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Vibrio vulnificus produces fatal human disease associated with the consumption of 

raw oysters.  However, disease is typically limited to individuals with predisposing 

conditions.  Capsular polysaccharide (CPS) expression is required for virulence and 

differences in colony morphology.  Opaque colonies are virulent due to surface 

expression of CPS, while translucent colonies have reduced capsular expression and are 

avirulent.  Phase variation between these morphologies occurs at a level of 10-3 to 10-4.  

Phase variation is influenced by environmental conditions; therefore, multiple conditions 

were examined for higher rates of CPS phase variation in V. vulnificus.  Incubation in 

medium containing proteose peptone #3 at 37°C promoted high-frequency transition 

from opaque to translucent. 

The group 1 CPS operon responsible for capsule expression in V. vulnificus has two 

allelic forms (Allele 1/Allele 2).  Alleles differ in sequences encoding hypothetical 

proteins (HP1/HP2, respectively) and in sequence and location of repetitive DNA 



xv 

elements (R1/R2, respectively).  Levels of phase variation varied among strains and were 

generally higher for strains of Allele 1 vs. Allele 2.  Three translucent genotypes (TR1, 

TR2, TR3) were described for V. vulnificus Allele 1 strains:  the CPS operon of TR1 was 

identical to the opaque parent, while TR2 and TR3 had deletion mutations in one (wzb) or 

multiple genes, respectively.  Deletion within TR2 correlated with the location of 

repetitive elements.  PCR analysis of translucent isolates generated during phase 

induction assays revealed Allele 2 strains produced a fourth translucent genotype 

(TR2A), which had deletion wzb and HP2. Deletion within TR2A also corresponded to 

the location of repetitive elements.  Thus, differences in repetitive element location 

correlated with differences in phase variation rates and translucent genotype formation.   

Repetitive elements provide highly homologous regions surrounding deleted DNA, 

and transition to the translucent phenotype occurred during late stationary phase, which 

implicated homologous recombination as a potential mechanism of deletion formation.  

Therefore, the role of recA in deletion mutation was examined using mutational analysis.  

Levels of phase variation were reduced in recA mutants, and translucent isolates 

generated from these mutants had lost the inactivate gene construct, suggesting recA may 

be required for phase variation and deletion mutation.  
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CHAPTER 1 
INTRODUCTION 

Vibrio vulnificus is a halophilic bacterium commonly found in estuarine waters 

worldwide and isolated from a variety of aquatic organisms including finfish, eels, 

oysters, clams, and shrimp (Tison et al. 1982, Tamplin et al. 1982, DePaola et al. 1994, 

Motes et al. 1998, Bisharat et al. 1999, do Nascimento et al. 2001, Brenton et al. 2001).  

This bacterium is the leading cause of seafood-related illness in the U.S. and is 

responsible for 95% of all seafood related deaths (Feldhusen 2000).  Localized 

V. vulnificus infections may be manifested in wounds that are exposed to water harboring 

the bacteria, while systemic infections may be contracted through the consumption of raw 

shellfish, particularly oysters (Blake et al. 1979).  Wound infections by V. vulnificus are 

characterized by painful swelling and redness, fluid accumulation around the infected 

area, and eventual necrosis of surrounding tissue (Bowdre et al. 1983, Klontz et al. 1988).  

The mortality rate is lower for wound infections (~25%) than for systemic disease, which 

is highly fatal (mortality >50%), and can lead to death within 24 h of shellfish 

consumption (CDC April 1993).  Symptoms of systemic infection by V. vulnificus 

include fever, chills, nausea, and hypotension (Hlady and Klontz 1996).  Another unique 

characteristic of systemic disease is the formation of bullous lesions, usually occurring in 

the extremities of patients.  Although deadly, V. vulnificus disease typically occurs only 

in individuals with underlying disorders such as diabetes, cancer, compromised immune 

systems, liver disease, or hemochromatosis (iron overload disease).    
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Several potential virulence factors have been described for V. vulnificus, however 

only surface expression of capsular polysaccharide (CPS) has been shown to be a 

virulence determinant (for reviews see Strom and Paranjpye 2001, Gulig et al. 2005).  

The presence of CPS contributes to virulence by allowing the organism to evade 

opsonization by complement and phagocytosis by macrophages within the host immune 

system (Tamplin et al. 1985, Tamplin et al. 1983).  V. vulnificus possess a group 1 CPS 

operon that is required for surface expression of capsule (Chatzidaki 2004, Wright et al. 

2001).  Expression of CPS is not only required for virulence but also determines colony 

morphology.  Encapsulated strains produce opaque (Op) colonies when plated onto 

standard microbiological media, while cells with reduced CPS are translucent (Tr).  

Electron microscopy of cells from Op colonies showed that these cells have a thick, 

continuous layer of capsule surrounding the cell surface.  Electron microscopy of cells 

from Tr colonies showed that some of these cells have thin, patchy areas of capsule 

around the cell surface and others are completely acapsular (Yoshida et al. 1985, Wright 

et al. 1990).   

Spontaneous reversions between CPS phenotypes have been reported in 

V. vulnificus and occur at a level of 10-3 to 10-4 for Op and Tr or Tr and Op transitions 

(Yoshida et al. 1985, Wright et al. 1990).  These reversible phenotypes resemble phase 

variation, which is defined as a reversible, heritable alteration in surface structure 

expression.  Phase variation is regulated by a variety of environmental factors in several 

bacterial species, and these factors include media iron levels, carbon source, amino acid 

concentration, temperature, and pH (Ali et al. 2003, Serkin and Seifert 2000, Gally et al. 

1993, Crost et al. 2004, McCarter 1998, Bal et al. 1992).  Although, phase variation 
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occurs in a number of bacteria, few mechanisms have been described.  Known 

mechanisms of phase variation include:  DNA inversion, slip strand mispairing, DNA 

recombination, and differential DNA methylation (McClain 1991, Ou J et al. 1988, 

Levinson and Gutman 1987, van Belkum et al. 1998, Hammerschmidt et al. 1996, 

Ringquist and Smith 1992).  A common feature seen in mechanisms of phase variation is 

the involvement of intragenic or intergenic repetitive segments of DNA (van Belkumet 

al. 1998, van der Woude and Baulmer 2004).   

Recently, Chatzidaki (2004) investigated the genetic basis for phase variation in 

V. vulnificus and compared the CPS operons of Op and Tr phase variants of the same 

strain.  Multiple genotypes were identified in Tr isolates and designated as TR1, TR2, 

and TR3.   The Tr strain MO6-24/TR1 showed an intact CPS operon and expressed 

reduced amounts of CPS.  Another strain (LC4/TR2) showed precise deletion of the wzb 

gene, while strain 345/TR3 appeared to be missing multiple genes in the CPS operon. 

Electron microscopy revealed that the TR1 strain expressed small amounts of capsule on 

the cell surface, but both deletion mutants were acapsular. Furthermore, repetitive 

elements in the CPS operon appeared to be related to the site-specific deletion of wzb in 

the TR2 strain, as these elements flanked this gene in the Op parent strain (Chatzidaki 

2004). Complementation in trans of the TR2 deletion mutants with wzb on a plasmid 

construct restored the Op phenotype, and electron microscopy showed that the strain 

recovered surface expression of CPS that was equivalent to the Op strain.  The ability of 

the wzb gene to restore CPS expression in TR2 deletion mutants indicated that the 

deletion mutation was specific in this strain for wzb in V. vulnificus and was responsible 

for the acapsular Tr phenotype (Chatzidaki 2004).  
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In order to conduct a more detailed examination into the genetic basis of 

V. vulnificus phase variation, the present study investigated genetic alterations and 

diversity of the CPS locus among a much larger number of phase variants derived from a 

variety of strains. To obtain these large numbers, growth conditions were identified that 

promoted rates of phase variation that were significantly higher (>1%) compared to 

previously reported levels.  These conditions were used to examine strain variability in 

the phase variation response. The presence, placement, and size of repetitive elements 

differ within the CPS operons of Op strains of V. vulnificus (Chatzidaki 2004).  

Therefore, phase variants were also examined to determine if differences in repetitive 

elements corresponded to differences in genotype and deletion mutation among Tr phase 

variants.  These repetitive elements within the CPS operon provide extended regions of 

homology surrounding wzb, suggesting RecA-mediated homologous recombination may 

facilitate deletion of this gene.  Mutational analysis was conducted for the purpose of 

investigating the role of recA in the formation of Tr deletion mutants. 

Specific Aim 1:  Establish Growth Conditions that Increase V. vulnificus Phase 
Variation Frequency 

A previous description of Tr genotypes associated with V. vulnificus CPS phase 

variation was based on a limited number of Tr isolates (n=3) that were each derived from 

different strains of this species (Chatzidaki 2004). In order to determine if these 

genotypes were distributed throughout species and whether or not they represent a 

significant contribution to the genetic background of this organism, more extensive 

analysis of phase variable populations derived from the same strain was required. 

Therefore, culture conditions were established that would induce high-frequency 

formation of altered colony types. Induction of high-frequency phase variation was 
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previously described for V. cholerae and was related to a specific medium (proteose 

peptone #3) and temperature (37ºC) that induced high rates of transition from smooth 

acapsular colonies to the rugose, encapsulated morphotype (Ali et al. 2002).   

Environmental factors such as medium composition, temperature, and pH also 

influenced phase variation in Escherichia coli, Neisseria gonorrhoeae and some 

Salmonella serovars, suggesting environmental parameters regulate rates of phase 

variation (Gally et al. 1993, Serkin and Seifert 2000, Blomfield 2001, Ali et al. 2002, 

Crost et al. 2004).  In order to optimize recovery of V. vulnificus isolates with altered 

colony types to be used for subsequent genetic analysis, a variety of growth media and 

environmental parameters were examined. 

Specific Aim 2:  Examine the Relationship of Genetic Diversity in the V. vulnificus 
CPS Operon to the Genetics of Phase Variation 

Chatzidaki (2004) identified differences within the conserved transport region of 

the CPS operon among Op strains of V. vulnificus. DNA sequence of this region showed 

that most Op strains (n=3) had repetitive elements flanking the conserved transport gene 

wzb.  However, repetitive elements were not apparent in one strain (YJ016) based on 

analysis of genomic sequence. These elements were unique to V. vulnificus and not found 

in other bacteria with group 1 CPS operons. It was also noted that some Tr isolates of 

V. vulnificus demonstrated site-specific deletion of the wzb gene.  Repetitive elements 

frequently play a role in mechanisms of phase variation, and it was hypothesized that 

there was an association between repetitive elements and deletion mutation.  In order to 

test this hypothesis, strains with and without repetitive elements were inoculated into 

phase induction assays, and the levels of phase variation were measured.  In addition, Tr 

isolates generated during phase induction assays were evaluated for genotype in order to 
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determine if the presence of repetitive elements correlated with differences in genetic 

mutations associated with phase variation. 

Specific Aim 3:  Study the Role of recA in Deletion Events Associated with the 
V. vulnificus CPS operon  

RecA-dependent homologous recombination leading to phase variation is described 

in Neisseria gonorrhoeae, Psuedomonas tollaasii, and Haemophilus influenzae (Hoiseth 

et al. 1986, Seifert 1996, Sinha et al. 2000).  In V. vulnificus repetitive elements flank the 

wzb gene within the CPS operon.  These repeats provide extended regions of homology 

surrounding wzb and also appear to be associated with site-specific deletion of this gene 

(Chatzidaki 2004).  Repetitive elements are prone to DNA breakage which initiates RecA 

activity leading to homologous recombination.  The production of deletion mutants 

increased during prolonged incubation of V. vulnificus when RecA activity is elevated, 

which also implicates homologous recombination as a potential mechanism of deletion 

mutation.  Therefore, the role of recA in deletion mutation within the CPS operon of 

V. vulnificus was investigated using mutational analysis.  Mutants deficient in RecA were 

generated in V. vulnificus MO6-24/Op using insertional inactivation by an antibiotic 

cassette.  Mutants were then exposed to phase induction assays, and the genotype of 

resulting Tr colonies was evaluated as described above.  
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CHAPTER 2 
LITERATURE REVIEW 

Vibrio vulnificus 

Vibrio vulnificus is a gram-negative, curved rod in the family Vibrionaceae and 

was first described by Hollis et al. (1976).  Other notable Vibrio spp. include 

V. anguillarium, V. harveyi, V. fisheri, V. parahaemolyticus, and most importantly 

V. cholerae, the causative agent of cholera.  This severe diarrheal disease has been 

responsible for several pandemics that persist through the present time.  Vibrio vulnificus 

was first distinguished from other Vibrio spp. by its ability to ferment lactose.   As a 

mesophilic, obligate halophile, it is typically isolated from waters where salinities range 

from 15 to 25 ppt and temperatures range from 9 to 31°C (Motes et al. 1998).  Vibrio 

vulnificus is ubiquitous in coastal waters and sediments throughout the United States and 

the world (Kaysner et al. 1987, Myatt and Davis 1989, Maxwell et al. 1991, O’Neill et al. 

1992, Veenstra et al. 1994, Wright et al. 1996, Hoi et al. 1998, Bisharat et al. 1999).  It 

has also been isolated from shrimp, finfish, eels, and molluscan shellfish, including 

oysters and clams (Tison et al. 1982, Tamplin et al. 1982, DePaola et al. 1994, Motes et 

al. 1998, Bisharat et al. 1999, do Nascimento et al. 2001, Brenton et al. 2001).   

Vibrio vulnificus is a pathogen of both humans and fish, and characterization of 

strains from these hosts led to its classification into biotypes.  Before 1999 only two 

biotypes were reported.  Biotype 1 was primarily derived from human infections, while 

biotype 2 was isolated from eels.  Further study into host specificity revealed that both 

biotypes were able to cause disease in humans and mice; however, only biotype 2 was 
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pathogenic to eels (Tison et al. 1982, Amaro and Biosca 1996).  Traditionally, 

biochemical assays have been used to distinguish among biotypes.  Biotype 1 was 

positive for indole production, ornithine decarboxylase activity, growth at 42°C, and acid 

production when grown in the presence of mannitol or sorbitol (Tison et al. 1982, Biosca 

et al. 1996).  Conversely, biotype 2 was negative for all these traits.  Recent studies 

comparing V. vulnificus biotypes showed that traditional biochemical tests were not 

adequate for differentiation.  Analysis of biotype 2 isolates uncovered several 

discrepancies in the classic biochemical differences.  For example, some biotype 2 strains 

were positive for indole and ornithine decarboxylase production (Biosca et al. 1997).  

Consistent distinctions that remain include the obligate pathogenicity of biotype 2 to eels 

and lack of growth at 42°C.  These biotypes are also distinguished serologically by 

antibody to LPS using agglutination tests. Biotype 1 is serologically heterogeneous, while 

biotype 2 is homogeneous for serovar E (Tison et al. 1982, Biosca et al. 1996). Given the 

level of specificity and cost effectiveness, serology has been proposed as a means of 

classifying V. vulnificus biotype 2 as serovar E (Biosca et al. 1997).   

A third biotype was identified in 1999.  Biotype 3 is indole positive like biotype 1, 

but has several characteristics that are atypical for most V. vulnificus.  Biochemical 

differences include a lack of fermentation of salicin, cellobiose, citrate, and lactose.  

These results, along with molecular typing, led to the new biotype designation (Bisharat 

et al. 1999). Biotype 3 also displayed differences in pathogenicity compared to the other 

biotypes with no reports of fatal human infections thus far, nor is it known to be 

pathogenic to eels or mice (Bisharat et al. 1999).  Human disease caused by V. vulnificus 

usually occurs only as isolated cases distributed over several months.  However, 



9 

 

biotype 3 strains produced an outbreak in Israel whereby a cluster of 33 cases of 

V. vulnificus infection were reported in the summer of 1996, with 62 total cases occurring 

between May 1996 and December 1997 (Bisharat and Raz 1996, Bisharat et al. 1999).  

All cases were associated with skin exposure to live fish harvested from aquaculture 

ponds.  Analysis of clinical isolates gathered from patients during the outbreak revealed 

all of the infections were caused by a single, clonal strain of biotype 3 (Bisharat et al. 

1999).  Interestingly, environmental samples obtained from fish and pond water yielded 

only biotype 1 isolates, and these strains have not been linked to disease in that region 

(Bisharat et al. 1999, Bisharat et al. 2005).   

Multi-locus sequence typing (MLST) evaluation using STRUCTURE analysis of 

V. vulnificus isolates from various sources worldwide divided most strains into two 

distinct populations (Bisharat et al. 2005).  Interestingly, the biotype 3 strain did not fall 

into either of these populations, but instead fell between them, indicating that biotype 3 

may be a hybrid genome of the two populations (Bisharat et al. 2005).  STRUCTURE 

analysis also was used to evaluate the ancestral sources of V. vulnificus.  This analysis 

showed that biotype 3 was equally related to both V. vulnificus populations, and the 

clonal nature of the pathogen suggested that hybridization of population genomes may 

have occurred relatively recently (Bisharat et al. 2005). 

Epidemiology of V. vulnificus 

Vibrio vulnificus is the leading cause of seafood-related illness in the U.S., 

producing at least 95% of all seafood-related deaths (Feldhusen 2000).  Localized 

infection may be manifested in wounds that are exposed to water harboring the bacteria, 

while systemic infection may be contracted through the consumption of raw shellfish, 

particularly oysters (Blake et al. 1979).  The mortality rate is lower for wound infections 
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(~25%) than for systemic disease (>50%).  Wound infections by V. vulnificus are 

characterized by painful swelling and redness, fluid accumulation around the infected 

area, and eventual necrosis of surrounding tissue (Bowdre et al. 1983, Klontz et al. 1988).  

Symptoms of systemic infection by V. vulnificus include fever, chills, nausea, and 

hypotension, and death can occur within 24 hours of shellfish consumption (CDC 1993, 

Hlady and Klontz 1996).  Another unique characteristic of systemic disease is the 

formation of bullous lesions, usually occurring in the extremities of patients.  Although 

deadly, V. vulnificus disease typically occurs only in individuals with underlying 

disorders such as diabetes, cancer, compromised immune systems, liver disease, or 

hemochromatosis (iron overload disease).  Individuals with compromised immune 

systems or chronic liver disease can be up to 80 times more likely than healthy 

individuals to develop primary septicemia (CDC 1993).  

Disease incidence of V. vulnificus peaks yearly between April and September and 

correlates with increased temperature of coastal waters. Generally, warmer water 

temperatures (>20°C) coincide with higher bacterial numbers in environmental samples.  

Seawater can contain between 101 and 104 CFU/mL of V.  vulnificus (Oliver et al. 1982, 

Wright et al. 1996, Randa et al. 2004).  Conversely, during winter months (particularly 

December through March) when water temperatures are lower, V .vulnificus often drops 

to undetectable levels (Tamplin et al. 1982, Kelly 1982, Hlady and Klontz 1996, Wright 

et al 1996).  The number of V. vulnificus isolated from oysters shows similar fluctuations 

in response to water temperature.  In warmer water temperatures, the concentration of 

V. vulnificus in oyster tissue can sometimes reach 105 CFU/g, but in cold water 
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temperatures, concentrations range from undetectable to 103 CFU/g (Wright et al. 1996, 

Motes et al. 1998).   

Loss of culturability during winter months may be due to the induction of a viable 

but nonculturable state (VBNC).  VBNC is thought to be a dormant state that occurs in 

gram-negative bacteria whereby the bacteria are not culturable on standard 

microbiological media even after prolonged incubation (Nilsson et al. 1991, Stelma et al. 

1992).  In V. vulnificus, the VBNC state is characterized by changes in membrane 

composition, shifts in morphology, and altered RNA and DNA content (Linder and 

Oliver 1989, Oliver et al. 1991, Weichart et al. 1997). It is induced by cold temperatures 

(5°C) within 7 days, and resuscitation out of the VBNC state can be brought about by 

incubation at higher temperatures (Oliver et al. 1991, Nilsson et al. 1991).  Exposure of 

V. vulnificus cells to a natural aquatic habitat demonstrated that induction into and 

resuscitation out of VBNC can occur in the environment (Oliver et al. 1995).  

 Vibrio vulnificus remains pathogenic even when in the VBNC state as evidenced 

by death of iron-loaded mice injected intraperitoneally with VBNC Vibrio vulnificus.  

Culturable V. vulnificus cells were also isolated from the peritoneal cavity of these fatally 

infected mice, demonstrating that resuscitation of VBNC cells within the host can result 

in lethal infections (Oliver and Bockian 1995).  However, the 50% lethal dose (LD50) in 

iron-loaded mice was 7.4 x 105 for VBNC cells compared to 7.5 x 101 for vegetative 

cells, indicating that although they remained pathogenic virulence of VBNC was 

diminished.  The ability to retain some degree of virulence suggests VBNC cells within 

oysters have the potential to cause human disease and has important implications for the 

seafood industry.  Post-harvest treatment of oysters typically involves freezing or 
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cooling, which could potentially induce the VBNC state and prevent detection by 

standard microbiological methods currently used by the oyster industry to identify 

V. vulnificus. 

Pathogenesis of V. vulnificus 

Numerous factors have been implicated in the virulence of V. vulnificus and include 

the production of siderophores, a metalloprotease, and an extracellular cytotoxic 

hemolysin. The expression of pili, flagella, lipopolysaccharide (LPS), and capsular 

polysaccharide (CPS) on the cell surface are also thought to contribute to virulence.  

Quorum sensing affects regulation of some of these genes and hence, may also be related 

to virulence.   

Vibrio vulnificus infection in humans is commonly associated with diseases such as 

cirrhosis and hemochromatosis that lead to increased iron levels in the blood, and the 

infectious dose of V. vulnificus in mice directly correlates to serum iron levels (Wright et 

al. 1981).  Injection of clinical V. vulnificus strains into non-iron treated mice resulted in 

LD50 values ranging from 4.4 x 104 to 3.0 x 108 (Wright et al. 1981, Stelma et al. 1992, 

Kim and Rhee 2003, Lee et al. 2004).  However, injecting mice with iron before 

challenge with V. vulnificus lowered the LD50 values to as few as 1 cell and shifted the 

mortality rate in mice to 100% (Wright et al. 1981, Stelma et al. 1992).  Iron is required 

for bacterial growth.  However, in human serum most iron is bound to transferrin 

(Weingberg 1978).  Bacteria overcome this challenge by producing siderophores, which 

are iron chelators that can scavenge iron from saturated transferrin or other iron-binding 

compounds and transport the metal to the bacterial cell (Weinberg 1978). Vibrio 

vulnificus produces two types of siderophores:  catechol and hydroxamate (Simpson and 

Oliver 1983).  Catechol (VenB) siderophores can use iron from highly saturated 
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transferrin, and virulence of V. vulnificus was associated with the ability of the bacterium 

to utilize iron (Morris et al. 1987). A venB deficient mutant generated by transposon 

mutagenesis was less virulent (LD50 of 2.6 x 106) in non iron-loaded mice compared to 

the parent strain (LD50 of 7.4 x 104), displaying the role of siderophores in virulence 

(Litwin et al. 1996).  Additionally, examination of V. vulnificus isolates revealed that 

avirulent strains displayed little or no siderophore production compared to virulent strain 

(Stelma et al. 1992).  However, this observation conflicted with a previous report that 

siderophore production in an avirulent isolate was only slightly diminished (Simpson and 

Oliver 1983).  Together these results suggest that although siderophores are required for 

virulence, they are not the sole determinant of virulence.   

Another potential virulence factor of V. vulnificus is the production of an 

extracellular cytolysin that increases vascular permeability and tissue necrosis and is 

hemolytic for mammalian erythrocytes (Kreger and Lockwood 1981, Morris et al. 1987). 

The gene encoding the cytolysin is vvhA, and the deduced amino acid sequence is similar 

to the sequence of hemolysins produced by V. cholerae El Tor and other Vibrio spp. 

(Yamamoto et al. 1990, Wright and Morris 1991).  Injection of V. vulnificus cytotoxin 

into mice resulted in fluid accumulation around the lungs, intestinal irregularities, partial 

paralysis, and was ultimately lethal (Kreger and Lockwood 1981).  However, inactivation 

of the cytolysin structural gene did not affect virulence (Wright and Morris 1991).  

