loops are in the order of SL1-SL4 from 5’end (48). The 

SL1 and SL2 perform core-interaction with genes through base-pairings, and SL3 

stabilize RNAs or assist in the interaction (48). Our computational analyses predicted 

multiple base-pair interactions of V. parahaemolyticus qrrs1-5 with the 5’ UTR of 

opaR, and aphA. A lot of the interacting regions were located within the folded loops 

(Figures 20-24) and we focused in studying Qrr2. The predicted regions of Qrr2 base-

pair with the 5’ UTR of opaR were located within SL2 and SL4. The predicted regions 

of Qrr2 interacting with the 5’ UTR of aphA were observed within SL1 and SL3 

(Figure 21). We hypothesized the observed restoration of wild type CPS expression in 

Δqrr1,3,4,5 mutant is possibly associated with the Qrr2 base-pairing interaction with 

opaR in SL2. In addition, we also hypothesized the restoration of wild type swimming 

and swarming motility is associated with the Qrr2 interaction with aphA in SL1 and 

SL3. These preliminary analysis of Qrr2 suggests further work is needed in order to 

understand the Qrr2 regulation of OpaR and AphA, and to identify the difference 

between Qrr2 and other Qrrs.   



 43

4.3   Future Direction 

This study showed among the tested Vibrio parahaemolyticus qrrs mutants, 

the presence of qrr2 alone could restore wild type CPS production, swimming, and 

swarming motility. From the phenotypic and computational analysis, we hypothesized 

in Qrr2, SL2 is associated with regulation of OpaR, and SL1 and SL3 are associated 

with the regulation of AphA.  

In the future, the analysis of the CPS, swimming, and swarming expression 

with the constructed mutants Δqrr2,3,4,5 and Δqrr1,2,4,5 need to be completed. The 

data observed from these assays will help determine the role of each individual Qrrs1-

5 in the quorum sensing pathway of V. parahaemolyticus. 

In addition, computational analysis of Qrr1, Qrr3, Qrr4, Qrr5 and their roles in 

regulating AphA and OpaR are yet to be investigated. Further computational analyses 

need to be completed in order to fully understand how the stems loops of the five V. 

parahaemolyticus Qrrs regulate opaR and aphA mRNA.  

Finally, our studies are the first to show unique interactions and phenotypes of 

qrr mutants in V. parahaemolyticus and they show that although the component of the 

quorum sensing pathway may be similar between species, their role and mechanism of 

regulation can be very different.  
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Appendix A 

PRIMERS USED IN THE STUDY 

Table 3 Lists of primers used in the study. The restriction enzymes sequences are 
show in blue.  

Primers Sequence (5’-3’) Product size 
(BP) 

Annealing 
Temperature 

(°C) 

Gibson Assembly qrr1 A CATGCGATATCGAGCTGAATTGCGTTGTTGACCG 1197 57.5 

Gibson Assembly qrr1 D ATTCCCGGGAGAGCTGATATGCCGGAAGTCTCG 

Gibson Assembly qrr1 
Flanking Forward 

TTCATCGAGGAACAACGTGC 1873 57.5 

Gibson Assembly qrr1 
Flanking Reverse 

GCCGGGCAATTATGAGCTAG 
 

SOE qrr2 A TCTAGAAGAGACGGGTTAATACGACGA 1068 55 

SOE qrr2 D GAGCTCACCGCGCTCAACAACTAATG 

SOE qrr2 Flanking Forward CGCTAAGGTTGCAATGCTCG 1237 62 

SOE qrr2 Flanking Reverse TTGATGGCGCTACGATTGGT 

SOE qrr3 A CACGCATGCATTGCTCAAGTGGTGGCTTT 1250 54 

SOE qrr3 D CACGAGCTCGCCATTATTACCTCCGCAAA 

SOE qrr3 Flanking Forward GCAAAATGACACTGCCAGAA 1887 55.4 

SOE qrr3 Flanking Reverse GTTGCTTTATGCACCGGAAT 

SOE qrr4 A CATGCGATATCGAGCTTGCGCAAGGTTGTCGTAG 1127 57.3 

SOE qrr4 D ATTCCCGGGAGAGCTATTACCTTGGGGCAACATGC 

Gibson Assembly qrr5 A CATGCGATATCGAGCTTTCAAGTTATGAATAGCGATG 1293 52.4 

Gibson Assembly qrr5 D ATTCCCGGGAGAGCTTTTCTTGGCTTCAACACG 
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Appendix B 

SUMMARIZATION OF PHENOTYPIC ANALYSIS OF                                      
VIBRIO PARAHAEMOLYTICUS 

Table 4 Characteristics of the capsule polysaccharide productions, swimming and 
swarming motilities observed in tested strains. 

STRAINS CAPSULE POLYSACCHARIDE (CPS) SWIM SWARM 
WT + + + 

ΔopaR -  
(smooth and translucent colony with no CPS 

production)  
+ 

(Hyper 
swimmer) 

+ 

Δqrr null +  
(Smaller colony size with a rough surface)  

- - 

Δqrr2,3,4,5 Data not obtained Data not 
obtained 

Data not 
obtained 

Δqrr1,3,4,5 + 
(Restored the wild type phenotype of the CPS 

production) 

+ 
 

+ 

Δqrr1,2,4,5 Data not obtained Data not 
obtained 

Data not 
obtained 

Δqrr1,2,3,5 - 
(Translucent colony with no expression of CPS) 

 

Data not 
obtained 

- 

Δqrr1,2,3,4 +  
(A very similar colony morphology as in Δqrr null 

Rough surface with a smaller colony) 

 

Data not 
obtained 

- 

 