Intraparetoneal injection of iron-loaded mice showed no difference in LD50 between the 

parent and mutant strain, and mice injected with a vvhA transposon mutant displayed 

tissue damage and necrosis similar to the wild type, which indicated that the presence of 
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the cytolysin is not solely responsible for the tissue damage caused by V. vulnificus 

(Wright and Morris 1991).   

A related virulence factor is the production of an extracellular protease (VvpE), 

which degrades the hemolysin in vitro as indicated by enhanced cytolysin activity in 

metalloprotease (vvpE) mutants (Shao and Hor 2000).  This metalloprotease also 

increases vascular permeability, and experimental injections led to cutaneous lesions and 

edema that are characteristic of systemic disease (Miyoshi and Shinoda 1988). However, 

both virulent and avirulent strains of V. vulnificus produce cytolysin and protease (Kreger 

and Lockwood 1981, Morris et al. 1987).  Furthermore, although enhanced cytolysin 

activity was observed in metalloprotease mutants, lethality was unchanged.  These results 

indicated that the roles of both protease and cytolysin in V. vulnificus virulence are 

limited (Shao and Hor 2000).   

Along with secreted proteins, surface structures also contribute to the virulence of 

V. vulnificus.  Electron microscopy was used to identify pili on the surface of 

V. vulnificus cells, and researchers noted a correlation between the presence of pili and 

strain origin (Gander and LaRocco 1989).  Clinical isolates were more likely than 

environmental isolates to have pili, suggesting their presence is a potential virulence 

factor.  Initial experiments investigating the role of pili in V. vulnificus pathogenesis used 

a pili-deficient mutant containing a disrupted pilD gene, which encodes for a type IV 

peptidase/N-methyltransferase (Paranjpye et al. 1998).  The pilD mutant displayed 

significantly less adherence to HEp-2 cells, had reduced secretion of cytolysin, protease 

and chitinase, and showed reduced cytotoxicity compared to the wild type parent 

(Paranjpye et al. 1998).  Intraperitoneal injection of the pilD mutants into iron-loaded 
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mice resulted in a 102 CFU increase in LD50 compared to the wild type strain; however, 

complementation did not fully restore lethality to wild type levels (Paranjpye et al. 1998).  

Researchers noted the pilD mutation yielded pleiotropic deffects in pili expression and 

suggested that either multiple secreted products are involved in V. vulnificus virulence or 

close contact mediated by pili is required for cytotoxicity (Paranjpye et al. 1998).   

A nonpolar mutation was also generated in another gene (pilA) found within the 

pilABCD gene cluster.  This gene encodes a pili structural subunit, but electron 

microscopy revealed that pili surface expression of by the mutant was not different from 

the wild type (Paranjpye and Strom 2005).  Mutation of pilA did, however, lead to 

significantly less adherence to HEp-2 cells compared to the wild type, demonstrating that 

V. vulnificus pili has a role in attachment to human epithelial cells (Paranjpye and Strom 

2005).  Intraperitoneal injection of the pilA mutant into iron-treated mice led to a 10-fold 

increase in LD50 compared to the wild type strain, indicating the mutant was somewhat 

less virulent than the parent strain and that pili play a role in V. vulnificus pathogenesis.   

Transposon mutagenesis and gene specific deletions were used to identify the 

presence of flagellum as an additional virulence factor of V. vulnificus (Kim and Rhee 

2003).  Transposon insertion into the flagellar gene flgC (which encodes a flagellar basal 

body) produced a strain that showed significant decreases in motility, adhesion to 

epithelial cells, and cytotoxicity in HeLa cells compared to the unaltered parent (Kim and 

Rhee 2003).  Intragastric infection of non iron-treated mice with the transposon mutant 

resulted in a 1000-fold increase in LD50 compared to the wild type, indicating that 

expression of flagella is required for virulence (Kim and Rhee 2003,).  However, the flgC 

mutation was polar and likely effected expression of downstream genes, suggesting that 
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factors other than flgC may be responsible for the observed differences in cytotoxicity 

and lethality (Kim and Rhee 2003).  Site-specific deletion of the gene encoding the 

monomeric subunit of the flagellar hook (flgE) also led to decreases in motility, adhesion, 

and cytotoxicity, and intraperitoneal injection into iron-loaded mice resulted in a 1000-

fold increase in LD50 compared to the parent (Lee et al. 2004).  However, 

complementation with an intact flgE gene did not restore LD50 to wild type levels.  Lee et 

al. (2004) hypothesized that the observed decreases in motility, adhesion, and 

cytotoxicity may play a concerted role in reduced virulence.  Loss of motility may lead to 

decreased adhesion, which could inhibit delivery of cytotoxins (Kim and Rhee 2003).  

Kim and Rhee (2003) also suggested that flagella function as a type III secretion system, 

and loss of flagella may lead to loss of toxin secretion (Kim and Rhee 2003).   

LPS endotoxin is commonly associated with systemic shock in bacterial disease, 

and LPS produced by V. vulnificus biotype 1 has been shown to be pyrogenic, making it a 

potential virulence determinant.  However, V. vulnificus LPS-related lethality in animals 

was lower than that seen from LPS derived from other gram-negative species 

(McPherson et al. 1991).  Vibrio vulnificus LPS did elicit a small cytokine response in 

mice and caused release of TNF-alpha; however, greater immunogenic responses are 

produced by capsular polysaccharide (Powell et al. 1997).  Together these results indicate 

that while LPS plays a role in stimulation of host responses, it is not sufficiently immune 

reactive to account for the disease characteristics observed during infection.  

Bacteria are able to communicate and coordinate behavior through the use of 

signaling molecules in a process termed quorum sensing (Waters and Bassler 2005).  

Increases in cell density lead to the accumulation of signaling molecules called 
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autoinducers (AI), which provide gene regulation once they reach a critical threshold 

concentration.  The use of quorum sensing systems has been widely described in 

environmental survival and has also been shown to regulate virulence factors.  In gram-

negative bacteria two quorum sensing systems have been identified and each system 

involves a different signaling molecule.  The first system described in gram-negative 

species was the LuxI/LuxR system.  LuxI is the autoinducer synthase and produces the 

acyl-homoserine lactone (AHL) autoinducer (Eberhard et al. 1981, Engebrecht and 

Silverman 1984).  LuxR serves as the cytoplasmic receptor of the autoinducer and also 

functions as a DNA binding transcriptional activator (Engebrecht et al. 1983).  AHLs 

diffuse out of the cell, and the concentration of AHL in the surrounding environment 

increases with increasing cell density (Kaplan and Greenberg 1985).  When the signaling 

molecule reaches a threshold concentration and binds cytoplasmic LuxR, transcriptional 

activation of a target gene or operon is achieved (Stevens et al. 1994).  The second type 

of quorum sensing system uses a furanosyl borate diester autoinducer called AI2 (Bassler 

et al. 1994, Chen et al. 2002).  The luxS gene is involved in production of AI2.  This 

system functions in a similar manner to the AHL system, whereby the AI2 signal 

accumulates and stimulates a different transcriptional activator (also called LuxR) 

resulting in target gene expression (Swartzman et al. 1992).  Vibrio vulnificus possesses a 

LuxS/LuxR system, and the luxR gene (denoted smcR in V. vulnificus) encodes a 

regulator that senses the autoinducer (Kim et al. 2003, McDougald et al. 2001).   

To determine the involvement of the AI2 quorum sensing in virulence factor 

regulation in V. vulnificus, mutations in both luxS and smcR were generated.  The luxS 

mutant did not display significant decreases in motility or flagella production but did 
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show decreased protease production due to reduced transcription of the protease gene 

(vvpE).  Interestingly, this mutation displayed increased cytolysin production which 

correlated with an increase in transcription of the vvhA gene (Kim et al. 2003).  Similarly, 

the smcR mutant showed decreased protease production with reduced transcription of 

vvpE and also demonstrated increased cytolysin production compared to the wild type 

parent (Shao and Hor 2001).  Together, these results suggested that the AI2 system is 

required for vvpE expression and that quorum sensing systems potentially play a 

coordinated role in regulation, acting as a positive regulator of metalloprotease and as a 

negative regulator of cytolysin (Shao and Hor 2001, Kim et al. 2003).   

Mutants of luxS and smcR were also examined for their effect on V. vulnificus 

virulence in mouse models.  Intraperitoneal injection of smcR mutants into iron-loaded 

mice did not result in significant differences in virulence compared to the wild type (Shao 

and Hor 2001).  However, luxS mutants demonstrated a 1000-fold increase in LD50 when 

injected into iron-overloaded mice compared to the wild type (Kim et al. 2003).  Overall, 

these results indicated that luxS may regulate factors other than protease and cytolysin 

and control virulence through a non-smcR pathway (Kim et al. 2003).     

A virulence property known to be required for pathogenicity of V. vulnificus is the 

presence of capsular polysaccharide (CPS).  Capsule types vary among V. vulnificus 

strains, and no one particular type is associated with virulence; however, a common basic 

structure includes four sugar residues containing at least one uronic acid (Reddy et al. 

1992, Hayat et al. 1993).  Virulence of V. vulnificus can be attributed in part to the role of 

CPS in evasion of the host immune system as it provides resistance to opsonization by 

complement and avoidance of phagocytosis by macrophages (Tamplin et al. 1985, 



19 

 

Tamplin et al. 1983).  Investigation of V. vulnificus capsule revealed that it may serve to 

physically mask immunogenic structures that normally would activate these nonspecific 

host responses (Roberts 1996).   Yoshida et al. (1985) demonstrated that surface 

expression of CPS on V. vulnificus cells conferred resistance to the bactericidal effects of 

serum, while cells with reduced capsule did not display this resistance.  Encapsulated 

cells were also cleared from the bloodstream more slowly and were more invasive in 

guinea pig subcutaneous tissue than unencapsulated cells.  CPS also contributed to the 

overall lethality of the bacterium whereby studies examining the affect of CPS on 

lethality in iron-loaded mice showed that intraperitoneal injection of strains without 

capsule exhibited much higher LD50 (3 x 105) compared to LD50 (<102) of encapsulated 

strains (Wright et al. 1990). 

Capsular Polysaccharide Operon of V. vulnificus 

The presence of CPS not only affects virulence, but also accounts for differences in 

colony morphology.  Encapsulated strains produce opaque (Op) colonies, while cells with 

reduced CPS are translucent (Tr).  Electron microscopy revealed encapsulated cells have 

a thick, continuous layer of capsule surrounding the surface (Yoshida et al. 1985, Wright 

et al. 1990, Wright et al. 1999).  Conversely, Tr colonies have cells that posses thin, 

patchy areas of capsule and sometimes no capsule at all (Amako et al. 1984, Yoshida et 

al. 1985, Wright et al. 1990).  The amount of CPS present on the surface of Op cells is 

influenced by environmental factors.  The greatest amount of CPS was expressed by 

V. vulnificus cells grown at 30°C compared to 37°C during logarithmic growth (Wright et 

al. 1999).  Investigation into the role of CPS in the formation of VBNC showed that there 

were no differences between Op and Tr phenotypes in the rate at which these cells 
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entered or resuscitated out of the VBNC state, suggesting VBNC does not favor one 

capsular phenotype over another (Oliver et al. 1995).  

The genes responsible for V. vulnificus CPS transport and expression were 

identified through transposon mutagenesis that generated Tr colonies from Op wild type 

strains (Wright et al. 2001, Chatzidaki 2004).  The organization and sequence of 

V. vulnificus CPS genes demonstrated homology with group 1 CPS operons previously 

described in E. coli (Whitfield and Roberts 1999).  E. coli group 1 capsules are defined 

by the presence of the wza-wzb-wzc genes in the CPS operon, and a similar gene cluster 

was found in V. vulnificus (Figure 2-1; Whitfield and Roberts 1999, Rahn et al. 1999, 

Chatzidaki 2004).  

Wza is an outer membrane lipoprotein involved in surface assembly of group 1 

capsules and transport of polysaccharide to the outer surface (Drummelsmith and 

Whitfield 1999, Paulsen et al. 1997).  Wza monomers come together in a multimeric 

complex to form a ring-like channel reminiscent of secretins used in type II and type III 

secretion systems (Drummelsmith and Whitfield 2000, Whitfield and Paiment 2003).  

Formation of this channel allows transport of capsule polymer to the outer membrane.  

Studies have also demonstrated that wza mutants were unable to accumulate polymerized 

capsule within the cell, indicating the involvement of a feedback mechanism in capsule 

regulation (Drummelsmith and Whitfield 1999, Whitfield and Paiment 2003). 

The remaining two genes that define the group 1 CPS operon, wzb and wzc, encode 

proteins that have cooperative functions.  Wzc is a tyrosine kinase and Wzb is its cognate 

phosphotase (Drummelsmith and Whitfield 1999, Wugeditsch et al. 2000, Reid and 

Whitfield 2005).  In E. coli K30, Wzc is involved in the surface assembly of the capsular  
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             C O N SER V ED  TR A N SPO R T R EG IO N                                              B IO SY N TH ET IC  R EG IO N  

A) V. vuln ificus M O 6-24/O  group 1 C PS  operon: 

B) V. fischeri group 1 C PS  operon:  

C ) E. coli K 30 group 1 C PS  operon:  

  O R F1   w za        H P1        w zb            w zc            w ecC  w bpP w zx H P3 H P4 rfaG  w bjB   rm lD  w bjD  w buB   w bfT w bfU w bfY---  ---- w bfV  
                                      R 1        R 1                 R3                         

O R F1    w za       H P2   w zb       w zc       -------------------------------------PO L Y M O R PH IC  G E N E S------------------------------ 
 

 w zi         w za       w zb        w zc       w baP  w zy   orfY   w caN   w caO   orfZ   w baZ  w zx  gnd  IS1 ugd  m anC  m anB   IS1  
   
Figure 2-1. Genetic organization of group 1 CPS operons.  Adapted from Chatzidaki-

Livanis et al. 2006. 

layer.  It is located in the plasma membrane where it forms an oligomer that possesses 

two transmembrane domains (Paulsen et al. 1997, Drummelsmith and Whitfield 1999, 

Wugeditsch et al. 2001, Paiment et al. 2002, Whitfiled and Paiment 2003).   The protein’s 

multiple tyrosine sites undergo cycles of phosphorylation and dephosphorylation, and this 

process is required for capsule assembly (Wugeditsch et al. 2001, Whitfield and Paiment 

2003).  Wzb is a cytoplasmic acid phosphotase that functions to catalyze the removal of 

phosphates from Wzc (Whitfield and Roberts 1999, Vincent et al. 2000, Wugeditsch et 

al. 2001).  Wzc also undergoes autophosphorylation using ATP as a substrate, and the use 

of ATP may indicate an additional role of Wzc in capsule assembly where it potentially 

serves to “gate” the channel formed by Wza (Vincent et al. 2000, Whitfield and Paiment 

2003).     

The wza-wzb-wzc genes are needed for capsule expression in E. coli, and 

homologous gene organization and deduced amino acid identity were found in 

V. vulnificus (61%, 55% and 47% for Wza, Wzb and Wzc, respectively; Wright et al. 

2001, Chatzidaki 2004).  Although the conservation of these transport genes designated 

this CPS operon as a group 1, the V. vulnificus operon also displayed unique sequences 
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compared to E. coli (Chatzidaki 2004).  Differences included the presence of a gene 

sequence located between wza and wzb that encodes a hypothetical protein (HP), as well 

as the presence of extragenic repetitive elements dispersed among the transport gene 

region (Figure 2-1).  This HP region was found in one other Vibrio spp. (V. fischeri); 

however, a repetitive element (R1), consisting of multiple copies of the same 8-bp 

subunit (ACAGGACC) that immediately flanked wzb, was not seen in V. fischeri.  

Another repetitive element was also identified downstream of the conserved transport 

genes in the CPS operon. This element resembled R1 with linear, tandemly, repeated 

subunits, but the subunit length (7-bp) and sequence (CTAGAAC) were different.  

Interestingly, identical repetitive elements were described upstream of LPS and CPS 

operons in V. cholerae but were not found in group 1 CPS operons of other species 

(Yamasaki et al. 1999).   

Additional genes in the group 1 CPS operon encode biosynthetic function and are 

polymorphic for deduced amino acid sequences among V. vulnificus MO6-24/Op and 

sequences available from the two available V. vulnificus genomes in GenBank.  Other 

loci related to capsular expression have been identified and may be outside of the group 1 

operon in V. vulnificus.  An epimerase gene, which is essential for surface expression of 

CPS, was found in V. vulnificus strain 1003 and shows high homology to an epimerase 

responsible for capsule production in V. cholerae O139 (Comstock et al. 1996, Zuppardo 

and Siebeling 1998).  The V. vulnificus epimerase was located near wecA (a 

glycosyltransferase), which transfers capsule building blocks to a lipid carrier.    Several 

glycosyltransferase enzymes and biosynthetic genes (rml) have been identified in 

V. vulnificus and are essential for surface expression of capsule (Smith and Siebeling 
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2003).  Further analysis revealed the presence of three insertion sequence (IS) elements 

located in close proximity to genes required for capsule expression (Smith and Siebeling 

1998).  Noteworthy among these is IS492, which is known to be involved in capsular 

phase variation of Psuedomonas altantica (Bartlett and Silverman 1989).  In this 

bacterium, the insertion of the IS element into the eps locus disrupts capsule expression 

which is subsequently restored upon excision of the element. However, IS492 is not 

related to the group 1 CPS operon in V. vulnificus MO6-24/Op, and its role in expression 

and regulation of V. vulnificus capsule is unknown. 

Regulation of Capsular Polysaccharide Expression 

Surface expression of CPS in V. vulnificus is required for evasion of host immune 

responses and therefore pathogenesis.  Conversely, the role of CPS expression in 

environmental survival is still unclear due to conflicting reports as to the affect of CPS 

expression on biofilm formation.  Joseph and Wright (2004) reported that Tr isolates with 

decreased CPS expression showed significantly better attachment to surfaces and greater 

biofilm formation compared to fully encapsulated Op strains.  However, other studies did 

not observe significant differences in biofilm formation by Op compared to Tr strains, 

(Grau et al. 2005).  These findings may suggest divergent roles for Op and Tr variants 

depending strain or CPS type.  

CPS expression can be influenced by the external conditions encountered by the 

organism and changes in expression may be related to survival of the bacteria in different 

habitats (host or environment).  Regulation of capsular polysaccharide in E. coli occurs 

via the Rcs (regulator of capsule synthesis) sensor-effector system.  This system was first 

described for regulation of colonic acid synthesis, but also regulates expression of a 

variety of capsule types including group 1 (Gottesman et al. 1985, Brill et al. 1988, Stout 
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and Gottesman 1990, Bernhard et al. 1990, Gottesman and Stout 1991, McCallum and 

Whitfield 1991, Houng et al. 1992).  However, unlike colonic acid synthesis whereby the 

Rcs system directly influences transcription of capsular genes, regulation of group 1 

capsules by Rcs occurs indirectly through up-regulation of biosynthetic precursors (Rahn 

and Whitfield 2003).   The Rcs system utilizes a transmembrane sensor kinase (RcsC), a 

response regulator (RcsB) and an auxiliary regulatory protein (RcsA).  Environmental 

stimulation of the RcsC sensor leads to phosphorylation of RcsB.  Interaction of the 

activated RcsB with RcsA forms the RcsAB complex, which then binds to the RcsAB 

box (a 14-bp consensus sequence (5’-TaAGaatatTCctA-3’) found immediately upstream 

of biosynthetic loci of numerous group 1-like polymers) and influences transcription of 

CPS genes (Stout et al. 1991, Wehland et al. 1999, Wehland and Bernhard 2000).  In 

E. coli K-12, the Rcs system controls transcription of the colonic acid gene cluster (for a 

review see Majdalani and Gottesman 2005).  Cross complementation between colonic 

acid rcsB and group 1 CPS rcsB suggested the Rcs system may also regulate transcription 

of group 1 capsule genes (Jayaratne et al. 1993).  Inactivation of rcsB inhibited 

expression of colonic acid CPS.  However, it did not completely abolish group 1 CPS 

expression in E. coli K30, leading researchers to propose that the Rcs system was only 

important for high levels of group 1 CPS expression (Jayaratne et al. 1993).  Further 

studies using inactivated rcsB showed that it did not diminish transcription of the group 1 

CPS gene cluster in E. coli K-30, and therefore was not required for expression of K30 

CPS (Rahn and Whitfield 2003).   

Recently, an RcsAB box was identified upstream of galF (a gene involved in the 

production of sugar nucleotide precursors), and increases in GalF production correlated 
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with increases in CPS expression (Rahn and Whitfield 2003).  Furthermore, increases in 

RcsB copy number increased galF transcription, indicating the Rcs system does not 

directly regulate group 1 capsule in E. coli.  However, it can indirectly influence levels of 

CPS production by increasing galF transcription which leads to an increase in 

biosynthetic precursors (Rahn and Whitfield 2003).   

Capsule expression is regulated through the Rcs system in a variety of bacterial 

species that occupy different ecological niches.  Thus, it is hypothesized that the 

environmental stimuli that activate the RcsC sensor varies for each organism.  Few 

specific environmental triggers have been identified; however, changes in osmolarity 

have been shown to activate the Rcs system in E. coli and Salmonella typhi (Sledjeski 

and Gottesman 1996, Arricau et al. 1998). The role of Rcs in regulation of V. vulnificus is 

unknown, but homologous sequences are present in both of the genomes available in 

GenBank.   

Phase Variation 

Vibrio vulnificus undergoes switching between Op and Tr morphologies that 

indicates variability in CPS expression.  The level of reversion between these phenotypes 

is on the order of 10-3 to 10-4 in both directions in some strains, and this reversible, 

heritable switch resembles phase variation (Yoshida et al. 1985, Wright et al. 1990).    

Phase variation is seen in many bacteria and can involve a variety of surface structures, 

including capsule, pili, fimbriae, and outer membrane proteins.  Phase variation occurs 

both in vivo and in the environment (for a review see van der Woude and Baulmer 2004, 

Lim et al. 1998).  It is hypothesized that this phenomenon allows for biological diversity, 

which leads to increased survival of bacterial populations due to the avoidance of host 

defenses and better adaptation to changing conditions in the environment (van der Woude 
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and Baulmer 2004, Henderson et al. 1999, Hallett 2001).  Survival in the host is enhanced 

by variation of antigenic structures that function in the evasion of adaptive immune 

responses.  For example, Borrelia burgdorferi (the causative agent of Lyme disease) 

changes the expression of its surface lipoproteins allowing it to cause persistent infection 

(Rosa et al. 1992).  Neisseria gonorrhoeae evades adaptive responses through ON/OFF 

variation of multiple adhesions including type IV fimbriae, LPS and opacity proteins (for 

a review see van der Woude and Baulmer 2004).   

The precise role of phase variation in environmental survival is less clear; however, 

two theories have been proposed.  The first theory suggests that phase variation serves to 

generate mixed populations, and when new environmental conditions are encountered the 

better suited variants survive allowing the population as a whole to persist (Dybvig 

1993).  The second theory proposes that phase variation results in one highly adaptable 

population that is able to quickly respond when environmental challenges occur 

(Saunders 1994). Phase variation is found in an increasing number of bacteria, but few 

genetic mechanisms have been described.  Known mechanisms of phase variation 

include:  DNA inversion, slip strand mispairing, DNA recombination and differential 

DNA methylation (McClain 1991, Ou J et al. 1988, Levinson and Gutman 1987, van 

Belkum et al. 1998, Hammerschmidt et al. 1996, Ringquist and Smith 1992).  The genetic 

mechanism(s) responsible for phase variation in Vibrio species are unknown. 

Phase variation via site-specific DNA inversion is frequently seen in both bacteria 

and eukaryotes and can occur in chromosomes, plasmids and bacteriophage (Dybvig, 

1993).  DNA inversions involve specific enzymes (recombinases or integrases) that 

require short regions of DNA with sequence similarity, and reversions can result in 
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ON/OFF, biphasic, or multiphasic phase variation (van der Woude and Baulmer 2004).  

The inverted region typically contains promoter or regulatory elements.  Inversion alters 

the spatial relationship of these elements, resulting in variations in gene expression.  An 

example of ON/OFF phase variation through DNA inversion is seen in fimbriael 

expression in E. coli (Henderson et al. 1999).   Inverted repetitive elements (9-bp each) 

provide regions of sequence similarity and flank the promoter of fimA, which encodes the 

main fimbriael subunit.  Two site-specific recombinases (FimB and FimE) use the 

repetitive elements to mediate inversion of the promoter.  When the promoter is in the 

proper orientation for transcription it is said to be “ON.”  Inversion orients the promoter 

in the direction opposite of fimA (“OFF”) leading to the formation of a Rho-dependent 

terminator and arresting fimA expression.  Thus, surface expression of fimbriae is 

eliminated.  DNA inversion also leads to biphasic phase variation which regulates 

expression of flagellar proteins in Salmonella enterica serovar typhimurium.  Two genes, 

fliC and fljB, encode for antigenically distinct proteins that make-up flagellin (Simon et 

al. 1980).  The gene fljA encodes for a repressor that controls FliC expression.  The fljA 

gene is located adjacent to fljB and both are controlled by the same promoter.  When the 

promoter is in the ON orientation, both fljB and fljA are expressed leading to repression 

of fliC and surface expression of FljB flagella.  Inversion of the promoter abolishes 

transcription of fliA stopping fliC repression; thus, allowing for expression of FliC 

flagella (Simon et al. 1980, Henderson et al. 1999). 

Slip strand mutagenesis (SSM) is another method of phase variation, and like DNA 

inversions, also utilizes repetitive segments of DNA.  Repetitive elements have a wide 

array of structural characteristics.  They may contain tracts of a single nucleotide or 
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several multimeric repeats, which can be homogeneous or heterogeneous.  Repeat 

subunits can be arranged in a linear, palindromic, or inverted fashion, and they may occur 

contiguously or be interspersed throughout the chromosome (van Belkum et al. 1998, 

Henderson et al. 1999, Hallet 2001).  Repetitive elements involved in SSM typically 

consist of linear, tandemly repeated subunits that are 1 to 7-bp in length.  Repeats provide 

a hot spot for mispairing between mother and daughter strands during DNA replication, 

which can result in deletion or insertion of one or more repetitive element subunits on the 

daughter strand (Levinson and Gutman 1987, van der Woude and Baulmer 2004). 

Changes in the number of repetitive subunits results in a shift in the translational reading 

frame, which leads to phase variable expression of a protein if the location of the repeats 

is such that either transcription or translation of a gene is affected.  The location of 

repetitive elements determines whether SSM affects transcription or translation.  If the 

repetitive tract lies upstream of the gene, transcription is altered; if it lies within the gene 

translation is altered.   

Gene expression is directly linked to the strength of the promoter that controls the 

gene.  RNA polymerase binds the promoter region that lies between the -10 and -35 sites 

upstream of the gene(s) to be expressed.  Any variation in the spacing between these sites 

affects the levels of transcription.  Repeats located within the promoter region can 

undergo SSM.  The resulting insertions or deletions influence the strength of the 

promoter; thus, affecting expression (Willems et al. 1990, van der Woude and Baulmer 

2004).  Change in promoter strength can result in ON/OFF phase variation, and can also 

lead to variations in gene expression that are low or high.  This phenomenon is seen in 

H. influenzae where LKP fimbriae expression is controlled by dinucleotide (TA) repeats 
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located within the promoter region (van Belkum et al. 1998).  When 9 of the TA repeat 

subunits are present expression is off, when 10 are present expression is at its maximum, 

and when 11 are present fimbriae expression is reduced (Mhlanga-Mutangadura et al. 

1998).  Repetitive elements found outside the promoter but upstream of the gene can also 

influence the level of transcription by altering the binding capabilities of activators or 

repressors targeting that region (Willems et al. 1990).   

Slip strand mutagenesis affects translation when repeats are located within a gene 

(De Bolle et al. 2000).  In H. influenzae phase variation in the expression of the mod gene 

is influenced by changes in the number of tetranucleotide repeats.  Changes in the reading 

frame result in the premature formation of a stop codon, and formation of a truncated 

protein.  Translation of opacity proteins of N. gonorrhoeae and N. meningititdis are also 

regulated through SSM due to the presence of a repeated pentamer sequence located 

within the opa gene.  When 6, 9 or 12 subunits are present the initiation codon is in frame 

and results in a functional protein.  However, any other number of repetitive subunits 

yields proteins that are truncated and thus, nonfunctional. 

Another mechanism of phase variation is general DNA recombination which 

typically takes place betweens regions of high homology.  This mechanism is dependent 

on general DNA repair and maintenance proteins, and can utilize a variety of pathways.  

N. gonorrhoeae undergoes phase variation of its type IV pilus through recombination 

between distinct loci:  pilE (the structural subunit of the type IV pilus) and pilS 

(transcriptionally inactive alleles due to the lack of a 5´ coding region).  These regions 

can be located as many as 900-bp apart (Haas et al. 1992, Seifert 1996, Hallet 2001, 

Henderson et al. 1999).  Intramolecular recombination between these loci results in 



30 

 

exchange of DNA cassettes allowing the unidirectional transfer of a specific segment of 

the pilS locus which replaces a region of pilE.  Recombination may utilize a repetitive 

element located at the 3´ end of the pil loci, and results in changes in pili expression or 

eliminates expression altogether. (Seifert 1996, Mehr and Seifert 1998). ́ 

Differential DNA methylation differs from other mechanisms of phase variation in 

that it leads only to alterations of phenotype (not genotype), and is termed epigenetic.  

Methylation of adenosine by deoxyadenosine methylase (Dam) at specific target 

sequences affects the binding capabilities of regulator proteins, leading to phase variable 

expression of genes or operons. This type of phase variation controls expression of 

polynephritis associated pili (pap) in E. coli, and is dependent on Dam, two target 

sequences (GATC) which lie in the pap regulatory region, and the global response 

regulator Lrp (van der Woude et al. 1996, for reviews see Henderson et al. 1999, van der 

Woude and Baulmer 2004).  Phase variation of pap results from the binding of Lrp to 

specific sites upstream of the main promoter, pBA, influencing the expression of the 

operon.  Lrp preferentially bind to the target sequence located distal (GATCdist) to pBA 

compared to the target sequence located proximal (GATCprox) to this promoter (van der 

Woude et al. 1996).  Methylation of GATCdist causes Lrp to bind to GATCprox turning 

pap expression “OFF.”  However, methylation of GATCprox promotes Lrp binding to 

GATCdist turning pap expression “ON,” enabling attachment to the host. 

Role of RecA in Phase Variation 

As mentioned previously, DNA recombination is a known mechanism of phase 

variation, and it can be either dependent or independent of RecA.  RecA is an enzyme 

that is critically involved in a variety of cellular processes including repair of damaged 

DNA and homologous recombination.  Damage to DNA can result in nicks in one of the 
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double helices leading to a free single strand.  RecA binds and stabilizes single stranded 

(ss)DNA.  A second binding site binds to a homologous area of double stranded (ds)DNA 

forming a complex between the two regions, which allows for invasion of the (ss)DNA 

into the (ds)DNA (Weaver 2002).  RecA then catalyzes strand exchange between the 

donor and recipient DNA molecules, and crossover between homologous regions on the 

same chromosome may result in deletion or insertion of intervening sequence 

(Kowalczykowski et al. 1994, Weaver 2002).  RecA also plays a critical role as a 

stationary phase enzyme in the bacterial stress/SOS response.  RecA activity is initiated 

by DNA damage and the formation of single stranded breaks.  Binding of RecA signals 

expression of SOS genes, which play a role in a variety of repair mechanisms, including 

recombination (Shinagawa 1996).   

Multiple homologous recombination pathways involve RecA, including the 

RecBCD and RecF pathways (Kowalczykowski 1994, Amundsen and Smith 2003).  In 

the RecBCD pathway, the RecBCD enzyme complex functions as both a nuclease and a 

helicase.  After DNA breakage has occurred, the enzyme binds free (ds)DNA and 

degrades it.  The exonuclease activity continues until the complex encounters a chi site (a 

short DNA sequences (5’-GCTGGTGG-3’) that provides a hotspot for recombination). 

The complex then functions as a helicase to unwind the donor DNA and degrade one of 

its strands.  RecA binds the resulting (ss)DNA, and this complex can invade the 

homologous (ds)DNA molecule resulting in exchange between the two regions.   

The RecF pathway involves several enzymes in addition to RecA.  These include:   

RecF, RecR, RecO, RecJ, and RecQ (for reviews see Kowalczykowski 1994, Amundsen 

and Smith 2003).  The individual activities of each enzyme are known, however, the 
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precise manner in which they function cooperatively is still unresolved.  It is known that 

RecF acts first to bind DNA.  Then, RecR enhances the ATPase activity of RecF, while 

RecO promotes the exchange of (ss)DNA with RecA (Umezu et al. 1993, Hedge et al. 

1996, Shan et al. 1997, Kantake et al. 2002).  RecJ functions as a single-stranded 

exonuclease, and catalyzes the removal of deoxy-nucleotide monophosphates from DNA.  

RecQ serves as a helicase (Ivancic-Bace et al. 2003).   

RecA-dependent mechanisms have been shown to be involved in phase variation in 

a variety of organisms.  Homologous recombination between silent and expressed pil loci 

in N. gonorrhoeae (which result in changes in pili expression) is mediated by RecA.  

Psuedomonas tolaasii also undergoes switching from an Op to a Tr phenotype through 

recA-dependent recombination, resulting in a reversible 661-bp duplication in the 

putative kinase domain of a regulatory locus (Sinha et al. 2000).  A similar phenomenon 

is seen in H. influenzae, whereby the capsule locus contains segments of duplicated DNA 

that are directly repeated.  These repeated regions encompass the bexA gene, which is 

required for capsule export.  Recombination results in loss of the tandem duplication as 

well as a portion of bexA, and thus, loss of capsule expression (Hoiseth et al. 1986). 
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CHAPTER 3 
MATERIALS AND METHODS 

Bacterial Strains and Culture Conditions 

Vibrio vulnificus strains (Table 3-1) were grown in Luria-Bertani broth (LB; 1.0% 

tryptone, 0.5% yeast extract, and 1.0% NaCl) or on LB agar (LA; 1.5% Bacto Agar) at 30 

or 37°C.  Clinical strain MO6-24/Op was used for mutational analysis.  When required, 

kanamycin (50-300 µg/mL), tetracycline (10 µg/mL), trimethoprim (50 µg/mL) and 

polymyxin (50 µg/mL) were added to cultures of V. vulnificus.  Escherichia coli strains 

S17-λ pir (Simon et al. 1983), JM109 (Promega), and One Shot TOP10 (Invitrogen) were 

used for complementation and cloning experiments.  E. coli strains were grown as above 

but with different concentrations of tetracycline (30 µg/mL), trimethoprim (50 µg/mL), 

ampicillin (100 µg/mL), and kanamycin (50 µg/mL).  Unless otherwise stated, media 

were purchased from Difco, and chemicals were purchased from Sigma.  All strains were 

stored at –70°C in LB with 50% (v/v) glycerol. 

Induction of Phase Variation 

Environmental factors including medium composition, temperature, and pH have 

been shown to influence levels of phase variation in a variety of bacterial species (Serkin 

and Seifert 2000, Gally et al. 1993, Crost et al. 2004, McCarter 1998, Ball et al. 1992). 

For investigation into conditions that increase capsular polysaccharide (CPS) phase 

variation of V. vulnificus, individual opaque (Op) or translucent (Tr) colonies were 

inoculated into LB and grown overnight (o.n.) at 37°C with shaking (120 rpm).  Cells 

were washed three times by centrifugation for 20 min at 4000 rpm (Eppendorf 5810R)  
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   Table 3-1.  Summary of V. vulnificus strains 
Strains CPS Allele Description Reference 

MO6-24 1 Encapsulated, virulent (blood) Wright et al. 2001 
LC4 1 Encapsulated, virulent (blood) Wright et al. 1990 
C7184 1 Encapsulated, virulent (blood). Wright et al. 1981 
E4125 1 Encapsulated, virulent (blood). Kreger and Lockwood, 1981 
CMCP6 1 Encapsulated, virulent (blood) Kim et al. 2003 
YJ016 2 Encapsulated, virulent (hospital) Chen et al. 2003 

 
and then resuspended in phosphate buffered saline (PBS).  Final pellet resuspension was 

done in the medium to be used in induction assays.  The optical density at 600 nm was 

measured, and the concentration of the washed culture was calculated from a standard 

curve based on plate counts.  Washed Tr cells were transferred into media (45 mL) in 

250 mL flasks prepared with 1% proteose peptone #3 and 1% NaCl (PP3) at pH 7.0.  

Washed Op cells were transferred into flasks with media prepared with either PP3 at pH 

6.5, 7.0, or 8.0 (adjusted using 1N HCl or 3M NaOH where appropriate), or medium 

prepared with  1% proteose peptone #1 and 1% NaCl (PP1) at pH 7.0, LB, or PBS.  

Washed cells were also inoculated into 15 ppt artificial seawater (ASW, Instant Ocean 

purchased from Fisher Scientific). A standardized initial culture concentration (106, 107, 

or 109 CFU/mL) was achieved by adjusting the volume of washed cells inoculated into 

culture flasks.  

Cultures were incubated statically at 30, 37, or 42°C and sampled on days 1, 2, 3, 7, 

and 10 post inoculation.  In order to examine changes in colony morphology, cultures 

were serially diluted in PBS, spread plated on LA, and incubated o.n. at 37°C.  Plates 

were then examined to determine CFU/mL of different colony types.  For evaluation of 

transition from Op to Tr in PP3 (pH 7.0), two independent experiments were performed 

using triplicate flasks in each experiment.  For evaluation of transition from Op to Tr in 
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all other media as well as evaluation of transition from Tr to Op, three independent 

experiments were performed using single flasks in each experiment.  At least 80 colonies 

were observed for plate counts from each flask. The percent of each Op vs. Tr colony 

type was calculated as a function of the total colony number, and results were based on 

an average percent translucent calculated from the two independent experiments. When 

available, isolated Tr colonies from each time point were frozen and stored at -70°C for 

further genetic analysis. 

Secreted Factors and V. vulnificus Phase Variation 

The role of secreted factors in phase variation was investigated through o.n. growth 

and examination of spent media derived from subsequent centrifugation of V. vulnificus 

MO6-24/Op as described above.  Cultures were inoculated into 45 mL of PP3 to achieve 

a final concentration of 106 CFU/mL and incubated at 30, 37, and 42°C.  Cultures were 

removed from incubation after 72 hr, and the supernatant (henceforth referred to as spent 

medium) was filter sterilized through a 0.22 µm filter using a 50mm filter unit with a 250 

mL capacity (Nalgene).  Spent media were then re-inoculated (final concentration: 

106 CFU/mL) with a washed, o.n. culture of MO6-24/Op.  Cultures were incubated 

statically at 30, 37, and 42°C, sampled at 24 h, and observed for altered colony type.  

Three independent experiments were performed using single flasks in each experiment. 

PCR Screening of Translucent CPS Genotypes 

Multiple genotypes exist for Tr isolates of V. vulnificus, and differences among 

these genotypes are related to genetic variations within the CPS operon which sometimes 

lead to deletion mutation (Chatzidaki 2004).  Translucent genotypes of V. vulnificus can 

be distinguished by PCR amplification of the wza-wzc region. Therefore, Tr isolates 

generated from phase induction assays were examined for mutations in the wza-wzc 
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region for the group 1 CPS operon as previously described (Chatzidaki 2004).  

Translucent isolates taken from phase induction assays were grown o.n. in LB at 37°C 

with shaking (120 rpm), and DNA was extracted using the boiling method.  Briefly, 1 mL 

of culture was centrifuged at 10,000 rpm (Eppendorf) for 10 min.  The supernatent was 

discarded, and the pellet was resuspended in 400 µL of PBS and boiled for 10 min.  A 

final centrifugation was done for 3 min at 13,000 rpm.  The supernatent was transferred 

to a clean microfuge tube, and the pellet was discarded.  DNA (1 to 3 µL) that spanned 

the conserved transport genes (wza-wzb-wzc) was amplified by PCR using the following 

conditions:  incubation at 94°C for 5 min, 25 cycles of 94°C for 1 min, 56°C for 1 min, 

and 72°C for 1 min with a final 7-min extension at 72°C on a thermocycler 

(Mastercyclergradient, Eppendorf).  Primers for either wzaF1 (5´-gacgattccagcaggctctta-

3´) and wzcR2 (5´-tccatcatcgcaaaatgcaagctg-3´) or wzaF2 (5´-cgatggaatcgtgtgatcagt-3´) 

and wzcR3 (5´-cagcaccactaaggtatgcttc-3´) were used in the amplification (Chatzidaki 

2004).  Some strains that did not amplify by PCR at this locus were also analyzed for the 

presence of individual genes using primers derived from wza [wzaF1 and wzaR (5´-

tcgcgttatctgatcaacca-3´)], wzb [wzbF (5´-ggttgatcagataacgcgaa-3´) and wzbR (5´-

aaggaatacaagcgtctagg-3�)], wzc [wzcF2 (5´- cccggaaatgaacgagacaatg-3´) and wzcR2], 

and wbfV [wbfVF (5´-ctatcgtagatgtggatattgag-3´) and wbfVR].  PCR products were 

visualized on 1% agarose gels with ethidium bromide and compared to Op (MO6024/Op) 

and Tr (LC4/TR2) standards.  Amplicon size was determined by comparison to the Hi-Lo 

DNA ladder (Minnesota Molecular Inc).  Additionally, vvhA primers (Campbell and 

Wright 2003) were used to test the stability of chromosomal DNA with previously 
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described PCR conditions, and a negative control without template was also amplified for 

each assay. 

Stability of Translucent Genotypes 

Phase variation assays generated translucent isolates with varying genotypes, and 

some of these genotypes showed deletion mutation within the CPS operon.  By definition 

phase variation is a reversible event, and deletion mutations are generally considered to 

be irreversible. However, some of the Tr genotypes did not show any mutations in the 

CPS operon.  Therefore, in order to determine the stability of Tr phenotypes among the 

different Tr genotypes, cultures (n=48) were grown o.n., washed, and inoculated as 

described above into either PP3 or LB.  Cultures were then incubated at 37°C with 

shaking (120 rpm).  Samples were taken at 24 h, serially diluted, and plated as described 

for phase induction experiments to determine the distribution of different colony types.  

Plates were evaluated for the presence of altered colony types, and at least 110 colonies 

were examined for plate counts. 

DNA Cloning and Sequence Analysis of recA in V. vulnificus MO6-24/Op 

Gene sequence for recA was obtained from the two published V. vulnificus 

genomes, CMCP6 (Kim et al. 2003) and YJ016 (Chen et al. 2003), and these strains were 

aligned using BLAST (National Center for Biotechnology Information).  Comparisons 

between the genomes were made for sequences located 1.5-Kb upstream through 1.5-Kb 

downstream of recA.  Primers chosen from conserved regions localized to 436-bp 

upstream (RecAF2: 5´-gctgtaagtgacaaatgcacgatc -3´) and 359-bp downstream (RecAR4: 

5´-gacgcatacggcaggagttatcgc-3´) of recA (Appendix).  PCR amplification of MO6-24/Op 

was conducted using the conditions described above and yielded a 1.7-Kb product.  Fresh 

PCR products were ligated into pGEM T-Easy (Promega) per the manufacturer’s 
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instructions.   The ligation reaction (4 µL) was introduced into chemically competent 

E. coli JM109 (Promega) to yield pRECA.   Screening of insert containing clones was 

performed using blue/white selection of colonies grown on LA containing ampicillin.  

Plasmids of the desired colonies were extracted using Wizard Plus SV Minipreps DNA 

Purification System (Promega) and sequenced using T7 and SP6 primers.  Automated 

DNA cycle sequencing (Applied Biosystems) of PCR amplicons and plasmid clones was 

performed by the University of Florida ICBR core facility.  

Insertional Inactivation of recA 

Repetitive elements within the CPS operon were suggested to be related to site-

specific deletion of an intervening CPS transport gene in V. vulnificus which led to the 

formation of a Tr phenotype (Chatzidaki 2004).  These repeats provide extended regions 

of homology surrounding the deleted segment, indicating homologous recombination 

may be a mechanism that facilitates this deletion.  Homologous recombination can be 

either dependent or independent of the RecA enzyme; however, deletion mutations in the 

V. vulnificus CPS operon increase during prolonged incubation, suggesting that DNA 

repair enzymes, like RecA may be involved in deletion mutation.  To examine the role of 

recA in the formation of Tr genotypes, insertional inactivation of recA was attempted 

through the introduction of a nonpolar kanamycin (Kan) cassette into a unique BamH1 

site located 350-bp downstream of the recA start codon (Menard et al. 1993).  Vector 

pUC18K, which contained a Kan cassette was enzymatically digested (SacI and HindIII, 

Promega), and the Kan cassette was separated from the vector by electrophoresis on 

agarose gel (1% w/v) visualized with ethidium bromide.  The appropriate 0.8-Kb band 

was cut from the gel and purified using the GENECLEAN KIT system (Q-BIOgene).  In 

order to generate appropriate BamHI cloning sites flanking the Kan cassette, the cassette  
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was ligated (4°C o.n. with T4 DNA Ligase) into a TOPO TA Cloning vector 

(Promega), which was also digested with SacI and HindIII (Figure 3-1).  The ligation 

reaction (4µL) was transformed into E. coli Transforming One Shot TOP10 (Invitrogen) 

chemically competent cells, and transformants were selected by growth on kanamycin.  

Plasmids from desired colonies were extracted as described above and digested with 

BamH1 (Promega).  The Kan cassette was separated from the vector using gel 

electrophoresis and purified as described above.  The pRECA plasmid (which contains 

the V. vulnificus recA gene in the pGEM-Teasy vector) was digested with BamH1, and 

the purified Kan cassette was ligated into pRECA using T4 DNA Ligase as previously 

described.  The ligation reaction (5 µL) was cloned into E. coli JM109 to yield pRECAN 

(Figure 3-1).  Screening was performed by growth on LA with kanamycin, and plasmids 

from desired colonies were extracted as described above.  

Delivery of Inactivated recA into V. vulnificus 

Marker Exchange Using an Incompatibility Plasmid 
Marker exchange was used to create mutations within the V. vulnificus 

chromosome by site-directed mutagenesis of chromosomal recA through recombination 

of a recA gene that was insertionally inactivated by introduction of a nonpolar Kan 

cassette (Figure 3-2).  Homologous sequences facilitate marker exchange between a 

plasmid containing the inactivated gene with the marker into the gene target on the 

V. vulnificus chromosome.  A broad host range vector (pRK404) is required to deliver the 

inactivated recA gene into V. vulnificus as other vectors will not replicate within this 

species (Ditta et al. 1985). The pRECAN was enzymatically digested (EcoRI, Promega), 

and the purified EcoR1 restriction fragment was ligated into pRK404 that had also been 

digested with EcoR1 (Figure 3-1).  The ligation reaction (5µL) was then cloned into  
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Figure 3-1. Construction of pRECAN and pMKJ1.  The V. vulnificus MO6-24/Op recA 

gene was ligated into pGEM-Teasy vector to yield pRECA, and recA was 
inactivated by insertion of a kanamycin resistance cassette (Kr) into a BamHI 
site within the coding sequence of recA.  The inactivated recA gene was 
located on a EcoR1 fragment which was ligated into pRK404 to yield pMKJ1. 

E. coli S17-λ pir to yield pMKJ1.  Screening was performed by growth on LA with 

kanamycin and tetracycline.  E. coli S17-λ pir was used as a conjugational donor to 

deliver pMKJ1 into V. vulnificus.  Filters containing a mixture of the V. vulnificus and the 

transformed E. coli were incubated overnight at 37°C on LA plates.  The filters were then 

rinsed with 2 mL LB-kanamycin-polymyxin, and the resulting culture was incubated for 

1 h at 37°C.  The culture was then plated onto LA containing the same antibiotics.   
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An incompatibility plasmid (pR751, which conferred resistance to trimethoprim) 

was used to facilitate recombination into the chromosome.  This plasmid and the pRK404 

derivatives cannot replicate simultaneously in the same host because they belong to the 

same incompatibility group and compete for the same set of replication enzymes.  

Therefore, screening for the Kan cassette and the incompatibility plasmid using 

simultaneous Kan and trimethoprim selection should ensure the marker exchange.  Thus, 

kanamycin would select for the inactivated recA gene in the chromosome and 

trimethoprim would select for pR751.  Attempts to transform pR751 into E. coli S17-λ 

pir revealed this strain of E. coli was also resistant to trimethoprim.  To test the maximum 

antibiotic threshold levels of E. coli JM10 containing pR751 and E. coli S17-λ pir, each 

were inoculated in a concentration gradient of trimethoprim and observed for growth.  

Both strains showed similar levels of trimethoprim resistance.  E. coli S17-λ pir was also 

tested for the presence of pR751, but all extractions were negative for the plasmid.  Due 

to this resistance, E. coli S17-λ pir colonies could not be screened for the presence of the 

incompatibility plasmid and alternate methods of delivery of the recA mutation into 

V. vulnificus were attempted. 

Marker Exchange Using a Suicide Vector  
Suicide vectors require specific functions in order to replicate within bacteria.  The 

suicide vector pGTR1128 was provided by Dr. Paul Gulig of the University of Florida for 

use in this study and requires λ pir functions in the host to replicate.  When a DNA 

fragment with a selectable marker is inserted into the suicide vector, it will not replicate 

when introduced into bacterium, such as V. vulnificus, does not contain λ pir.   Selection 

for the Kan marker on the cloned fragment results in integration of the plasmid into the  
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Figure 3-2.  Marker exchange resulting in insertional inactivation of recA. 

bacterial chromosome through a single-crossover mutation.  Growth in non-selective 

broth allows for a second recombination event to occur leading to complete exchange of 

the DNA insert and excision of the suicide vector from the chromosome (Figure 3-2).  

The vector pGTR1128 also contains a sacB gene which encodes for an enzyme that 

results in lethality to the bacterium in the presence of sucrose.  Cultures grown in non-

selective broth are then screened on plates containing sucrose and kanamycin to select for 

colonies that have achieved the second crossover event.   

Few unique restrictions sites exist in pGTR1128; therefore, primers were used to 

engineer restriction sites onto the 5’ and 3’ ends of the inactivated recA gene.  Primers 

RecAF2 and RecAR4 were modified to include an SphI (gcatgc, Promega) restriction site 

on the 5´ end of each primer.  PCR was performed on pRECN as described above, and 4 

µL of the PCR product was ligated into TOPO TA cloning vector (Invitrogen) per the 
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manufacturer’s instructions to form pTOPORECN.  The ligation reaction was transformed 

into One Shot TOP10 (Invitrogen) cells which were grown on LA with kanamycin.  

Colonies were screened using blue/white screening for insertion into the vector.  

Plasmids were extracted from appropriate colonies, and the presence of the insert was 

verified by DNA sequencing using primers M13F and M13R (Invitrogen) provided by 

the manufacturer.  The suicide plasmid pGTR1128 (provided by Dr. Paul Gulig at the 

University of Florida) was a modified version of suicide vector pCVD442 .  The insert 

and the suicide vector (pGTR1128) were digested with SphI and ligated o.n. using T4 

DNA Ligase as described above (Figure 3-3).  The ligation reaction (5 µL) was 

transformed into E. coli JM109 to yield pGTRRECN.  Cells were grown on LA  
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Figure 3-3. Construction of pGTRRECAN.  The inactivated V. vulnificus MO6-24/Op 
recA gene was ligated into TOPO TA vector to yield TOPORECAN.  The 
inactivated recA in TOPORECAN gene was located on a SphI fragment which 
was ligated into pGTR1128 to yield pGTRRECAN. 
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with kanamycin.  Appropriate colonies were selected, and the plasmids were extracted as 

described above.  Plasmids were then transformed into the conjugation-competent E. coli 

S17-λ pir, and transformants were selected on kanamycin.  The plasmid pGTRRECAN 

was introduced V. vulnificus MO6-24/Op as previously described, and colonies were 

plated onto LA with kanamycin and polymyxin.  Numerous colonies were picked, and 

PCR was performed on extracted DNA (QIAmp DNA Mini Kit, Qiagen) using primers 

RecAF2 and RecAR4 to confirm the presence of a single crossover mutation.   

Single-crossover conjugates were evidenced by production of two bands:  a 2.5-Kb 

band corresponding to the inactivated recA and a 1.7-Kb band corresponding to the 

unaltered chromosomal copy of the gene.  To bring about the second crossover, single-

crossover conjugates were incubated overnight in LB with kanamycin.  Cultures were 

then diluted 1:50 in fresh LB with and without 10% sucrose and grown for 8 h until 

slightly turbid.  The suicide plasmid contains the sacB gene, which encodes for the 

enzyme levansucrase which cleaves sucrose.  This cleavage produces levan which is 

toxic to gram-negative bacteria and results in lethality of cells that contain the suicide 

vector.  Samples were taken, serially diluted in PBS, and plated onto LA with kanamycin 

and 6% or 10% sucrose.  Plates were incubated o.n. at 37°C.  To verify the presence of 

the inactivated gene, PCR was performed on several colonies using RecAF2 and RecAR4 

primers as described above.  

Marker Exchange Using Antibiotic Selective Pressure  
The final attempt at marker exchange within the recA gene of V. vulnificus used 

antibiotics to negatively select for double-crossover mutants.  Cells are grown in the 

presence of an antibiotic (tetracycline) that selects for a vector containing the insert to be 

integrated into the chromosome.  Additionally, a second antibiotic (ampicillin) is used 



45 

 

that kills actively dividing cells.  Thus, only cells that retain the vector are able to 

replicate and should be killed by the second antibiotic.  Cells that were not killed are re-

grown in non-selective media and re-exposed to the antibiotics.  Cultures are then plated 

onto media with antibiotic (kanamycin) that selects for the insert.  Colonies that grow are 

replica-plated onto media that selects for the plasmid.  Colonies that are positive for the 

insert but negative for the plasmid are likely to contain the double-crossover mutation.  

Vibrio vulnificus MO6-24/Op containing pMKJ1 was incubated in LB o.n. at 30°C with 

shaking (100 rpm).  Overnight cultures were diluted 1:1000 into fresh LB and grown for 

1 h at 30°C with shaking (100 rpm).  Cells were transferred to a 10 mL conical tube and 

centrifuged for 20 min at 4000 rpm.  The supernatant was discarded and the pellet 

resuspended in LB containing ampicillin (5 µg/mL), tetracycline (0.5 µg/mL), and 

glycerol (1%).  The culture was grown at 30°C for 3 h with shaking (100 rpm).  A 100 µL 

aliquot was transferred to fresh LB and the culture was grown overnight.  This process 

was repeated and 100 µL aliquots of the LB-kan-tet-glycerol culture were plated onto LA 

containing kanamycin.  Plates were incubated overnight at 30°C.  Colonies which grew 

on LA-kan plates were replica plated onto LA containing tetracycline, and plates were 

grown o.n. at 30°C.  LA-tet plates were compared to LA-kan plates from the previous 

day and observed for colonies that were resistant to kanamycin and sensitive to 

tetracycline.  Colonies negative for growth on LA-tet were picked from LA-kan plates 

and streaked onto LA containing tetracycline to verify their antibiotic sensitivity. 

Complementation of recA Inactivation 

Once a gene has been inactivated, in trans complementation of the intact gene into 

the mutated strain is performed in an attempt to restore the function of the gene to wild-

type levels.  Restoring the original function of the gene gives final confirmation as to the 
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gene’s role in the mechanism of interest.  Vector pRECA was digested with EcoR1 to 

obtain a fragment containing only the recA gene.  This fragment was purified and ligated 

into digested (EcoR1) pRK404 as described previously.  The ligation reaction (4 µL) was 

cloned into conjugation-competent E. coli S17-λ pir to yield pRKRECA.  Recombinant 

DNA was introduced into V. vulnificus single-crossover recA mutants through 

conjugation as previously described.  Transconjugates were then plated onto LA plates 

containing kanamycin, tetracycline, and polymyxin.  Complemented strains were verified 

by extraction of pRKRECA from resulting V. vulnificus colonies.   

Ultraviolet Light Sensitivity Analysis 

The RecA enzyme plays a role in a variety of DNA repair mechanisms and is 

required for repair of DNA damage due to ultraviolet (UV) light (Kowalczykowski et al. 

1994).  The activity of RecA in this study was evaluated by incremental exposure of 

cultures to ultraviolet light and comparing growth of mutants to the wildtype.  Strains 

were inoculated into LB with or without kanamycin where appropriate and grown 

overnight at 37°C (100 rpm).  Cultures were washed 3 times in PBS as previously 

described and adjusted to a final concentration of 108 CFU/mL.  Washed cultures 

(500 µL) were inoculated into wells of a 12 well culture dish (Costar).  The dish was 

exposed to UV light (Biorad) for 0 to 90 sec.  UV exposed samples were serially diluted 

in PBS and plated onto LA with or without kanamycin for mutant and parent strains, 

respectively.  Plates were incubated in the dark at 37°C for 48 h.   The ability of a culture 

to survive UV exposure was determined by dividing the resulting plate counts (CFU/mL) 

after UV exposure by the plate counts (CFU/mL) after 0 sec of UV exposure to yield a 

percent survival value. 
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Cloning of Growth Plasmid pGTR902 into V. vulnificus 

In order to determine whether the appearance of Tr colonies was a result of phase 

variation from the Op to the Tr phenotype or just die off within a population, a growth 

plasmid was transformed into V. vulnificus. Conjugation competent E. coli S17-λ pir 

containing the growth plasmid pGTR902 was provided by Dr. Paul Gulig at the 

University of Florida.  The growth plasmid was transferred to V. vulnificus MO6-24/Op 

through conjugation as described above, and cultures were plated onto LA with arabinose 

(1%), kanamycin and polymyxin.  Plasmids were extracted from several colonies as 

described above and digested with SphI to confirm the presence of the growth plasmid. 

The growth plasmid pGTR902 will only replicate in the presence of arabinose, and 

growth in non-selective media generates cells that do not contain the plasmid.  The 

original inoculum can be distinguished from newly grown cells by growth on a selective 

medium.  The ability to track the original population allows for examination of altered 

phenotypes (like phase variants) within a population to be observed and also permits 

calculation of population death. Vibrio vulnificus with pGTR902 was inoculated into LB 

containing 1% arabinose and kanamycin.  Cultures were washed 3 times with PBS as 

described above and inoculated into 45 mL of PP3 to achieve a final concentration of 

106 CFU/mL.  Cultures were incubated statically at 37°C and sampled at days 1, 2, 3 and 

7.  Samples were serially diluted into PBS and plated simultaneously onto LA and LA 

with arabinose (1%) and kanamycin.  Colony counts of Op vs. Tr colonies were obtained 

from the different media and used to determine survivability and killing proportion.  

Killing proportion = (concentration of pGTR902 containing bacteria) / (concentration of 

pGTR902 containing bacteria initially inoculated into the culture).  Tr cells that retained 
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antibiotic resistance were presumed to be derived from phase variation of surviving Op 

cells.  

Statistical Analysis 

Statistical significances found in phase induction assays comparing Tr colony 

formation in different media were determined using Student's t tests (one-tail distribution 

with unequal variance) in Microsoft Excel.  Statistical significances found among strains 

incubated in PP3 (pH 7.0) were determined by an analysis of variance on transformed 

data in SAS 8.0. 
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CHAPTER 4 
RESULTS:  SPECIFIC AIM 1 

Rationale for Study 

Surface structures such as pili, flagella, and capsular polysaccharide facilitate 

attachment to surfaces or movement toward nutrient-rich environments.  However, 

expression of these structures may not be appropriate under all environmental conditions 

or may pose a liability in the host as a signal for immune surveillance, leading to death of 

the invading organism.  Thus, the ability of bacteria to maintain populations with 

differential expression of these structures provides a survival advantage, especially to 

organisms that inhabit rapidly changing environments.  “Phase variation” provides a 

means of adaptation to changing environmental conditions, and the frequency of phase 

variation is responsive to changing external conditions.  For example, environmental 

factors such as media composition, iron levels, carbon source, amino acid concentration, 

temperature, and pH have been shown to influence the frequency of phase variation in a 

variety of bacteria (Ali et al. 2002, Gally et al. 1993, Serkin and Seifert 2000, Blomfield 

2001, Ali et al. 2002, Crost et al. 2004).  

Phase variation often involves genetic mutation and is defined as a reversible, 

heritable switching between phenotypes (van der Woude and Baulmer 2004).  However, 

deletion mutations may result in more permanent alterations in phenotype (McCarter 

1998). Differential expression of V. vulnificus capsular polysaccharide (CPS) is 

evidenced by changes in colony morphology (from opaque to translucent) and involves at 

least two genetic mechanisms: 1) mutations that are independent of the CPS operon and 
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result in reduced expression of capsule; and 2) mutations that involve deletions in the 

CPS operon and result in elimination of CPS expression (Chatzidaki 2004). Although the 

latter event may not produce typical, reversible phase variation, it may still contribute to 

survival of acapsular V. vulnificus populations.  In order to more extensively examine 

genetic mutations associated with variable expression of CPS, growth conditions were 

established that induced high-frequency phase variation as indicated altered colony types. 

Induction of High Frequency “Phase Variation” 

Phase variation of V. vulnificus capsule expression was previously observed in LB 

and involved reversible transitions between virulent (Op) and avirulent (Tr) phenotypes 

at a level of 10-3 to 10-4 (Wright et al. 1990).  These levels are much higher than 

spontaneous mutations that occur during DNA replication but are still too infrequent for 

practical evaluation of population genetics.  Furthermore, examination of Tr genotypes 

revealed some phase variants may not be readily reversible due to deletion mutations that 

were observed in the CPS operon (Chatzidaki 2004).  In order to further investigate the 

genetics of phase variation in V. vulnificus, induction of high-frequency phase variation 

was examined for different culture conditions.  Media containing proteose peptone #3 

(PP3) induced high-frequency phase variation in V. cholerae, and cultures inoculated 

from a smooth acapsular colony type formed rugose colonies at high frequency (up to 

80%).  The rugose strains express extracellular polysaccharide (EPS) and show enhanced 

production of biofilm compared to smooth phenotypes (Ali et al. 2002).  In the present 

study, opaque V. vulnificus MO6-24 isolates were grown under similar conditions, and 

media composition and temperature were found to significantly increase the transition 

from the Op to the Tr phenotype.  A spontaneous Tr variant of V. vulnificus MO6-24/Op 
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(derived from LB) was also examined under these conditions, but transitions from Tr to 

Op colony types were not observed.   

Incubation in media containing proteose peptone No.3 at 37°C resulted in transition 

of the Op phenotype to the Tr form at significantly (p≤0.018) higher levels compared to 

other media, including a medium containing proteose peptone No. 1 (Table 3 1).  After 

three days incubation in PP3 at pH 7.0, originally Op cultures plated onto solid medium 

showed 40.5% Tr colonies.  Increased appearance of Tr colonies was also seen in PP3 

media at 30°C but at much lower frequency, and the frequency of Tr colonies averaged 

<9% (Table 4-1). Translucent colonies were rarely seen at 42°C in any medium and were 

only observed on Day 1 in PP3 at pH 7.0 with levels of 0.2 ± 0.2%.  Adjustment to the 

initial pH level of PP3 media revealed significantly higher levels of Tr colonies at pH 7.0 

and 8.0 (p=0.0032 and p=0.0278, respectively) compared to pH 6.5 at 37°C by Day 3 

(Table 4-2). Incubation at pH 7.0 and 8.0 also produced higher levels of Tr colonies 

compared to pH 6.5 at 30°C by Day 3, but these differences were not statistically 

significant (Table 4-1).  

A Tr variant of V. vulnificus MO6-24/Op was described in a previous study and 

derived from overnight growth in LB (Wright et al. 1990). An isolated colony of this 

strain was also inoculated into PP3 medium, but phase variation involving transition from 

the Tr to the Op phenotype was not observed.  The lack of phase variation by this Tr 

isolate showed that induction of high-frequency phase variation in PP3 was specific for 

transition from Op to Tr and did not influence transition from Tr to Op. 

Effects of Extended Incubation on Phase Variation 

In experiments described above, the frequency of phase variation in PP3 (pH 7.0) 

generally increased with time; therefore, the effects of extended incubation (up to 10  
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   Table 4-1. Effect of media on phase variation of MO6-24/Op incubated at 30°C 

aPercentage (%) of translucent (Tr) colonies was calculated as a fraction of total colony 
number and is shown for all media.  bSignificantly (p=0.0132) higher Tr colony 
formation occurred in PP3 (pH 6.5) vs. PP3 (pH 7.0) at Day 2 and in PP3 (pH 7.0) 
(p=0.003, 0.006 and 0.003 respectively) vs. PP1, LB and 15 ppt ASW at Day 3. 

 
   Table 4-2. Effect of media on phase variation of MO6-24/Op incubated at 37°C 

aPercentage (%) of translucent (Tr) colonies was calculated as a fraction of total colony   
number and is shown for all media.  bPercent translucent colony formation in PP3 (pH 
7.0 and 8.0) was significantly (p<0.0001 and p=0.018, respectively) higher than in 
other media at Day 3. 

 
days) in this medium were examined at different temperatures.  As shown in Figure 4-1, 

levels of transition of MO6-24/Op to the Tr phase continued to increase throughout the 

experiment for all temperatures examined, but the highest levels were always observed at 

37°C compared to other temperatures.  The frequency of Tr colonies reached maximum  

Transition from Op to Tr colonies at 30°C (%)a 
Time Post Inoculation (days) 

Media 
1 2 3 

PP1 0.0 ± 0.0 0.0 ± 0.0 0.3 ± 0.5 

PP3 (pH 6.5) 0.0 ± 0.0 2.2 ± 0.6b 0.6 ± 0.1 

PP3 (pH 7.0) 0.2 ± 0.0 0.4 ± 0.0 6.3 ± 0.9b 

PP3 (pH 8.0) 0.4 ± 0.7 1.0 ± 1.2 8.3 ± 10.7 

LB 0.6 ± 0.2 0.2 ± 0.0 1.1 ± 0.6 

PBS 1.3 ± 2.2 3.6 ± 7.4 3.7 ± 9.6 

15 ppt ASW 0.0 ± 0.0 0.1 ± 0.1 0.1 ± 0.0 

Transition from Op to Tr colonies (%)a 
Time Post Inoculation (days) 

 
 
Media 1 2 3 

PP1 0.1 ± 0.1 0.0 ± 0.0 0.3 ± 0.6 

PP3 (pH 6.5) 0.1 ± 0.0 1.7 ± 0.4 14.9 ± 5.5  

PP3 (pH 7.0 0.7 ± 0.8 7.1 ± 2.3 40.5 ± 15.1b 

PP3 (pH 8.0) 0.8 ± 1.3 12.0 ± 14.2 33.5 ± 9.5 b 

LB 0.6 ± 0.2 0.9 ± 0.3 5.6 ± 1.1 

PBS 0.0 ± 0.0 3.8 ± 6.4 5.6 ± 8.1 

15 ppt ASW 0.1 ± 0.1 0.1 ± 0.1 0.1 ± 0.1 
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Figure 4-1.Effect of temperature on phase variation in MO6-24/Op in PP3 (pH 7.0). 

Pound sign (#) indicates significantly (p=0.0064) higher percent Tr colony 
formation at 37 vs. 42°C on Day 2. Astrisk (*) indicates significantly 
(p≤0.0095) different percent Tr among all temperatures at Days 3 and 7. 

levels at Day 10, whereby Tr colonies averaged about 70% of the population at 37°C. 

However, it should be noted that these conditions were designed to detect high-frequency 

phase variation (>1%), and increased phase variation at lower frequency may occur at 

earlier time points but at levels below the limit of detection of this assay.  In summary, 

these results indicated that CPS phase variation in V. vulnificus is a late stationary phase 

event and support the hypothesis that transition to the Tr phenotype may be a response to 

stress or starvation. 

Effects of Secreted Factors on Phase Variation 

Bacteria secrete signaling molecules that accumulate over time and alter the local 

environment to regulate gene expression.  These molecules initiate global signaling 
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systems for communication within a bacterial population.  Quorum sensing is one 

example of global regulation of gene expression that involves secreted molecules called 

autoinducers.  Once these autoinducers reach a critical threshold concentration, they 

provide cell density-dependent communication.  Quorum sensing is involved in phase 

variation of some bacterial species, including V. parahaemolyticus and V. cholerae.  For 

example, in V. parahaemolyticus CPS expression is regulated by a LuxR homolog 

(OpaR), and deletion within this locus results in a shift to the Tr phase (McCarter 1998).   

In V. cholerae, alterations in luxO indirectly regulate EPS expression by changing 

expression of EPS operon regulators (Hammer and Bassler 2003). 

High-frequency phase variation was not detected in V. vulnificus until stationary 

phase, and it was hypothesized that accumulation of secreted molecules in the medium 

may signal the transition from Op to Tr phenotypes.  In order to determine the 

involvement of secreted factors, V. vulnificus MO6-24/Op was incubated in PP3 (pH 7.0) 

at 30, 37 and 42 °C, and cultures were filter-sterilized at Day 3 post inoculation. Spent 

medium recovered from culture filtrates was re-inoculated with Op cells, and the level of 

Tr colony formation was compared to levels formed in fresh media during previous 

experiments (Table 4-3).  Results showed that higher levels of Tr colonies were observed  

   Table 4-3. Effect of spent PP3 (pH 7.0) on phase variation of MO6-24/Op 
Transition from Op to Tr Colonies (%)b 

24 hrs Post Inoculation Mediaa 

30°C 37°C 42°C 
Fresh PP3 0.2 ± 0.0 0.7 ± 0.8 0.2 ± 0.2 
Spent PP3 1.4 ± 2.4 2.2 ± 3.0 0.0 ± 0.0 

aFresh PP3 (pH 7.0) or spent medium was used for incubation of MO6-24/Op 
at temperatures shown. Spent medium was prepared from filtrates of Day 3 
cultures of MO6-24/Op incubated at 30, 37 or 42 °C.  bPercentage (%) of 
translucent (Tr) colonies was calculated as a fraction of total colony number 
and is shown for both media. 
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in spent compared to fresh medium at 30 and 37°C, but these differences were not 

significant (p=0.494 and 0.475, respectively). 

The influence of secreted factors is also related to cell density.  Therefore, the 

effect of initial culture concentration on the frequency of Op to Tr transitions was 

evaluated. Washed Op cells were inoculated into fresh media at concentrations of 106, 

107, and 109 CFU/mL and observed for Tr colony formation.  Little variation in the levels 

of Tr colonies derived from different inocula was observed at Days 3 and 7 post 

inoculation.  However, by Day 10 the highest inoculum (109 CFU/mL) produced levels of 

Tr colony formation that differed significantly from lower inocula (Figure 4-2).  At 37°C, 

the higher inoculum showed a significantly lower proportion of Tr colonies (p<0.004) 

than those observed at lower inocula; conversely, at 42°C the culture inoculated with 

109 CFU/mL produced significantly (p=0.002) higher levels of Tr colonies than cultures 

inoculated with 106 CFU/mL (Figure 4-2). 

In summary, these results did not provide evidence for the influence of secreted 

signaling molecules on phase variation of V. vulnificus. The effects of quorum sensing 

are usually observed in middle to late log phase.  However, high-frequency Tr colony 

formation was not observed consistently until after 48 h of incubation, which would 

equate to late stationary phase for this organism under these growth conditions 

(Figure 4-1).  Quorum sensing-dependent models would predict earlier onset of high-

frequency phase variation, such as that observed in V. cholerae where 80% rugose 

colonies were observed by 24 h (Ali et al 2002).  Therefore, these results indicate that cell 

density and secreted factors probably do not influence high-frequency phase variation of 

CPS in V. vulnificus. 
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Figure 4-2. Effect of inoculum size on phase variation.  No significant differences were 

observed percent Tr colonies were observed between the inocula at (A) 30°C.  
At (B) 37°C and (C) 42°C significant differences in percent Tr colonies were 
observed between cultures: 109 CFU/mL showed significantly (p=0.0018 and 
0.004) lower levels vs. 106 and 107 CFU/mL, respectively (indicated by an 
asterisk (*)), and 106 CFU/mL initial inocula showed significantly (p=0.002) 
higher levels vs. 109 CFU/mL (indicated by a pound (#) sign.) 
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Population Dynamics of Phase Variation 

Observations of Tr colonies in cultures initially inoculated with Op isolates are 

generally attributed to phase variation, but population dynamics of these cultures could 

also incorporate growth or survival-related events, especially following extended 

incubation.  For example, the appearance of increased proportions of Tr cells may result 

from their survival in concert with die-off of Op cells or from increased cell division of 

Tr compared to Op cells.   

In order to investigate population dynamics of phase variation in V. vulnificus, total 

culture concentrations were compared to individual concentrations of Op vs. Tr.  Results 

showed an initial increase was followed by a significant (p≤0.004) decline of about a 

1 log CFU in total bacteria concentration at all temperatures by Day 7 (Figure 4-3).  

Significant (p≤0.0003) decreases were also observed in numbers of Op colonies over the 

course of the assay.  However, these decreases were generally larger than corresponding 

decreases in total CFU. For example, total bacteria declined by 1.4 ± 0.23 log CFU 

between Days 1 and 10 post inoculation at 37°C, but a 1.9 ± 0.42 log CFU decrease was 

observed for Op colonies over the same time period.  Thus, overall changes in the 

population were not attributed wholly to die-off of Op cells but also corresponded to 

increasing concentration of Tr colonies.  Comparisons of daily population changes 

showed that the decrease in the number of Op cells was approximately equal to the 

increase in the number of Tr cells by Days 2 and 3 at 37°C (Figure 4-4).  However, die-

off of both Op and Tr populations occurred by Day 7, and both populations remained 

relatively unchanged through Day 10.  Results demonstrated that loss of Op cells was 

generally equivalent to the increase in Tr cells and support the hypothesis that increased 

proportions of Tr colonies was a consequence of phase variation. 
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Figure 4-3. Changes in Op, Tr, and Total culture concentrations of MO6-24. At (A)30°C, 

(B)37°C, and (C)42°C significant changes were seen. Pound sign (#) indicates 
significant (p≤0.005) decreases in total culture concentration, and an asterisk 
(*) indicates significant (p≤0.003) declines in Op culture concentration. 



59 

 

 

-0.46
-0.49

-0.92

-0.03

0.57 0.47

-0.51

0.14

-1.5

-1

-0.5

0

0.5

1

1.5 Op
Tr

C
ha

ng
e 

in
 P

op
ul

at
io

n 
(lo

g 
C

FU
) 

Time Post Inoculation (days) 
2 3 7 10 

 
Figure 4-4.Changes in Op and Tr populations of MO6-24 between sampling days. Op and 

Tr populations of MO6-24 measured throughout incubation in PP3 (pH 7.0) at 
37°C.  Changes in population were calculated by subtracting the individual 
population concentrations (CFU/mL) of the earlier sampling day from the 
later sampling day and converting to log CFU/mL. 

A growth plasmid (pGTR902) was introduced into V. vulnificus MO6-24/Op in 

order to experimentally confirm phase variation. This plasmid has a kanamycin resistance 

gene marker, but the plasmid will only replicate in the presence of arabinose.  Therefore, 

incubation in media without arabinose results in loss of the resistance marker in newly 

dividing cells.  The initial inoculum can be distinguished from this newly generated 

population by growth on medium with or without aribinose and kanamycin, respectively. 

Therefore, opaque V. vulnificus containing the growth plasmid was inoculated into PP3 

(pH 7.0) at a concentration of 106 CFU/mL and incubated at 37°C.  Cultures were plated 

simultaneously onto LA and LA with kanamycin and 1% arabinose, and Tr colony 

formation was observed as described for phase induction experiments.  



60 

 

Results showed that Op cells containing the growth plasmid were able to form Tr 

colonies carrying the resistance marker, confirming that phase variation from Op to Tr 

had occurred (Table 4-3). The percent of kanamycin resistant Tr colonies remained 

essentially unchanged through Day 3, indicating phase variation of this population 

occurred by Day 1 and that these cells survived extended incubation. However, levels of 

Tr colonies without the plasmid continued to increase throughout the experiment and 

were significantly higher (p=0.0237) than the percentage of Tr colonies with the growth 

plasmid, suggesting phase variation may continue to occur in dividing cells. The 

proportion of Op cells that were killed (killing proportion) during extended incubation 

   Table 4-4. Phase variation and survival of MO6-24/Op with growth plasmid pGTR902.  
Days Post Inoculation 

Strain Inoculated Measurement 1 2 3 

MO6-24/Op 8.76 ± 0.41 8.32 ± 0.33 8.03 ± 0.10 
MO6-24/pGTR902 

Total Bacteria 
(CFU/mL)a 8.23 ± 0.05 8.29 ± 0.27 7.88 ± 0.18 

MO6-24/pGTR902 Resistant Bacteria 
(CFU/mL Kan)b 6.50 ± 0.24 6.11 ± 0.10 5.46 ± 0.15 

MO6-24/pGTR902 Total Phase Variation 
(% Tr)c 0.2 ± 0.4 1.1 ± 1.3 11.6 ± 6.0 

MO6-24/pGTR902 Resistant Phase 
Variation (% Tr Kan)d 0.1 ± 0.1 0.2 ± 0.1 0.2 ± 0.3 

MO6-24/pGTR902 Killing Proportion 
(CFU/mL Kan)e 0.97 ± 0.04 0.41 ± 0.13 0.1 ± 0.06 

aTotal number of bacteria (CFU/mL) in cultures of MO6-24/Op that did or did not 
contain pGTR902 following incubation in PP3 (pH 7.0) at 37°C. bNumber of bacteria 
(CFU/mL) that retained growth plasmid in cultures inoculated with MO6-24/Op 
containing pGTR902 following incubation in PP3 (pH 7.0) at 37°C. Retention of 
plasmid was indicated by growth on LA with kanamycin and arabinose as described in 
materials and methods. cTotal percentage (%) of translucent (Tr) colonies was 
calculated as a fraction of total colony number dPercentage of Tr colonies retaining the 
growth plasmid was calculated as a fraction of total colony number on LA with 
aknamycin and arabinose. eKilling proportion= concentration bacteria of retaining 
pGTR902 / concentration of bacteria with pGTR902 initially inoculated into 
culture.was determined by dividing the concentration of plasmid-containing cells at 
each sampling point by the number of cells initially inoculated into the culture. 
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These calculations showed virtually no change in cells containing the growth plasmid at 

Day 1; however, nearly 60% of the original inoculum was lost by Day 2 and only 10% 

remained by Day 3 (Table 4-3).  Overall, these data confirm phase variation events in the 

transition of Op cells to the Tr form, but also indicate that the Op populations may be less 

fit compared to Tr cells for survival under conditions of extended incubation. 

Conclusions 

Conditions were identified that induced high-frequency phase variation in 

V. vulnificus, and these conditions were similar to those previously described for 

V. cholerae.  However, increased phase variation occurred much earlier (within 24 hr) 

with V. cholerae compared to V. vulnificus (at least 48 h).  In theory, population changes 

attributed solely to phase variation would result in no changes in total bacterial numbers, 

and decreases in numbers of opaque cells would approximately equal increases in 

translucent populations.  Conversely, if proportional increases in translucent cell number 

were due solely to die-off of opaque cells, decreases in the opaque population should 

equal changes in the overall culture concentrations.  Increases in translucent populations 

were observed at all temperatures after 24 h, and they are most likely attributed to phase 

variation and not cell division because nutrient limitation during late stationary phase 

generally limits bacterial reproduction.  Additionally, growth plasmid studies revealed 

that phase variation does occur and also demonstrated that die off of the original opaque 

population occurs within two days of incubation.  Thus, observed changes in V. vulnificus 

populations are indicative of a combination of both phase variation from opaque to 

translucent phenotypes, as well as die off of opaque cells during later sampling points.  

This die off of opaque cells may be due to capsule production because it is metabolically 
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intensive and therefore, may decrease their fitness and survival under starvation 

conditions.   
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CHAPTER 5 
RESULTS:  SPECIFIC AIM 2  

Rationale for Study 

In order to study the genetic basis of phase variation in V. vulnificus, conditions 

were established for induction of high-frequency (>1%) phase variation from opaque 

(Op) to translucent (Tr) forms.  In this chapter phase variants derived from phase 

induction conditions were examined to determine the role of genetic mutations in the 

CPS operon to phase variation in V. vulnificus.  Chatzidaki (2004) previously identified 

differences within the CPS operon among different strains (n=4) of V. vulnificus.  DNA 

sequence from the conserved transport region of the CPS operon showed that some 

strains (MO6-24/Op, LC4/Op, and CMCP6/Op) had a certain type of repetitive elements 

that was lacking in one strain (YJ016).  It was noted that a Tr isolate of V. vulnificus LC4 

showed deletion of the conserved transport gene wzb gene; however, a Tr isolate of 

MO6-24/Op did not show this deletion mutations.  In fact, the CPS operon of this strain 

was identical to the parent Op strain, indicating that there were two mechanisms for 

phase variation: one that involved mutations in the CPS operon and one that was 

independent of the CPS operon. Complementation of wzb in the deletion mutant restored 

CPS expression and demonstrated that the deletion mutation was site-specific for wzb.  

Because repetitive elements flanked the deleted gene and are frequently associated 

with deletion mutation, it was hypothesized that the site of this deletion mutation was 

determined by the repetitive elements. Therefore, in order to clarify the role of repetitive 

elements in deletion mutation and phase variation, the present study examined 
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frequencies of phase variation among V. vulnificus strains with and without repetitive 

elements.  Additionally, large numbers of Tr isolates generated from phase induction 

were genetically characterized to determine if the presence and location of repetitive 

elements correlated with deletion mutation. 

Strain Differences in Phase Variation  

Opaque V. vulnificus strains MO6-24, LC4, C7184, E4125, CMCP6, and YJ016 

were inoculated into phase induction assays and examined for differences in phase shift 

to the translucent phenotype at various temperatures.  Levels of phase variation of Op to 

Tr colonies were much lower for YJ016 compared to all other strains for most time points 

and temperatures. By Day 7 post inoculation, YJ016 displayed significantly (p≤0.0137 

and p≤0.0163) lower levels of Tr colony formation compared to all other strains for cells 

incubated at 30°C and 37°C, respectively (Figure 5-2). Levels of Tr colony formation in 

YJ016 never exceeded 3.0% throughout Day 7 at these temperatures.  At 42°C higher 

levels of Tr colonies were seen in YJ016 by Day 7 and 10 compared to other 

temperatures, but these levels were still lower than levels observed in other strains.  

Another strain where observed levels of phase variation were unique from other strains 

was E4125.  Interestingly, this strain produced sectored colonies in addition to the Op and 

Tr phenotypes (Figure 5-1).  Sectored colonies contain a mixture of the Op and Tr 

morphologies within a single colony, suggesting that this is a highly variable population.  

The formation of sectored colonies did not show any significant variation with 

temperature, indicating this phase was not responsive to temperature (Table 5-1). 

As shown in the previous chapter levels of phase variation in MO6-24 were higher 

at 37°C compared to 30 and 42°C.  Some strains (LC4 and C7184) also showed higher 

levels of phase variation at 37°C compared to other temperatures with significantly  
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Figure 5-1. Sectored opaque colony with translucent wedges 

(p=0.0001, 0.001, and 0.0001, respectively) higher levels occurring by Day 3 

(Figure 5-2).  However, in strain CMCP6 phase variation levels were highest at 30°C 

compared to other temperatures, although these differences were not significant.  Neither 

E4125 nor YJ016 displayed significant differences in the levels of phase variation as a 

function of temperature until Day 10 when levels of Tr colonies in YJ016 were 

significantly (p=0.0251) higher at 42°C compared to 30°C and levels in E4125 were 

significantly (p=0.0021) higher at 42°C compared to 37°C.  Overall, the observed levels 

of phase variation among all strains did not show a consistent response to temperature, 

and temperature specificity appeared to be specific to each strain.  One observation that 

was consistent for all strains was the general increase in transition to the Tr phenotype 

over time (Figure 5-2).  These results were also noted in the previous chapter in strain 

MO6-24.  Thus, the observation that all strains exhibited increased levels of phase 

variation during extended incubation indicates that phase variation in V. vulnificus may 

be a response to stress or starvation. 
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Figure 5-2.Translucent colony formation by opaque V. vulnificus strains.  The percent 

(%) Translucent (Tr) colony formation was calculated for strain (A) MO6-24, 
(B) LC4, (C) C7184, (D) CMCP6, and (E) YJ016 incubated at 30ºC, 37ºC, 
and 42ºC.  aAt 30ºC, significant (p<0.037 and 0.0137) differences in percent 
Tr colonies between YJ016 and all other strains were observed at Days 3 and 
7.  Significant (p<0.0029) differences were also noted on Day 10 for YJ106 
vs. CMCP6 and MO6-24.  bAt 37ºC, significant (p<0.0001 and  p≤0.0001) 
differences in percent Tr colonies was observed at Day 3 for YJ106 vs. C7184  
and MO6-24 and for CMPC6 vs. C7184 and MO6-24.  Significant (p≤0.0325) 
differences were also noted at Day 7 between YJ016 and all other strains. 
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   Table 5-1.  Effect of temperature on phase variation in E4125/Op in PP3 (pH 7.0) 
Transition from Op to Tr or Sectored (Sec) Colonies (%)a  

Time Post Inoculation (days) 
 
 
Temperature 

1 2 3 7 10 

30°C 
Tr: 4.6 ± 2.6  
Sec: 12.5 ± 4.2 

8.7 ± 5.6 
20.4 ± 5.2 

17.5 ± 10.9 
26.0 ± 15.5 

53.8 ± 8.3 
17.3 ± 1.4 

47.5 ± 25.7 
35.2 ± 30.8 

37°C 
Tr: 7.9 ± 5.5 
Sec: 15.0 ± 4.9 

14.9 ±8.6  
29.4 ± 22.1 

23.4 ± 11.2  
19.4 ± 10.6 

76.5 ± 26.8 
13.5 ± 18.4 

32.8 ± 12.2 
47.9 ±  32.3 

42°C 
Tr: 5.7 ± 3.8 
Sec: 13.7 ± 3.3 

11.8 ± 9.8 
15.0 ± 3.8 

17.9 ± 13.2 
21.2 ± 9.9 

54.5 ± 8.4 
21.3 ± 8.4 

81.8 ± 22.6b 
3.7 ± 2.4c 

aPercentage (%) of translucent (Tr) colonies was calculated as a fraction of total colony 
number and is shown for all temperatures in PP3 (pH 7.0).  bValues of 37°C and 42°C 
are significantly different (p=0.0021) from each other. cValues at 37°C and 42°C are 
significantly different (p=0.0006) from each other. 

 
Phase Variation and Allelic Variation within the CPS Operon 

DNA sequence comparison by Chatzidaki (2004) revealed genetic differences 

within the CPS operon among V. vulnificus strains.  Differences in these profiles 

alsocorresponded to dramatic differences in levels of phase variation, as strain YJ016 was 

genetically distinct from other strains and had significantly lower levels of phase 

variation.  Further sequence comparison by Chazidaki-Livanis of CPS operons among 

additional strains established that there were two distinct profiles, which were designated 

as Allele 1 and Allele 2 (data not shown). Prominent differences between these alleles 

included deduced amino acid sequences encoding hypothetical proteins (HP1 and HP2, 

respectively) and DNA sequence of repetitive elements (R1 and R2, respectively).   

Allelic variation of repetitive elements showed differences in both their DNA sequence 

and location within the CPS operon.  R1 repetitive elements of Allele 1 contained 

multiple copies of an identical 8-bp subunit (ACAGGACC) and immediately flanked 

wzb, while R2 repetitive elements of Allele 2 were more variable (A/CCTAGG/AAA/C) 

and contained an additional element just downstream of wza (Figure 5-3).  This genetic  
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A ) A lle le  1  V . vu ln if icu s  g ro u p  1  C P S  o p e ro n : 

B )  A lle le  2  V . v u ln ific u s  g ro u p  1  C P S  o p e ro n :  

 O R F 1     w za        H P 1         w zb             w zc           w ec C  w b p P  w zx  H P 3  H P 4 r fa G  w b jB   rm lD  w b jD  w b u B   w b fT  w b fU  w b fY ---  - -- - w b fV
                                     R 1       R 1                R 3                         

O R F 1     w za            H P 2          w zb             w zc        w ec b        w e cC  w b p P   w zx -- -- P O L Y M O R P H IC  G E N E S --- - ---- - -- --- -- - --w b fY  w b fV   
                         R 2        R 2            R 2                          R 3                          

          C O N S E R V E D  T R A N S P O R T  R E G IO N                                              B IO S Y N T H E T IC  R E G IO N  

 
Figure 5-3. Genetic organization of group 1 CPS operons. Group 1 CPS operon structure 

includes conserved transport and polymorphic biosynthetic regions for A) 
V. vulnificus allele 1 (MO6-24, LC4, C7184, CMCP6, E4125) and B) 
V. vulnificus allele 2 (YJO16); C). Direction of transcription is indicated by 
arrows.  (Figure adapted from Chatzidaki-Livanis et al. 2006) 

analysis suggested that strain variation in levels of phase variation may be a consequence 

of sequence differences between Allele 1 and Allele 2. 

To determine if strain variability in the formation of Tr colonies was allele-specific, 

additional Allele 2 strains were inoculated into phase induction assays. The average 

percent translucent colony formation at Days 3 and 7 post inoculation was lower for 

Allele 2 strains compared to Allele 1 on both days and was significantly (p=0.0235) 

lower on Day 7 (Table 5-2).  Four of the six Allele 2 strains produced individual levels of 

translucent colony formation that were significantly (p<0.0325) lower than strains of 

Allele 1.  However, strains 99-537DP-G7 and 99-623DP-F5 produced levels of Tr colony 

formation that resembled levels seen in Allele 1 strains. Comparisons among strains of 

Allele 2 showed significantly (p=0.0182 and p=0.0437) higher level of Tr colony 

formation for 99 537DP G7 and 99-623DP-F5, respectively, compared to other Allele 2 

strains.  This variability in the levels of phase variation among strains of the same allelic 

type was also observed for Allele 1.  For example, strain CMCP6 (Allele 1) displayed 

significantly (p≤0.01) lower levels of Tr colony formation at 37ºC compared to other 

Allele 1 strains on Day 3, but by Day 7 the level of Tr colonies formed by CMCP6  
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 Table 5-2. Transitions in colony type for opaque V. vulnificus strains of both alleles 
Transitions of Op to Tr or Sectored Colonies (%)a 
Time Post Inoculation (days) 

Strains 3 7 

Allele 1   

MO6-24 /Op 40.5 ± 15.1c 64.0 ± 13.9 
LC4/Op 16.0 ± 0.2 22.7 ± 15.2 
C7184/Op 37.9 ± 0.5c 49.3 ± 2.8 

E4125/Op        Tr:  23.4 ± 11.2 
Sec: 19.4 ± 10.6 

76.5 ± 26.8 
13.5 ± 18.4 

CMCP6/Op 4.7 ± 2.2 53.0 ± 47.2 
Allele 1 Average 24.4 ± 14.9 53.1 ± 17.9d 
Allele 2   

YJ016/Op 4.8 ± 5.1 4.2 ± 2.4 b,c 
99-581DP-C7 0.9 ± 1.1  10.6 ± 15.9 
99-537DP-G7 42.0 ± 6.8b 25.1 ± 19.2 
99-742DP-A9 0.0 ± 0.0  14.5 ± 17.9 
99-623DP-F5 30.4 ± 24.5b 70.5 ± 48.1b 
99-505DP-C8 5.5 ± 2.8  7.0 ± 5.2 
Allele 2 Average 13.9 ± 19.2 22.0 ± 23.3c 

aPercentage (%) of Translucent (Tr) colonies as a fraction of total colony number is 
shown for all strains. Percentages of sectored (Sec) colonies are also shown for 
E4125/Op. bSignificant (p<0.01, p≤0.0437, p=0.0317) differences in % Tr between 99-
537DP-G7 and 99-623DP-F5 vs. all Allele 2 strains at Day3, and between 99-623DP-
F5 vs. YJ016 at Day7. cSignificant (p<0.0325, p≤ 0.0398, and p≤0.0163) differences in 
the percent translucent between allele types were noted for YJ106, 99-581DP-C7, 99-
742DP-A9 and 99-505DP-C8 vs. C7184 and MO6-24 at Day 3, for YJ106 vs. C7184, 
LC4, MO6-24 at Day 3, and for YJ016 vs. MO6-24, LC4, C7184, CMCP6 at Day 7. 
dSignificant (p=0.0235) differences in the average percent translucent colony formation 
exists between strains of Allele 1 vs. Allele 2 on Day 7. 

 
exceeded 50%, suggesting the appearance of Tr colonies was simply delayed in this strain 

(Table 5-2).  Thus, differences seen among strains in the appearance of Tr colonies 

corresponded somewhat with allelic differences associated with the CPS operon, but high 

levels of variability observed within strains of the same allele prevent conclusions about 

this association.  
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Figure 5-4. Changes in Op, Tr, and overall culture populations.  Population differences 

calculated between sampling days for five Allele 1 strains (MO6-24, LC4, 
C7184, and CMCP6) and one Allele 2 strain (YJ016). 

As discussed in Chapter 3, phase variation is the responsible for shifts in Op and Tr 

populations observed in MO6-24 during Days 1 through 3 of incubation.  Examination of 

population changes in other V. vulnificus strains also showed that decreases in the Op 

population corresponded to equivalent increase in the Tr population in most strains 

(Figure 5-4).  However, in Allele 2 strain YJ016, equivalent shifts in Op and Tr 

populations were not observed (Figure 5-4).  Levels of phase variation in this strain 

remained low throughout most of the phase induction assay and only exceed 20% by 

Day 10.  Therefore, it is unclear if the lack of equivalent shifts in Op and Tr populations 

is due to an allelic difference or to low levels of phase variation. 
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Distribution of Tr Genotypes Related to the CPS Operon Among Different Strains 

Three genotypes (TR1, TR2, and TR3) were identified in Tr isolates of 

V. vulnificus using PCR primers that amplified intervening sequences between wza and 

wzc (Chatzidaki 2004).  The TR1 genotype showed a band of the same size as Op strains 

(3.7-Kb; Figure 5-5).  The TR2 genotype produced a single band that was smaller 

(3.3-Kb) than the band from Op strains, while the TR3 genotype failed to amplify by  

3.7 
3.3 
3.0 

Op TR1 TR2 TR3 TR2A 

 
Figure 5-5. PCR analysis of CPS transport region in V. vulnificus phase variants. PCR 

amplicons derived from primers that spanned the transport region (wza to wzc) 
of the CPS operon are shown for phase variants of V. vulnificus MO6-24/O, 
MO6-24/Tr (TR1), LC4/Tr (TR2), 345/Tr (TR3), and YJ016/Tr (TR2A). 
Approximate amplicon sizes (arrows) are derived from DNA standards (not 
shown). 

PCR.  DNA sequencing of the entire TR1 group 1 CPS operon revealed it was identical 

to the Op parent CPS operon (Chatzidaki 2004).  Additionally, DNA sequence from TR2 

confirmed the presence of a deletion mutation and showed it encompassed the entire 

435-bp wzb gene.  DNA sequence was not available for TR3, as these isolates failed to 

amplify by PCR. 
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Figure 5-6. Cumulative genotype distribution among Allele 1 strains at 30°C.  The 

proportion of each Tr genotype was calculated as a function of the total 
culture population and averaged between two experiments to obtain standard 
deviations for the Allele 1 strains MO6-24, LC4, C7184, and CMCP6. 

The site-specific excision of wzb in a TR2 isolate from an Allele 1 strain indicated 

that repetitive elements may play a role in deletion formation (Chatzidaki 2004).  In order 

to test this hypothesis, PCR of the wza-wzb-wzc region was performed on >2000 Tr 

isolates generated from various V. vulnificus strains during phase induction assays at 30 

and 37 ºC.  The distribution of Tr genotypes overtime was examined for each strain at 

30and 37ºC in order to determine the relationship between allelic type and the formation 

of Tr genotypes.  Results showed that the development of each Tr genotype varied among 

Allele 1 strains at both temperatures (Figures 5-6 and 5-7).  For example, E4125  
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Figure 5-7. Cumulative genotype distribution among Allele 1 strains at 37ºC.  The 

proportion of each Tr genotype was calculated as a function of the total 
culture population and averaged between two experiments to obtain standard 
deviations for the Allele 1 strains MO6-24, LC4, C7184, and CMCP6. 

produced only the TR1 genotype, while all other strains produced both TR1 and TR2.  

Additionally, TR3 isolates were only produced by MO6-24 and CMCP6.    

At 30ºC, all Allele 1 strains except CMCP6 displayed an increase in the TR1 

genotype that peaked at Day 7 and declined through Day 10, but in CMCP6 the 

proportion of TR1 isolates continued to increase through the end of the assay 

(Figure 5-6).  At 37°C, an increase in TR1 was observed in MO6-24 and LC4, while 

inC7184 and CMCP6 the levels of TR1 remained relatively constant (Figure 5-7).   

Examination of deletion mutant formation revealed similar inconsistencies among strains  
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Figure 5-8. Cumulative genotype distribution among Allele 2 strains at 37°C. The 

proportion of each Tr genotype was calculated as a function of the total 
culture population and averaged between two experiments to obtain standard 
deviations for the Allele 2 strains YJ016, 99-537-DPG7, and 99-623-DPF5. 
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of Allele 1.  At 30ºC, MO6-24 displayed high levels of TR2 isolates, but other Allele 1 

strains produced very low levels of deletion mutants or none at all. 

At 37ºC, MO6 24 showed a decrease in the TR2 genotype that corresponded to an 

increase in TR3 isolates during extended incubation, suggesting these deletion mutations 

occur in a sequential fashion (Figure 5-7).  This trend was not observed in other strains, 

but TR3 formation was also not as frequent in other strains.  In Allele 1 strains, the TR3 

genotype was only formed by MO6-24 and CMCP6, and only MO6-24 produced TR3 

deletion mutations in a large enough quantity for consistent analysis (Figure 5-7).  

Overall, the appearance of Tr genotypes was inconsistent among Allele 1 strains 

indicating that the frequency and type of Tr isolate formation is strain related. 

Examination of Tr isolates generated by Allele 2 strains revealed all strains produce 

the TR1 genotype, but that the frequency of TR2 deletion mutations was lower than that 

observed for Allele 1 (Figure 5-8).  Formation of the TR2 genotype was only seen in 99-

623DP-F5, and TR3 deletions were only evident in YJ016 at 30°C (data not shown).  

Interestingly, YJ016 produced a fourth genotype (TR2A) that was not seen in Allele 1 

strains, and this genotype yielded a PCR product that was slightly smaller (3.0 Kb) than 

the 3.3 Kb product seen with TR2 (Figure 5-5).  DNA sequencing of TR2A confirmed a 

larger deletion than what was observed in TR2 and showed loss of both the open reading 

frame (ORF) encoding the hypothetical protein (HP2) and the wzb gene  

The appearance of a unique TR2A mutation in Allele 2 strains demonstrated that 

the size of the deletion mutation corresponded to the location of repetitive elements for 

all strains of both alleles (Figure 5-9).  Thus, these data support the association between 

repetitive element location and deletion mutation in the V. vulnificus CPS operon.   
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B) Allele 2 for the V. vulnificus group 1 CPS operon (YJ106/Op):
 
 
 
 
       
                       TR2 deletion mutation for allele 2: 
 
 
 
      

TR2A deletion mutation for allele 2:

                      ORF1    wza             wzc                    
                                              R2                        

                ORF1    wza       HP2           wzc                     
                                           R2                            

ORF1    wza         HP2        wzb            wzc                  
                       R2    R2        R2                               

A) Allele 1 for the V. vulnificus group 1 CPS operon: 
 
 
 

 
                    TR2 deletion mutation for allele 1 

 
                 ORF1    wza       HP1           wzc                     

                                           R1                            

 ORF1    wza       HP1        wzb            wzc                    
                                     R1      R1                                      

 
Figure 5-9. Deletion mutation size corresponds to repetitive element location.  Structure 

of the conserved transport region of the group 1 CPS operon and 
corresponding TR2 andTR2A deletion mutants are shown for A) Allele 1 and 
B) Allele 2. Arrows indicate direction of transcription, and genes removed by 
deletion mutations are shaded. 

Examination of Tr genotypes formed by Allele 2 strains also showed strain 

variability in genotype formation within this allelic type.  YJ016 was the only Allele 2 

strain that produced TR3 isolates; however, TR3 occurred at very low levels in this strain.  

This strain also formed the TR1 and TR2A genotypes.  Allele 2 strain 99-537DP-G7 

produced theTR1 genotype, while strain 99-623DP-F5 produced TR1 and TR2, but not 
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TR2A or TR3. These results demonstrated that, like Allele 1, the appearance of Tr 

genotypes in Allele 2 isolates is strain related. 

Examination into the extent of deletion in TR3 was performed using additional 

primer sets that individually targeted each of the transport genes (wza, wzb, wzc) and a 

conserved gene, wbfV, found just downstream of the CPS operons in both published 

genomes.  These primers did not amplify DNA from TR3 isolates but did amplify 

sequences in an Op variant of the same strain.  However, species-specific PCR primers 

for the vvhA hemolysin gene produced identical products in all TR3 strains (data not  

  Table 5-3. Frequency of deletion mutations among CPS alleles at 30°C 
Distribution of Deletion Genotypesa 
Time Post Inoculation (days)b 

Strains 3 7 10 
Allele 1    
MO6-24 3.0 ± 1.2 18.6 ± 3.2c 27.0 ± 25.2 
LC4 3.2 ± 4.5 2.4 ± 3.5 1.1 ± 1.5 
C7184 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 
CMCP6 0.0 ± 0.0 2.0 ± 2.8 0.0 ± 0.0 
Allele 2    
YJ016 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 

aGenotype distribution indicates the percent of the total colonies recovered from PP3 
broth as an average of two experiments ± standard deviation. Op genotype was inferred 
from colony morphology and distribution of Tr genotypes was based on PCR screening.  
bCultures were sampled at Days 3, 7 and 10 post inoculation to obtain a combined total 
of at least 150 Tr isolates for evaluation of each strain. cDeletion mutations were 
significantly (p≤0.0390) higher in MO6-24 vs. all other strains on Day 7. 
 

shown).  These results indicated that DNA deletions in the CPS operon of TR3 isolates 

extend beyond wzb excisions. 

In order to evaluate whether or not the frequency of deletion mutation was 

associated with allelic type, the rate of deletion mutants formed by strains of Allele 1 was 

compared to the rate of deletion formed by strains of Allele 2.  Results showed that Allele 

1 strains produced deletion mutants at higher levels than did Allele 2 strains at both 30 
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and 37°C (Tables 5-3 and 5-4).  At 30°C, MO6-24 produced deletion mutants at 

significantly (p≤0.039) higher levels than YJ016.  At 37°C, all Allele 2 strains produced 

significantly (p≤0.0397) fewer deletion mutants than the Allele 1 strains MO6-24 and 

LC4 by Day 3.  By Day 7, all Allele 2 strains produced significantly (p≤0.0462) lower 

levels of deletion mutants compared to MO6-24, LC4, and C7184.  An average percent 

deletion mutant production was also calculated across each allelic type and results 

showed that on average Allele 2 strains produced significantly (p=0.0267) fewer deletion  

   Table 5-4. Frequency of deletion mutations among CPS alleles at 37°C 
Distribution of Deletion Genotypesa  
Time Post Inoculation (days)b 

Strains 3 7 10 
Allele 1    
MO6-24 25.0 ± 11.0 c 34.6 ± 15.7d 24.1 ± 8.6 
LC4 13.0 ± 0.1 c 3.1 ± 0.7 d 4.7 ± 6.6 
C7184 2.1 ± 3.0 22.9 ± 2.0 d 36.0 ± 13.9 
CMCP6 0.3 ± 0.4 32.2 ± 44.2 41.2 ± 17.4 
Allele 1 Average 10.1 23.2e N.D 
Allele 2    
YJ016 0.6 ± 0.7 1.6 ± 0.7 0.0 ± 0.0 
99-537DP-G7 1.4 ± 2.4 1.7 ± 2.9 N.D. 
99-623DP-F5 0.0 ± 0.0 0.0 ± 0.0 N.D. 
Allele 2 Average 0.7 1.1 N.D. 

aGenotype distribution indicates the percent of the total colonies recovered from PP3 
broth as an average of two experiments ± standard deviation. Op genotype was inferred 
from colony morphology and distribution of Tr genotypes was based on PCR screening.  
bCultures were sampled at Days 3, 7 and 10 post inoculation to obtain a combined total 
of at least 150 Tr isolates for evaluation of each strain.  cSignificantly (p≤0.0397) lower 
levels of deletion mutation were observed in all Allele 2 strains vs. MO6-24 and LC4 
on Day 3. dSignificantly (p≤0.0462) lower levels of deletion mutation were observed in 
all Allele 2 strains vs. MO6-24 and LC4 on Day 7.  eAverage deletion mutation was 
significantly (p=0.0267) lower in Allele 2 vs. Allele 1 strains. 

 
mutants compared to Allele 1 strains by Day 7.  Therefore, these results suggest that   

differences between alleles account for differences in the rate of deletion mutation. 
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Translucent to Opaque Phase Variation 

A shift from the Tr phenotype to the Op upon incubation in LB was previously 

reported for V. vulnificus isolates, and this transition occurred at a level of 10-3 to 10-4 

(Yoshida et al. 1985, Wright et al. 1990).  Incubation of Tr isolates in PP3 did not result 

in phase variation to the Op phenotype; therefore, the stability of TR1, TR2, and TR3 

isolates was evaluated by passage in LB.  Incubation of TR1 isolates (n=24) showed 

reversion back to the Op form (Table 5-5).  However, this reversion which occurred 

within 24 h appeared to be faster in than Op to Tr transitions require 3 to 7 days.  

Increases in reversion were also indicated by the appearance of sectored colonies, which 

was observed only after subculture in LB, and continued passage of TR1 isolates in PP3 

negated the appearance of the sectored phenotype (Table 5-5).  The TR2 and TR3 

genotypes were presumed to be stable in the Tr phase due to the loss of wzb, and passage 

in LB confirmed this hypothesis.  TR2 and TR3 isolates (n=24) did not revert to the Op 

phenotype upon incubation in LB nor did these isolates form sectored colonies.  Thus, 

TR2 and TR3 were locked in the translucent phase (Table 5-5).  These results  

   Table 5-5.  Phenotypic stability of translucent genotypes 
Transitions of Tr to Op or Sectored Colonies (%)a 
Incubation Medium 
L. Broth PP3 

MO6-24 
Translucent 
Genotype 

% Opaque % Sectored % Opaque % Sectored 
TR1 48.9 ± 9.1 5.9 ± 1.2 0.0 ± 0.0 0.0 ± 0.0 
TR2 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 
TR3 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 

 aPercentages of Op and sectored colonies as a fraction of total colony number are 
shown for all genotypes. 

 
demonstrated that some of the Tr isolates (TR1) generated from phase induction assays 

maintained reversible phase variation and therefore, can be classified as phase variants.  
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However, other isolates (TR2 and TR3) were not reversible and are thus potentially not 

phase variants. 

Conclusions 

Previous DNA sequence comparisons of the CPS operon among strains of 

V. vulnificus showed differences within the conserved transport region, and PCR analysis 

of Tr isolates identified three distinct genotype (TR1, TR2, TR3).  Further analysis of 

CPS operons from multiple strains revealed two distinct alleles (Allele 1 and Allele 2) at 

this locus (Chatzidaki 2004).  This study demonstrated that V. vulnificus strains varied in 

their levels of Tr colony formation.  However, this variability was only loosely correlated 

with allelic type, and variability within strains of each allele prevented conclusions about 

an association between phase variation and allelic type.  All strains of both alleles did 

exhibit increased levels of Tr colony formation during extended incubation, indicating 

that phase variation in V. vulnificus may be a response to stress or starvation 

The presence of repetitive elements flanking deletion sites within the CPS operon 

suggested these elements may play a role in deletion mutation.  Therefore, Tr isolates 

produced by multiple strains of both alleles during phase induction assays were examined 

for their genotype and results showed allelic differences in both Tr genotype formation 

and deletion mutation.  The TR1, TR2, and TR3 genotypes were formed by strains of 

both alleles; however, Allele 2 strain YJ016 produced an additional genotype (TR2A), 

which showed loss of both the open reading frame (ORF) encoding the hypothetical 

protein (HP2) and the wzb gene.  In all instances of deletion mutation, the size of excised 

DNA corresponded exactly to the location of the repetitive elements for all strains of both 

alleles.  Thus, these data support the association between repetitive element location and 

deletion mutation.  The frequency of deletion mutation between alleles was also 
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examined and results showed that Allele 1 strains produced deletion mutants at 

significantly higher frequency than did strains of Allele 2, indicating that differences 

between these alleles account for differences in the rate of deletion mutation.   

Finally, evaluation of the stability of the Tr genotypes revealed that the TR1 

genotype (which possessed the intact CPS operon) was phase variable, while the deletion 

mutants (TR2 and TR3) were locked in the Tr phase and thus phase stable under the 

conditions examined.  This observed formation of both phase variants and deletion 

mutants indicated that multiple pathways are responsible for regulation of Tr colony 

formation. 
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CHAPTER 6 
RESULTS:  SPECIFIC AIM 3  

Rationale for Study 

The RecA enzyme is involved in DNA repair, replication, and some homologous 

recombination mechanisms.  RecA-dependent homologous recombination is initiated by 

breaks in DNA, which result in the formation of free single stranded (ss) or double 

stranded (ds) DNA ends. (Weaver 2002).  Repetitive elements have been shown to be 

“hot spots” for DNA break formation under stressful conditions (van Belkum 1999). 

RecA also plays a critical role as a stationary phase enzyme in the bacterial stress/SOS 

response, and binding of RecA to free DNA ends signals expression of SOS genes, which 

play a role in a variety of repair mechanisms, including recombination (Shinagawa 1996).  

RecA-dependent homologous recombination leading to phase variation has been 

described in Neisseria gonorrhoeae, Pseudomonas tollaasii, and Haemophilus influenze 

(Hoiseth et al. 1986, Seifert 1996, Sinha et al. 2000).  N. gonorrhoeae undergoes phase 

variation of its type IV pilus through intramolecular recombination between distinct loci 

(Seifert 1996, Mehr and Seifert 1998).  Exchange of DNA cassettes between the pilE and 

pilS genes allows for replacement of a region of pilE with a portion of pilS, resulting in 

changes in or elimination of pili expression (Seifert 1996, Mehr and Seifert 1998).  Phase 

variation from an Op to a Tr phenotype in P. tolaasii resulted when capsule expression 

was disrupted by a reversible 661-bp duplication in the putative kinase domain of a 

regulatory locus (Sinha et al. 2000).  Finally, in H. influenzae, duplicated DNA 

segements are directly repeated and encompass a CPS export gene (bexA).  Rec-
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dependent recombination resulted in loss of the tandem duplication as well as part of the 

coding region of bexA, resulting in loss of capsule expression (Hoiseth et al. 1986, Kroll 

and Moxon 1988).      

In the V. vulnificus CPS operon, tandem copies of repetitive elements appeared to 

be associated with the site-specific deletion of a CPS transport gene (wzb). These 

repetitive elements exhibit extended regions of homologous DNA surrounding the area of 

excision and may also facilitate DNA breaks leading to binding of RecA. Thus, repetitive 

elements could provide sites for RecA-dependent homologous recombination, as a 

potential mechanism for deletion mutation within the V. vulnificus CPS operon. RecA 

recombination and the SOS response are associated with stationary phase and starvation. 

Prolonged incubation of V. vulnificus in PP3 increased the appearance of deletion 

mutations, which would be consistent with RecA-mediated recombination. Therefore, the 

present study used mutational analysis to investigate the role of recA in genetic 

rearrangement leading to transitions from the Op to the Tr phenotype. 

Mutational Analysis of V. vulnificus recA Activity  

In order to determine the role of recA in deletion mutation within the CPS operon 

of V. vulnificus, disruption of the recA gene by insertional inactivation was attempted. 

Comparison of the DNA sequence of the genomic region encompassing recA from 

V. vulnificus strains CMCP6 (Kim et al. 2003) and YJ016 (Chen et al. 2003) showed this 

region included an upstream gene sequence encoding a hypothetical protein and a 

downstream gene encoding the RecA regulator RecX (Appendix). This region is highly 

conserved, and strains displayed 98% nucleotide identity.  Primers derived from regions 

flanking recA were used to amplify this target by PCR in V. vulnificus MO6-24/Op, and 

DNA sequence comparison of this amplicon showed 97 and 98% nucleotide identity 
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compared to YJ016 and CMCP6, respectively (Appendix).  This PCR product was cloned 

into an appropriate vector, and a DNA cassette conferring resistance to kanamycin was 

used for insertional inactivation of the V. vulnificus recA gene.   

A suicide vector (pGTR1128) was used to deliver the insertionally inactivated copy 

of recA into the V. vulnificus MO6-24/Op chromosome.  Results showed that a single-

crossover mutation in recA was generated, and multiple attempts were made to produce a 

double-crossover mutation.  Single-crossover recombination results in the integration of 

the complete circular plasmid at the genomic target site, while double-crossovers lead to 

deletion of the chromosomal sequence between the crossover sites and insertion of the 

intervening sequence on the plasmid (Weaver 2000).  Three attempts at generating the 

double-crossover mutation using the suicide vector were made, and at least 60 colonies 

were screened with each attempt.  However, all selected colonies still possessed the 

single-crossover, and a double-crossover mutation was not obtained.  Inherent problems 

with the functionality of the suicide vector were encountered during this mutational 

analysis including loss of the vector’s tetracycline resistance.  Similar problems were also 

observed by other labs attempting mutations in other targeted genes (Dr. Gulig, 

Dr. Paranjpye, personal communication).   

Due to the problems with achieving a double-crossover with this plasmid, an 

alternate method of mutation delivery, using a broad host range vector containing the 

inactivated recA gene, was used in an attempt to produce a double-crossover recA 

mutation in V. vulnificus.  This method employs antibiotic selective pressure to insert 

mutations into the chromosome and successfully generated a mutation in the cytolysin 

gene of V. vulnificus (Wright and Morris 1991).  Unfortunately, this method was also 
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unsuccessful in delivery of the inactivated recA gene.  Mutations in recA are notoriously 

difficult to generate (Dr. Comstock, personal communication).  Therefore, in order to 

determine whether problems in achieving a double-crossover are due to the delivery 

method or due to recA studies, generating a mutation in a different gene (dinB) using the 

antibiotic selection method are ongoing.   

Single-crossover mutations can result in cells that are deficient for expression of 

the mutated gene.  Therefore, UV sensitivity assays were used to evaluate the activity of 

insertionally inactivated recA in single-crossover mutants.  These studies indicated that 

mutants with a single-crossover showed significantly (p≤0.022) less growth after 90 sec 

of UV exposure when compared to the unaltered parent (MO6-24/Op), indicating that the 

DNA repair function of recA had been lost (Figure 6-1).  To ensure the function of recA 

could be restored, single-crossover mutants were complemented in trans with an intact 

recA gene on a broad host range plasmid.  Complemented strains demonstrated growth 

levels after UV exposure that did not differ significantly (p≤0.290) from the unaltered 

parent, demonstrating that recA function had been restored (Figure 6-1).  Comparisons of 

overall culture concentration showed that the parent strains had a significantly (p≤0.022) 

higher culture concentration in PP3 through 2 days of incubation compared to both the 

mutant and complemented strains (Figure 6-2).  Overall culture concentrations for the 

mutant and complemented strains continued to be lower than the parent through the end 

of the assay, but these differences were not statistically significant.  Additionally, 

significant differences in overall culture concentration were not observed between the 

recA mutants and their complements throughout the assay (Figure 6-2). 
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Figure 6-1. UV exposure assays measuring survival after exposure to UV light.  Asterisk 

(*) indicates a significantly (p≤0.022) higher level of survival of MO6-24 
compared to the single crossover recA mutants. 

Role of recA in V. vulnificus Phase Variation  

Because the single-crossover mutants showed loss of recA function, the mutants 

and their complements were inoculated into phase induction assays as previously 

described.  Examination of the levels of phase variation generated by recA mutants 
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revealed significantly (p≤0.049) lower levels of translucent colony formation compared 

to the parent strain at Days 2 and 3 postinoculation (Figure 6-3).  However, further 

incubation increased the percent Tr colonies in mutant strains to near wild type levels.  

Interestingly, complemented strains produced levels of translucent colony formation that 

were lower than both the mutant and the parent, with significantly (p≤0.0463) lower 

levels occurring by Day 7 (Figure 6-3). 

In order to determine if inactivation of recA influenced deletion mutation within the 

CPS operon, Tr colonies generated by the single-crossover recA mutant strains during 

phase induction assays were evaluated for CPS genotype.  As shown in Figure 6-4, PCR  
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Figure 6-2. Comparison of recA mutant, complement and parent cultures concentrations.  

Concentration (log CFU/mL) of recA mutant (RecA-1, RecA-2), complement 
(RecA-1 pRECA, RecA-2 pRECA) and parent (MO6-24/Op) cultures 
measured throughout incubation in PP3 (pH 7.0).  Asterisk (*) indicates a 
significant (p≤0.220) difference in total culture concentration (TVC) between 
MO6-24/Op and all other strains at Days 1 and 2. 
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Figure 6-3.Effect of recA mutation and complementation on phase variation. Percent Tr 

calculated for the MO6-24 parent, single crossover recA mutants 1 and 2, and 
the mutants complements in trans with pRECA.  Pound sign (#) indicates 
significantly (p=0.049) greater percent Tr colonies formed by parent 
compared to RecA mutant 1.  Asterisk (*) indicates significantly (p≤0.007) 
higher percent Tr colonies formed by parent compared to both recA mutant 
strains.  Plus sign (+) indicates significantly (p≤0.0463) lower levels of 
percent Tr colonies formed by complemented strains vs. their mutants. 

analysis revealed that the recA mutants formed Tr isolates with intact CPS operons 

(TR1), as well as deletion mutants (TR2).  However, the levels of deletion mutation 

(<10%) was significantly (p≤0.0413) less than previously observed in the parent strain 

without the RecA mutation where levels of T2 generally exceeded 20% (Figure 5-9). 

Also, TR3 strains containing the more extensive deletion mutations were never seen in 

these mutants, while levels of TR3 in the parent strain approached 20% of the population 

by Day 7.  

Translucent isolates were also evaluated for the presence of the single-crossover 

mutation following extended incubation in PP3, and results showed that all Tr isolates  



89 

 

 

Time Post Inoculation (days) 

0.0%

10.0%

20.0%

30.0%

40.0%

50.0%

60.0%

70.0%

80.0%

90.0%

100.0%

3 7

Op
TR1
TR2

0.0%

10.0%

20.0%

30.0%

40.0%

50.0%

60.0%

70.0%

80.0%

90.0%

100.0%

3 7

RecA-2

RecA-1

G
en

ot
yp

e 
Fr

eq
ue

nc
y 

(%
) 

G
en

ot
yp

e 
Fr

eq
ue

nc
y 

(%
) 

 
Figure 6-4.Cumulative distribution of Op phenotype and Tr genotype among single-

crossover recA mutants. Percent Op colonies (Filled bars) vs. Tr colonies of 
either TR1  (hatched bars) or TR2 (unfilled bars) genotype derived for Op  
MO6-24 parent with single crossover recA mutants A) RecA-1 and B) RecA-
2 for Days 3 and 7 pot-inoculation. 

had lost the inactivated recA gene construct. These results demonstrated that the 

single-crossover mutation of recA was not stable, but the absence of the recA mutation in 
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all the Tr colonies following incubation in PP3 also suggests that phase variation and 

CPS deletion mutations occur only after this mutation is lost. Single-crossover mutations 

are known to be genetically unstable, and the integrated plasmid can return to the free 

plasmid state with subsequent loss of the plasmid if selective pressure is not maintained 

(Weaver 2002). While all Tr isolates were negative by PCR for the inactivated recA gene 

with the inserted kanamycin cassette, they all remained resistant to kanamycin as 

indicated by growth in media containing high levels of the antibiotic (>200 µg/ml). Other 

studies have reported inherent resistance to low levels of kanamycin in V. vulnificus 

strain MO6-24/Op (Wright et al., 1990).  Prolonged incubation in PP3 may have 

enhanced this inherent resistance through selective pressure. Overall, results present 

evidence that the inactivation of recA delayed the formation of Tr colonies and greatly 

reduced deletion mutations in V. vulnificus. 

Conclusions  

Mutational analysis of the recA gene of V. vulnificus through single-crossover 

recombination resulted in loss of recA function, as indicated by increased sensitivity to 

UV light.  Introduction of recA mutants and their complements into phase induction 

assays showed that recA mutants formed lower levels of Tr colonies compared to the wild 

type throughout much of the assay.  However, Tr colony formation in recA mutants 

eventually increased to levels that were not significantly different from the wild type.  

Interestingly, complementation of recA did not restore phase variation to wild type levels. 

Genotype analysis of Tr isolates derived from recA mutants revealed formation of both 

TR1 and TR2 genotypes. TR1 were initially lower that wild type at Day 3 but were 

approximately twice the frequency of wild type by Day 7. However, deletion mutations 

were at much lower levels than that observed with the parent strain throughout the study. 
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Further analysis revealed that all of the Tr isolates derived from single crossover mutants 

were negative for the inactivated gene construct, indicating that the mutation was 

unstable. These results are consistent with the hypothesis that phase variation and 

deletion mutation did not occur until the inactivated recA gene was lost. Thus, it appears 

likely that recA is involved in both phase variation and deletion mutation in the 

V. vulnificus CPS operon. However, results from these experiments are not definitive in 

determining the role recA, and stable mutations with complementation analysis are 

needed. 
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CHAPTER 7 
DISCUSSION AND CONCLUSIONS 

Induction of High Frequency “Phase Variation” 

Reported levels of spontaneous, reversible phase variation between opaque (Op) 

and translucent (Tr) phenotypes of V. vulnificus are too low for extensive analysis of 

phase variable populations (Wright et al. 1990).  In order to evaluate phase variation in 

multiple strains of V. vulnificus and to analyze the genetics behind mutations within the 

group 1 capsular polysaccharide (CPS) operon, different culture conditions were 

examined for their ability to generate increased levels of phase variation in V. vulnificus.  

Ali et al. (2002) showed that incubation at 37°C in media containing peptone #3 (PP3) 

produced high-frequency phase variation from smooth to the rugose phenotype in 

V. cholerae.  In V. vulnificus, incubation in PP3 also resulted in high-frequency phase 

variation, whereby the appearance of Tr colonies derived from Op cultures was 

significantly (p≤0.018) higher following incubation in this medium compared to other 

media.  Further studies also revealed that high-frequency phase variation from Op to Tr 

occurred in multiple strains of V. vulnificus upon incubation in PP3.  However, 

incubation of Tr isolates in this medium did not result in a shift to the Op phenotype, 

indicating PP3 only increases reversion to the Tr phase.     

High-frequency phase variation in V. cholerae that was induced by incubation in 

PP3 varied with incubation temperature.  Highest levels of transition from smooth to 

rugose occurred at 37°C compared to 30°C, but high-frequency phase variation always 

occurred within 24 h at both temperatures (Ali et al. 2002).  Similar results in response to 
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temperature were seen for Op to Tr phase variation in V. vulnificus.  However, high-

frequency phase variation in this species was not observed until late stationary phase, 

requiring at least 48 h for Tr colonies to appear.  Studies comparing levels of Tr colony 

formation among temperatures in multiple strains of V. vulnificus showed that 37°C 

resulted in significantly (p≤0.001) higher levels of phase variation compared to 30°C for 

some strains (MO6-24, LC4, and C7184).  Conversely, other strains (E4125 and YJ016) 

exhibited higher percent Tr colonies at 42°C, demonstrating that although the temperature 

that induced the highest levels of phase variation was consistent among some strains of 

V. vulnificus, strain variability was also observed.   

The increases in phase variation seen upon incubation in PP3 and the differences in 

Tr colony formation observed at varying temperatures, suggested that CPS phase 

variation in V. vulnificus is responsive to environmental conditions.  This responsiveness 

to environmental parameters for regulation of transition from the virulent Op to the 

avirulent Tr phenotype may permit manipulation of virulence factor expression.  

Additionally, the absence of transitions from the Tr to Op phase in PP3 suggests that it 

may be possible to not only control phase variation but also the direction of switch.  The 

media component(s) responsible for the induction of phase variation have not been 

identified, and the role of specific nutrients or salts in defined medium was not compared 

in the present study and remains to be determined.  Therefore, evidence for 

environmental regulation warrants further investigation into specific parameters that 

regulate phase variation.  

Growth Phase and Phase Variation 

Vibrio vulnificus phase variation in PP3 increased significantly after extended 

incubation, which produces conditions of stress and nutrient starvation.  For all 
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environmental parameters examined, phase variation of opaque V. vulnificus to the Tr 

phenotype increased over time in all strains and was significantly greater in late 

stationary phase than at earlier time points.  These results indicated that transition to the 

Tr phenotype in V. vulnificus is a stationary phase or starvation response.   

Environmental stressors, such as decreased nutrient availability and non-optimum 

growth conditions, create an unfavorable environment that bacteria must overcome in 

order to survive, and bacteria employ a variety of strategies to adapt to these challenges 

(Novick 2003).  One of these adaptations is increased expression of sigma factors that 

regulate stress response genes in stationary phase.  Sigma factors are structural subunits 

of prokaryotic RNA polymerase that provide recognition of specific promoters leading to 

the expression of downstream genes (Weaver 2002).  Stationary-phase Gram-negative 

bacteria express the alternate sigma factor RpoS, which has been shown to enhance 

survival under strenuous conditions.  RpoS is necessary for long-term survival of E. coli 

during stationary phase, and an RpoS-deficient mutant showed reduced biofilm formation 

and decreased survival in response to nutrient stresses compared to the wild type (Shiba 

et al. 1997, Adams and McLean 1999, Boaretti et al. 2003).  Vibrio vulnificus RpoS-

deficient mutants also had significantly reduced survival under nutrient deprivation 

compared to the unaltered parent, indicating that this sigma factor is active during and 

plays a role in survival under nutrient limiting conditions (Hulsmann et al. 2003).  Thus, 

the increases in transition to the Tr phenotype observed in V. vulnificus during extended 

incubation in PP3 make RpoS a potential regulator of phase variation in this bacterium. 

It has also been proposed that during stationary phase bacteria can accumulate 

mutations that produce structural and functional alterations as a means of non-growth 
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adaptation for survival under stressful conditions (Dawson et al. 1981).  Experiments 

examining long-term survival of V. cholerae showed that after 7 days of starvation 

dispersion of lipids and carbohydrates occurred (Hood et al. 1986, Wai et al. 1999).  

Additionally, nutrient starvation led to a shift to the rugose morphology in V. cholerae, 

and rugose variants displayed greater biofilm formation than other phenotypes (Wai et al. 

1998, Mizunoe et al. 1999, Ali et al. 2001).  Previous studies examining V. vulnificus 

biofilm formation showed that nutrient depletion produced increased levels of biofilm 

formation by Tr isolates (Joseph and Wright 2004).  The same study also demonstrated 

that the Tr phase of V. vulnificus produced greater amounts of biofilm than the Op, 

indicating that Tr cells may be better biofilm formers.  Thus, the starvation conditions 

encountered during extended incubation in PP3 may signal a switch to a phenotype that is 

better suited for biofilm formation. 

Population Dynamics of Phase Variation 

Nutrient deprivation can also result in quorum sensing, which is a mechanism of 

gene regulation by which bacteria use secreted signals that are sensed by surrounding 

bacterial populations to modulate gene expression.  Once these molecules reach a 

threshold concentration, alterations in gene expression and thus behavior modification 

occur.  Therefore, the impact of these secreted signaling molecules is associated with 

increased cell densities.  Although V. vulnificus group 1 CPS phase variation was 

sensitive to environmental parameters, it did not appear to be regulated by secreted 

factors.  Levels of Op to Tr phase variation increased in spent compared to fresh medium 

but did not significantly (p≥0.363) differ. Furthermore, the levels of phase variation in 

V. vulnificus were not cell-density-dependent as Tr colony formation did not vary with 

initial concentrations of 106, 107, and 109 CFU/mL.  Additionally, the increased levels of 
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phase variation that were observed following extended incubation are likely not related to 

quorum sensing because cell-density responses generally peak during late-logarithmic 

growth. 

Observed changes in alternate colony types of V. vulnificus are generally attributed 

to phase variation, but most studies only report the percent changes in populations and do 

not specifically examine cell number. The increase in percent of V. vulnificus Tr colonies 

could be due to growth-related events such as increased survival of Tr compared to Op 

populations resulting from either die off of Op cells or growth of Tr cells.  Investigation 

into population dynamics showed that phase variation, as opposed to Op population 

mortality, is the predominant phenomenon responsible for the appearance of Tr colonies. 

Studies tracking population changes in Op vs. Tr cell types revealed a decline in the 

number of Op CFU/mL over the course of the experiment, but these declines were 

significantly greater than the overall decreases in total culture concentration. Significant 

increases in Tr colony formation occurred only after extended incubation when cell 

division would not be expected to occur due to nutrient limitations. Therefore, increased 

growth of Tr cells is unlikely to be the cause of the observed increases in percentage of 

the Tr phenotype. Thus, neither Op cell mortality nor growth of Tr cells accounts for the 

overall changes in V. vulnificus populations, and appearance of the Tr phenotype is likely 

to result from phase variation.  

In order to experimentally confirm phase variation, a growth plasmid was 

introduced into V. vulnificus MO6-24/Op.  Results showed that first generation Op cells 

containing the growth plasmid formed Tr colonies that inherited the antibiotic resistance 

marker, confirming that phase variation from Op to Tr had occurred.  The growth plasmid 
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was also used to monitor Op cell mortality, and measurements revealed that significant 

mortality or cell death in the Op inoculum occurred within three days of incubation. 

Overall, these data confirmed the role of phase variation in the transition of Op to Tr 

cells, but also indicated that phase variation was combined with simultaneous die off of 

Op cells after extended incubation. 

Genetics of “Phase Variation” 

DNA sequence analysis identified a group 1 CPS operon in V. vulnificus 

MO6-24/Op (Wright et al. 2001, Chatzidaki 2004).  PCR screening of Tr phase variants 

and DNA sequence comparison to their Op parent was used to determine if mutation in 

the CPS operon were responsible for phase variation.  Three distinct genotypes (TR1, 

TR2, TR3) were observed among Tr isolates: TR1 had an intact CPS operon, while TR2 

and TR3 showed deletion mutations.  The deletion mutation in the TR2 strain was 

specific to the wzb gene, and complementation in trans with wzb restored CPS 

expression.  The extent of deletions in a TR3 strain was unknown, but presumably 

involved multiple genes and possibly the entire operon (Chatzidaki 2004). Thus, phase 

variation involved at least two genetic mechanisms: one that was independent of the CPS 

operon and another that involved deletion mutations that were specific for the CPS 

operon.  Comparison of DNA sequences from multiple strains of V. vulnificus showed 

two distinct genotypes or alleles (designated Allele 1 and Allele 2) in the CPS operon.  

These alleles differed in the open reading frames (ORFs) encoding hypothetical proteins 

(HP1 and HP2, respectively) as well as in DNA sequence and structure of repetitive 

elements (R1 and R2, respectively).  Repetitive elements of Allele 1 contained multiple, 

tandem copies of the same subunit, and these elements were found immediately flanking 

wzb.  Repetitive elements of Allele 2 were comprised of a more variable subunit and were 
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found at an additional location downstream of wza.  Allele-specific primers were used to 

examine the distribution of V. vulnificus CPS alleles among strains from clinical and 

environmental origin.  CPS Allele 1 was significantly more common among clinical 

strains, while Allele 2 was significantly associated with environmental isolates, 

suggesting an association between allelic type and virulence.  

In order to determine if differences between CPS alleles corresponded to 

differences in CPS phase variation, multiple strains of each allelic type were introduced 

into phase induction assays.  In general, Allele 1 showed increased rates of phase 

variation compared to Allele 2, as indicated by averages of all the strains examined. 

However, responses of individual strains in either allele were not consistent for all 

samples, as evidenced by large standard deviations. The levels of phase variation among 

the temperatures in each strain varied, whereby incubation at 37°C generated 

significantly (p≤0.0148) higher levels of phase variation for most strains, but 30°C 

enhanced phase variation of CMCP6.  Interestingly, changes in temperature did not alter 

the level of phase variation in E4125.  These strains are all Allele 1; therefore, the 

observed strain variability in response to temperatures did not associate with allelic type.  

However, within a given temperature strain variations in translucent colony formation did 

loosely correlate with CPS allele type.  For example, Allele 1 strains displayed 

significantly higher levels of phase variation at 37°C by Day 3 (p≤0.0208) and Day 7 

(p=0.0236), while only one Allele 1strain (CMCP6) was delayed in Tr colony formation 

but displayed high levels by Day 7.  Most Allele 2 strains showed lower levels of Tr 

colony formation compared to Allele 1 at 37°C by Day 3.  However, Allele 2 strains 

99-537DP-G7 and 99-623DP-F5 produced levels of Tr colony formation that were not 
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significantly different from most strains of Allele 1.  Overall, the variability in the phase 

variation response, as indicated by large standard deviations within each strain, prohibits 

conclusions about allelic differences and suggests multiple mechanisms may be involved. 

Repetitive Elements and Deletion Mutation 

Repetitive elements are frequently associated with genetic mutations, and the 

intergenic placement of theses elements in V. vulnificus implicated their involvement 

with deletion mutations. Therefore, genotypes of Tr colonies were examined in the 

context of allelic variation in order to determine if differences in sequence and placement 

of repetitive elements influenced these mutations. Phase induction of multiple strains 

with either Allele 2 or Allele 1 was used to generate sufficient numbers of Tr strains for 

this analysis.  Although all strains produced TR1 variants with intact CPS operons, the 

frequency and type of deletion mutation varied among strains and between allelic types.  

In order to confirm the role of repetitive elements in deletion mutations, detailed genetic 

analysis of a large number (>2000) of phase variants derived from the different alleles 

was conducted.  Results showed that a deletion mutant TR2A was unique to Allele 2.  

The TR2A genotype differed from TR2 in that loss of the wzb gene was accompanied by 

deletion of the gene sequence encoding the hypothetical protein (HP2) found upstream of 

wzb.  The deletion of wzb in a TR2 isolate from an Allele 1 strains corresponds to the 

location of repetitive elements found directly upstream and downstream of the gene 

(Chatzidaki 2004).  Association of repetitive element location with deletion mutation was 

also observed in Allele 2 strains, as the site of excised DNA in both TR2 and TR2A 

isolates produced by these strains corresponded exactly to the locations of repetitive 

elements within this allele.  Thus, these results confirmed the association between the 
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location of repetitive elements and the site of DNA excision in V. vulnificus deletion 

mutants.   

More extensive deletions that appear to encompass the entire CPS operon in TR3 

isolates of V. vulnificus were also observed in these studies.  Chatzidaki (2004) 

previously identified the presence of multiple R3 repetitive elements surrounding the 

CPS operon in the V. vulnificus strain YJ016 and suggested that these elements may be 

involved in more extensive deletions in this bacterium.  Given the involvement of 

repetitive elements in the formation of TR2 and TR2A deletion mutants, it was 

hypothesized that repetitive elements may also be involved in deletion mutation in TR3.  

Investigation into this hypothesis began with attempts to define the limits of the TR3 

deletion mutation.  PCR analysis using primers derived from sequences upstream and 

downstream of the CPS operon revealed multiple isolates gave variable results showing 

the limits of the TR3 deletion was variable among strains.  In this work, TR3 deletion 

mutants were analyzed using primers specific for genes at the extreme 5´ and 3´ limits of 

the CPS operon.  All isolates lacked amplification of these genes indicating that deletion 

or rearrangements within TR3 mutants minimally encompassed the entire CPS operon 

and may include sites outside of the CPS operon.  Overall, results demonstrated that the 

location of repetitive elements corresponded to the size of deletion mutation in TR2 and 

TR2A isolates.  Evidence for the involvement of repetitive elements in deletion mutation 

in TR3 isolates was not obtained during this study, and further investigation is required to 

elucidate the role (if any) of repetitive elements in deletion mutation within TR3. 

Deletion Mutation Frequency and Allelic Type 

The association of repetitive elements with deletion mutation in V. vulnificus led to 

the hypothesis that differences in repetitive elements composition between the allelic 
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types would lead to allelic differences in the frequency of deletion mutation.  Therefore, 

the temporal distribution of Tr genotypes generated from phase induction assays was 

evaluated.  Examination of the levels of deletion mutations revealed Allele 1 strains 

produced deletion mutants with consistently greater frequency than did strains of 

Allele 2, indicating that differences in repeat make-up account for differences in the rate 

of deletion formation observed between alleles.  The R1 elements of Allele 1 were highly 

conserved, containing exact repeats of the same 8-bp subunit. Conversely, R2 elements in 

Allele 2 were more variable with intervening non-repetitive sequences interspersed with 

repetitive elements. The presence of lengthy homologous regions surrounding the area of 

deletion in both alleles implicates homologous recombination as a potential mechanism 

of deletion formation.  The R1 presented greater homology in DNA sequence than was 

observed in R2; thus, R1 elements could potentially facilitate homologous recombination 

more readily than the more variable R2 elements, which would ultimately lead to higher 

levels of deletion mutation in strains of Allele 1.  

Strain E4125 was distinct among Allele 1 strains in that only TR1 phase variants 

were observed in this strain, and it was also the only strain that produced sectored 

colonies following incubation of Op strains in PP3.  Comparisons among the R1 

repetitive elements in the CPS operon of Allele 1 strains showed that the R1 elements in 

E4125 were shorter than other Allele 1 isolates (Figure 6-1).  The R1 element upstream 

of wzb in E4125 was 136-bp in length, and the downstream element was only 40-bp in 

length. Homologous recombination generally requires regions of homology that are >50-

bp long. Therefore, the downstream element within E4125 may not be long enough to 

support homologous recombination.  Thus, both size and DNA composition of repetitive 
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Figure 7-1.Repetitive element length flanking wzb within the V. vulnificus CPS operon. 

Length of R1A and R1B repetitive elements found upstream and downstream 
of wzb, respectively are shortest in strain E4125/Op compared to other 
Allele 1 strains (C7184/Op, CMCP6/Op, MO6-24/Op, and LC4/Op). 

elements may determine deletion mutations within the CPS operon of V. vulnificus.  

Further experimental genetic manipulations are required to confirm this hypothesis.  

The examination into Tr genotype formation overtime also suggested an 

association between incubation time and the extent of deletion mutation development.  In 

MO6-24, deletion mutations occurred in a sequential fashion with TR2 isolates always 

appearing first, followed by the formation of more extensive deletions resulting in TR3 

mutants.  This sequential appearance suggested a progression from the formation of a 

smaller deletion to a much larger deletion.  However, this trend was not observed in other 

strains, as most strains did not produce TR3 isolates.  TR3 deletion mutations were 

formed by CMCP6, and YJ016, but only MO6-24 produced TR3 in numbers high enough 

for reliable analysis.  Although the presence of R3 elements outside the CPS operon have 

been identified in one strain (YJ016) of V. vulnificus, their presence has not been 

confirmed in all strains that produce TR3 deletion mutants.  Further experimental 

analysis is needed in order to determine if extensive deletion mutation is related to 
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repetitive elements and if deletion mutations involving the V. vulnificus CPS operon 

occur sequentially. 

Contingency Loci and Phase Variation 

Specific regions of highly mutable DNA with architecture that targets them for 

specific genomic rearrangements are termed contingency loci, and some repetitive 

elements can be classified under this description (Field et al. 1999, Aertsen and Michiels 

2005).  Contingency loci provide a mechanism for exact temporal and spatial mutations 

to occur and also provide a means of predictable genetic flexibility.  These loci are often 

associated with predictable responses to environmental shifts (i.e. phase variation), which 

allow bacteria to respond to environmental challenges (Moxen et al. 1994, Field et al. 

1999, Bayliss et al. 2001).  Contingency loci are involved in a variety of DNA mutation 

mechanisms, including site-specific recombination, transposition of IS elements, and 

homologous recombination.  Site-specific recombination (often mediated by repetitive 

elements) can lead to inversion, insertion, or excision of DNA and occurs in E. coli, 

Salmonella enterica serotype Typhi, and Bacteriodes fragilis (McClain et al. 1991, Zhang 

et al. 1997, Krinos et al. 2001, Coyne et al. 2003, van der Woude and Baulmer 2004).  

Contingency loci provide regions of sequence similarity for site-specific recombination 

and are recognized by specific recombinases (Coyne et al. 2003, van der Woude and 

Baulmer 2004). Recombinase-mediated changes in DNA sequence ultimately result in 

altered gene expression (Coyne et al. 2003).   

Contingency loci are also involved in DNA mutations that result from the precise 

transposition of IS elements into and out of the chromosome. In phase variation, insertion 

of an IS element results in tandem duplication of the targeted insertion site and forms a 

small repetitive element made up of at least two subunits (Bartlett and Silverman 1989, 
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Hammerschmidt et al. 1996, Ziebuhr et al. 1999).  The presence of this newly formed 

repetitive element is required for precise excision of the IS element and restoration of the 

original phenotype (Perkins-Balding et al. 1999).  It has been suggested that the repeat 

sequence is involved in recognition by transposases and facilitates removal of the IS 

element (van der Woude and Baulmer 2004). 

RecA-Dependent Deletion Mutation 

RecA-dependent homologous recombination also involves contingency loci. DNA 

mutation typically occurs between long (>50-bp), highly homologous regions of DNA, 

leading to inversion, insertion, or excision of intervening sequence (van der Woude and 

Baulmer 2004).  Homologous recombination in phase variation differs from general 

homologous recombination events in that phase variable recombination can occur 

between regions of lower homology and at a much higher frequency than general 

recombination rates (van der Woude and Baulmer 2004).  Contingency loci consisting of 

direct repeats mediate deletion of intervening sequence in the pilE locus of 

N. gonorrhoeae through homologous recombination that is dependent on the RecA 

enzyme (Bergstrom et al. 1986, Koomey et al. 1987, Hill et al. 1990).   

DNA deletions in the CPS operon of V. vulnificus are also associated with direct 

repeats.  However, location of these repeats differed from those found in N. gonorrhoeae.  

The Neisseria repeats are intragenic, resulting in the unidirectional exchange of DNA 

from a distant locus and do not facilitate removal of the entire gene.  Vibrio vulnificus 

repeats are intergenic and located between ORFs for excision of one or more genes.  The 

location of V. vulnificus repetitive elements is unique in that repetitive elements involved 

in the phase variation events of other bacteria are generally located either within a gene 

(following the initial methionine sequence) or within the promoter region. 
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Genetic Analysis of the Role of recA in V. vulnificus Deletion Mutations 

Vibrio vulnificus phase induction assays revealed that deletion mutations increased 

with prolonged incubation, and genetic analysis demonstrated an association between 

repetitive element location and the formation of deletion mutations.  Prolonged 

incubation may damage DNA due to the formation of single stranded breaks that initiate 

recombination events mediated by RecA (Weaver 2002).  Furthermore, some repetitive 

elements promote DNA breaks due to their inherent instability and high mutability (van 

Belkum et al. 1998).  Therefore, mutational analysis was used to examine the role of 

RecA-mediated homologous recombination in deletion mutations in the V. vulnificus CPS 

operon.  Insertional inactivation of the recA gene was accomplished by single-crossover 

of a construct containing a kanamycin resistance marker. The recA mutants had 

significantly (p≤0.022) increased UV sensitivity, as evidenced by reduced survival after 

UV exposure compared to the wild type, demonstrating disruption of RecA function in 

these strains.  In trans complementation of recA mutants restored UV resistance to levels 

that were not significantly different from the wild type, indicating RecA function had 

been restored.   

The recA mutants and their complements were then exposed to conditions that lead 

to high-frequency phase variation in V. vulnificus.  Results showed that recA mutants 

displayed significantly (p≤0.05) lower levels of Op to Tr phase variation compared to the 

wild type parent through 3 days of incubation.  However, the level of Tr colony 

formation by recA mutants increased to near wild type levels by Day 7.  PCR analysis of 

the recA mutation in Tr isolates generated by recA mutants revealed all Tr isolates had 

lost the inactivated gene construct, indicating that this mutation was unstable.  Evaluation 

of Tr genotype formation by recA mutants revealed these mutants formed TR1 and TR2 
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isolated, but only exhibited the TR2 genotypes on an average of 7.1% of the total 

population by Day 7.  Therefore, the delayed onset in appearance of Tr cells in addition 

to the loss of the recA mutation in Tr variants, suggests that recA may be required for 

phase variation and deletion mutation in V. vulnificus.  

Interestingly, the levels of Tr colony formation produced by complemented recA 

mutants incubated in PP3 were lower compared to both the recA mutants and the wild 

type, and levels of Tr colonies never exceeded 10%.  In V. vulnificus, the recX gene 

(which encodes a RecA regulator protein) is found immediately downstream of recA. The 

5' end of recA and the start codon for recX are separated by only 70 bp, indicating that 

these genes may be organized in an operon-like structure.  The single-crossover mutation 

in the V. vulnificus recA gene is likely to be a polar mutation, which may inactivate 

downstream genes.  Inactivation of recX has been shown to result in overexpression of 

recA, which can be toxic to bacterial cells, and in complemented strains where recA 

activity has been restored the loss of RecX activity may negatively impact cell viability  

(Papavinasasundaram et al. 1998, Vierling et al. 2000, Sukchawalit et al. 2001).  Loss of 

cell viability in complemented V. vulnificus recA mutants was demonstrated by 

significantly (p≤0.003) lower growth levels compared to the wild type, suggesting that 

recX activity may also be disrupted in single-crossover mutants and demonstrating that 

simply restoring recA function did not restore cell viability.   

Repeated attempts to generate a stable mutation in V. vulnificus recA were 

unsuccessful.  Loss of RecA activity from a single-crossover may preclude the possibility 

of a second crossover, as RecA is integral to homologous recombination. Alternatively, 

the RecA enzyme is involved in a variety of cellular process that are important for cell 
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maintenance and viability, and mutation of this gene is likely to have pleitropic effects 

that may effect cell viability.  Therefore, results from these experiments are not definitive 

in determining whether or not recA and homologous recombination are responsible for 

differences in phase variation observed in V. vulnificus recA mutants.  

DNA repair mechanisms other than RecA-mediated homologous recombination 

may be responsible for formation of deletion mutations.  Another gene that could be 

involved in deletion mutation in V. vulnificus is dinB, which encodes for the error-prone 

DNA Polymerase IV that has been shown to increase the rates of mutation.  This 

polymerase is a member of the Y-family of polymerases, which are deficient in proof-

reading activity and replicate undamaged DNA with low fidelity (Ohmori et al. 2001, 

Friedberg et al. 2001).  Additionally, dinB is activated under conditions of stress and is 

involved stationary phase mutagenesis in E. coli (Foster 1999, Bull et al. 2001).  In order 

to determine if problems generating the double-crossover mutation in recA were due to 

loss of RecA activity in the single-crossover, a double-crossover mutation in dinB is 

currently being attempted using the antibiotic selection method. 

Multiple Pathways for V. vulnificus Tr Colony Formation 

Phase variation is commonly defined as a reversible process (van der Woude and 

Baulmer 2004).  However, deletion mutations that lead to changes in phenotype have 

been observed and classified as phase variation.  In V. parahaemolyticus, deletion within 

the opaR locus resulted in an irreversible shift from the Op to the Tr phase, and the Op 

phenotype was only restored upon in trans complementation with opaR (McCarter 1998).  

In V. vulnificus, evaluation of the stability of the Tr genotypes revealed that only the TR1 

genotype was truly phase variable, while the deletion mutants TR2 and TR3 were locked 

in the Tr phase and thus not phase variable under the conditions examined.  Incubation of 
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the TR1 genotype in LB demonstrated high-frequency reversion back to the Op 

phenotype and also showed the appearance of sectored colonies.  The formation of these 

sectored colonies by TR1 strains indicated increased rates of reversion in these isolates.  

This potential hypervariability was observed only after subculture in LB and continued 

passage in PP3 negated the appearance of this phenotype.  These results confirm that the 

stability of CPS phenotypes is responsive to different growth conditions and that phase 

variation in PP3 is specific for transition to the Tr phase.  Incubation of deletion mutants 

in LB did not result in spontaneous reversion back to the Op phenotype, and reversion 

only occurred upon in trans complementation with an intact wzb gene in TR2 (Chatzidaki 

2004).   

The observed formation of both reversible and irreversible phase variants indicates 

that multiple pathways are responsible for regulation of Tr colony formation.  Sequence 

analysis of the CPS operon in a TR1 isolate showed that the operon is intact and identical 

to the Op operon (Chatzidaki 2004). Thus, mutations responsible for TR1 must reside 

outside of the CPS operon.  Furthermore, surface expression of CPS in TR1 strains is 

reduced but not eliminated, suggesting genetic mechanisms target genes involved in 

down-regulation of CPS expression.  Additionally, the influence of temperature and 

media composition on Tr colony formation demonstrated that phase variation in 

V. vulnificus is sensitive to environmental conditions.  Expression of group 1 capsules in 

other bacteria has been shown to be responsive to changes in nutrient concentrations, and 

this response in regulated by the Rcs two component regulatory system.  This system is 

stimulated by changes in osmolarity, which can occur during nutrient depletion.  

Extended incubation in PP3 leading to high-frequency Tr colony formation may result in 
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starvation conditions that could include a shift in osmolarity. Thus, the Rcs system is a 

potential mutational target by which phase variation between Op and Tr phenotypes may 

be regulated. 

The Rcs system regulates expression of capsule through the use of a consensus 

sequence (termed the RcsAB box) found immediately upstream of the biosynthetic loci of 

numerous group 1-like polymers (Gottesman et al. 1985, Brill et al. 1988, Stout and 

Gottesman 1990, Bernhard et al. 1990, Gottesman and Stout 1991, McCallum and 

Whitfield 1991, Houng et al. 1992, Stout et al. 1991, Wehland et al. 1999,Wehland and 

Bernhard 2000).  Examination of DNA sequence upstream of the group 1 CPS operon in 

the two published V. vulnificus genomes identified sequences that may designate RcsAB 

boxes.  The consensus sequence for the RcsAB box is 5'–TaAgaatatTCcta–3' (uppercase 

letters designate bases with high probability at the given position; lower case letters 

designate bases usually found in the given position but at lower frequency than bases 

with uppercase designations; Weaver 2000).  In E. coli K-12, the RcsAB box 

5' - taaagaaactccta – 3' (bolded letters indicate a match to the consensus sequence) begins 

452-bp upstream of the wza start codon (Stout 1996).  In V. vulnificus YJ016 and CMCP6 

consensus sequences (5' - tgagtgcatttcca – 3' or 5' – tgagtacatttcca – 3') are located 1.2-Kb 

(sequenced genome location: 341334 – 341347) and 1.5-Kb (sequenced genome location: 

798246-798259), respectively, upstream of the wza start codon.  BLAST search of 

deduced amino acid sequence did not yield a match for RcsA in V. vulnificus. However, 

E. coli RcsB showed 28 and 29% identity to response regulators in YJ016 (locus tag: 

VV1233) and CMCP6 (locus tag:  VV20511), respectively, and E. coli RcsC showed 
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some sequence identity (29%) to a sensor histadine kinase in CMCP6 (VV102179) with 

no matches in strain YJ016.   

The Rcs system indirectly regulates E. coli group 1 CPS expression through altered 

expression of the biosynthetic gene galF.  BLAST search using the amino acid sequence 

of E. coli GalF showed no alignment in either V. vulnificus genome.  However, 

polysaccharide composition of group 1 capsules differs between these species, and 

biosynthetic gene targets of gene regulation are not likely to be homologous. Therefore, 

while the Rcs system is a potential regulator of phase variation from the Op to the Tr 

phenotype in V. vulnificus, further investigation into the role of the Rcs system in CPS 

regulation and phase variation in V. vulnificus is warranted.  

In summary, the formation of phase variable and phase stable Tr genotypes 

indicated that multiple pathways of Tr colony formation exist in V. vulnificus.  Stability 

assays showed that deletion mutants were locked in the Tr phase and not phase variable 

under the conditions examined, and the presence of highly homologous direct repeats 

flanking the deleted regions implicates homologous recombination as a mechanism of 

deletion formation.  Conversely, TR1 strains were phase variable, but these isolate did 

not exhibit mutations in the CPS operon, indicating that the genetic target(s) of phase 

variation in this V. vulnificus genotype are not associated with mutation at this locus.  

Deletion mutations within regulatory loci have been shown to result in changes in CPS 

expression in Vibrio spp.  In V. parahaemolyticus, a spontaneous deletion mutation in 

opaR, a regulatory gene and luxR homologue, resulted in reduced CPS expression and a 

shift from Op to Tr (McCarter 1998).  Conversely, increased CPS gene expression 

resulting in a rugose phenotype was produced by a frameshift mutation within the 
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V. cholerae opaR homologue, hapR (Yildiz et al. 2004).  Mutations within the V. 

vulnificus opaR/hapR homologue (smcR) have also been generated, but did not alter 

group 1 CPS expression (McDougald et al. 2001, Shao and Hor 2001).  These differing 

functions of deletion mutation with regard to CPS expression highlight the complexity of 

CPS regulation, and the basis for reversible phase variation has yet to be elucidated in 

any Vibrio species. 

Ecology of Phase Variation 

In V. vulnificus the Op and Tr forms appear to have differing roles in the life cycle 

the bacterium.  Whereas Op cells are better adapted for survival in oysters and human 

hosts due to their ability to avoid and survive host immune responses, Tr cells may be 

better adapted for survival in the aquatic environment through enhanced biofilm 

formation.  Previous research on the attachment of opaque and translucent V. vulnificus 

cells to algal dinoflagellates showed that the Tr phenotype had a close association with 

the algae; however, this close association was not observed with Op cells (Dr. 

Chatzidaki-Livanis, personal communication).  Recently, V. vulnificus was found 

attached to plankton harvested from seawater, confirming that algae serve as an 

environmental reservoir for V. vulnificus perhaps by providing increased nutrient 

availability (Maugeri et al. 2006).   

Oysters are one of the main consumers of algae in the environment, and mollusks 

preferentially filter out particles roughly equivalent to the size of algal cells (Baker and 

Levinton 2003).  Therefore, the Tr phase of V. vulnificus may facilitate acquisition of 

nutrients through attachment to algae, leading to uptake by oysters via algal filtration.  

Once inside the oyster, the bacterium may switch back to the Op phenotype, and selective 

pressure exerted by phagocytosis from oyster hemocytes favors survival of V. vulnificus 
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Op cells over Tr cells (Harris-Young et al. 1993). Therefore, the Op form may be the 

predominant V. vulnificus phenotype inside the oysters, and this hypothesis is supported 

by cursory evaluation of strains recovered from oyster in the Chesapeake Bay, all of 

which exhibited the Op phenotype (Wright et al. 1996).  Thus, susceptible individuals 

that consume raw oysters are more likely to encounter the pathogenic Op form of 

V. vulnificus leading to infection and disease. 

  In conclusion, this study has shown that levels of phase variation in V. vulnificus 

can be increased under certain environmental conditions. Although the genetic basis for 

reversible phase variation has yet to be elucidated, genetic analysis confirmed the role of 

repetitive elements in deletion mutations that result in the translucent phase. Structure of 

the group 1 CPS operon suggested that deletion mutations may be a consequence of 

RecA-dependent homologous recombination, and mutational analysis of the involvement 

of RecA was consistent with this hypothesis. 
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APPENDIX 
DNA SEQUENCE COMPARISON 

  YJ016: TCGTTATGTGGAACCAACGATGAACTGTCTACGATTTGGTGTCCTTTGCTCTCAAAGAAC  
       |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 
CMCP6: TCGTTATGTGGAACCAACGATGAACTGTCTACGATTTGGTGTCCTTTGCTCTCAAAGAAC  
 
MO624: 
                                                                       
YJ016: TTGAGGAACGCGTTACGAACCTCATCAGTGCTCATGTACATGCAGCTCTTCCTGAAAATA  
       |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 
CMCP6: TTGAGGAACGCGTTACGAACCTCATCAGTGCTCATGTACATGCAGCTCTTCCTGAAAATA  
 
MO624: 
                                                                       
YJ016: GTCGAGTTAGAATTTTGCCGTATTGTAGATCATGCTTAAAGCTTCGACTAGTTTTCTTAT  
       |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 
CMCP6: GTCGAGTTAGAATTTTGCCGTATTGTAGATCATGCTTAAAGCTTCGACTAGTTTTCTTAT  
 
MO624: 
                                                                       
YJ016: GGAAAAGAGCGGATGAAATGAAAAAATCGTTTAATCGCGGGAAATCATGATTTCTTCACG  
       |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 
CMCP6: GGAAAAGAGCGGATGAAATGAAAAAATCGTTTAATCGCGGGAAATCATGATTTCTTCACG  
 
MO624: 
                                                                      
YJ016: AATGTGAGGAGAGAAAATTGGCAGGGAACTGACGGAAACATTATGCTTTATCGTTCAACG  
       ||||||||||||||||||||||| |||||| ||||||||||||||||| |||| |||| | 
CMCP6: AATGTGAGGAGAGAAAATTGGCATGGAACTTACGGAAACATTATGCTTCATCGCTCAAAG  
 
MO624: 
                                                                       
YJ016: CATAGCGTATCTGTTCAAATGAAAAACCACGATATTGGAGAAAGCGAACTTGTTTTGCAT  
       |||| ||||||||||||||||| ||||||||||||||||||||||||||||||||||||| 
CMCP6: CATAACGTATCTGTTCAAATGAGAAACCACGATATTGGAGAAAGCGAACTTGTTTTGCAT  
 
MO624: 
                                                                       
YJ016: ACTCTTTTTGTTCTTTGGCCTTCACTCCGTTGAACTTTTTCATCGCAACGGATTTGGCTA  
       |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 
CMCP6: ACTCTTTTTGTTCTTTGGCCTTCACTCCGTTGAACTTTTTCATCGCAACGGATTTGGCTA  
 
MO624: 

hypthothetical protein 

 
Figure A-1.Sequence comparison of the genomic region encompassing recA in 

V. vulnificus.  Comparisons were made among V. vulnificus strains 
MO6-24/Op, CMCP6/Op, and YJ016/Op. 
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YJ016: TTGCACTTTCAATGTCTTGACTTGCATACCCTTTAAGTGTGAGCTTTTGCTTCAACTCAT  
       ||||||||||||| |||||||| ||||||||||||| ||||||||||||| ||||||||| 
CMCP6: TTGCACTTTCAATATCTTGACTAGCATACCCTTTAACTGTGAGCTTTTGCCTCAACTCAT  
       | ||||||||||| |||||||| | ||||||||||| ||||||||||||| ||||||||| 
MO6-24 TCGCACTTTCAATATCTTGACTAGTATACCCTTTAACTGTGAGCTTTTGCCTCAACTCAT    
 
YJ016: ACTGACCATGATCTCGTCGACTGAGCAGTTGAATCGCCGTGTCTTTGCAATTCATCATTG  
       |||| ||||||||||||||||||||||||||||||||||||||||||||| ||||||||| 
CMCP6: ACTGGCCATGATCTCGTCGACTGAGCAGTTGAATCGCCGTGTCTTTGCAACTCATCATTG  
       |||||||||||||||||||||||||||||||||||||||||||||||||| ||||||||| 
MO6-24 ACTGACCATGATCTCGTCGACTGAGCAGTTGAATCGCCGTGTCTTTGCAACTCATCATTG 
                                                                       
YJ016: GTGGCGTAAAGCGATGATGCATCAGAACTCCTTAAATCGGGGGATAAGTAATAACAATAA  
       | ||||||||||||||||||||||||||||||||||| |||||||||||||||||||| | 
CMCP6: GCGGCGTAAAGCGATGATGCATCAGAACTCCTTAAATAGGGGGATAAGTAATAACAATGA  
                 | |||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 
MO624: GCGGCGTAAAGCGATGATGCATCAGAACTCCTTAAATCGGGGGATAAGTAATAACAATGA 
                                                                       
YJ016: ATCCGAAATGGAAAAGAGAAGAAAAAAGCCCTGCATTGCAGGGCTTAATAAAATAGAGGC  
       ||||||||||||||| |||||||||||||||||||||||||||||||||||||||||||| 
CMCP6: ATCCGAAATGGAAAATAGAAGAAAAAAGCCCTGCATTGCAGGGCTTAATAAAATAGAGGC  
       ||||||||||||||| |||||||||||||||||||||||||||||||||||||||||||| 
MO624: ATCCGAAATGGAAAATAGAAGAAAAAAGCCCTGCATTGCAGGGCTTAATAAAATAGAGGC    
             
YJ016: TGAAATTAAAACTCTTCTTGCTCTGGCATTTCTTCGACTAACTCTGCCGATTCATCGTTG  
       |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 
CMCP6: TGAAATTAAAACTCTTCTTGCTCTGGCATTTCTTCGACTAACTCTGCCGATTCATCGTTG  
       |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 
MO624: TGAAATTAAAACTCTTCTTGCTCTGGCATTTCTTCGACTAACTCTGCCGATTCATCGTTG 
                                                                       
YJ016: ATGTTTGCTGGAGAAAGCAACATTTCACGCAATTTCGTATCCAGTACTTTTGCGACATCT  
       |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 
CMCP6: ATGTTTGCTGGAGAAAGCAACATTTCACGCAATTTCGTATCCAGTACTTTTGCGACATCT  
       |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 
MO624: ATGTTTGCTGGAGAAAGCAACATTTCACGCAATTTCGTATCCAGTACTTTTGCGACATCT    
 
YJ016: ACGTTTTCTTTCAGGTATTTACAAGCGTTCGCTTTACCTTGGCCAATTTTGTCGCCGTTA  
       |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 
CMCP6: ACGTTTTCTTTCAGGTATTTACAAGCGTTCGCTTTACCTTGGCCAATTTTGTCGCCGTTA  
       ||||||||||||||||| |||||||||||||||||||||||||||||||||||||||||| 
MO624: ACGTTTTCTTTCAGGTACTTACAAGCGTTCGCTTTACCTTGGCCAATTTTGTCGCCGTTA 

recA 

                                                                      
YJ016: ACTCAAACCAATCTTGTGGCTCTTCCGCAAATGCATTTTCAACAACAGAATCAGACACTT  
       ||||||||||||||||||||||||||||||||||||||||||| |||||||||||||||| 
CMCP6: ACTCAAACCAATCTTGTGGCTCTTCCGCAAATGCATTTTCAACGACAGAATCAGACACTT  
 
MO624:       
                                                                   
YJ016: GTTTAAGCGATAACTCCTGCCGTATGCGTCTTTCGCCATGCCCTTTTCCAACGTGTTGTC  
       |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 
CMCP6: GTTTAAGCGATAACTCCTGCCGTATGCGTCTTTCGCCATGCCCTTTTCCAACGTGTTGTC  
                                     |||||||||||||||||||| ||||||||| 
MO624:                               TTTCGCCATGCCCTTTTCCA-CGTGTTGTC  
                                                                      
YJ016: GAATTTGGCTTTTGGCATAACGAAGATCATCGAGATAACCATGTTCCAAGCAAAAATGCA  
       |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 
CMCP6: GAATTTGGCTTTTGGCATAACGAAGATCATCGAGATAACCATGTTCCAAGCAAAAATGCA  
       |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 
MO624: GAATTTGGCTTTTGGCATAACGAAGATCATCGAGATAACCATGTTCCAAGCAAAAATGCA 

Forward Primer

 
Figure A-1. continued 
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YJ016: TCTTTGATCGCACCAGTACGGCGAATATCAAGACGAACAGAAGCGTAGAATTTCAGAGCA  
       |||||||||||||||||||||||||||||||||||||||||||||||||||||||| ||  
CMCP6: TCTTTGATCGCACCAGTACGGCGAATATCAAGACGAACAGAAGCGTAGAATTTCAGTGCG  
       |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 
MO624: TCTTTGATCGCACCAGTACGGCGAATATCAAGACGAACAGAAGCGTAGAATTTCAGAGCG 
                                                                     
YJ016: TTACCACCCGTTGTGGTTTCTGGGTTACCAAACATCACACCGATCTTCATACGGATCTGG  
       |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 
CMCP6: TTACCACCCGTTGTGGTTTCTGGGTTACCAAACATCACACCGATCTTCATACGGATCTGG  
       |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 
MO624: TTACCACCCGTTGTGGTTTCTGGGTTACCAAACATCACACCGATCTTCATACGGATCTGG 
                                                                    
YJ016: TTGATGAAGATACACATACAGTTAGACTGCTTTAGGTTACCCGTTAACTTACGCATCGCT  
       |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 
CMCP6: TTGATGAAGATACACATACAGTTAGACTGCTTTAGGTTACCCGTTAACTTACGCATCGCT  
       |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 
MO624: TTGATGAAGATACACATACAGTTAGACTGCTTTAGGTTACCCGTTAACTTACGCATCGCT 
                                                                     
YJ016: TGAGATAGCATACGAGCTTGAAGACCCATGTGCGAGTCGCCCATCTCACCTTCGATTTCT  
       |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 
CMCP6: TGAGATAGCATACGAGCTTGAAGACCCATGTGCGAGTCGCCCATCTCACCTTCGATTTCT  
       |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 
MO624: TGAGATAGCATACGAGCTTGAAGACCCATGTGCGAGTCGCCCATCTCACCTTCGATTTCT  
                                                             
YJ016: GCCTTTGGCGTCAATGCTGCAACAGAGTCGACAACAATAACGTCAACCGCACCTGAGCGA  
       |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 
CMCP6: GCCTTTGGCGTCAATGCTGCAACAGAGTCGACAACAATAACGTCAACCGCACCTGAGCGA  
       |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 
MO624: GCCTTTGGCGTCAATGCTGCAACAGAGTCGACAACAATAACGTCAACCGCACCTGAGCGA 
                                                                     
YJ016: GCAAGAGCATCACAGATTTCCAATGCTTGTTCACCGGTGTCAGGCTGAGATACCAACAAC  
       ||||||||||||||||||||||| |||||||||||||||||||||||||||||||||||| 
CMCP6: GCAAGAGCATCACAGATTTCCAACGCTTGTTCACCGGTGTCAGGCTGAGATACCAACAAC  
       ||||||||||||||||||||||| ||||||||||||||||| |||||||||||||||||| 
MO624: GCAAGAGCATCACAGATTTCCAACGCTTGTTCACCGGTGTCGGGCTGAGATACCAACAAC  
 
YJ016: TGGTCGATATTAACGCCAAGCTTCTTCGCATACACAGGATCCAACGCGTGCTCGGCATCG  
       |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 
CMCP6: TGGTCGATATTAACGCCAAGCTTCTTCGCATACACAGGATCCAACGCGTGCTCGGCATCG  
       |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 
MO624: TGGTCGATATTAACGCCAAGCTTCTTCGCATACACAGGATCCAACGCGTGCTCGGCATCG 

                                                                    
YJ016: TAGCTGTACCAAGCGCCTGATTTTTCAATCAGCTTACATTTCACGCCTAGGTCAATCAGT  
       ||||| |||||||| ||||||||||||||||||||||||||||||||||||||||||||| 
CMCP6: TAGCTATACCAAGCACCTGATTTTTCAATCAGCTTACATTTCACGCCTAGGTCAATCAGT  
       |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 
MO624: TAGCTGTACCAAGCGCCTGATTTTTCAATCAGCTTACATTTCACGCCTAGGTCAATCAGT 
                                                                    
YJ016: TCACCTTCGCGGTTAAAGCCTTGGCCGTACATAATTTGAGTGTTGGCTTCTTTAAACGGC  
       |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 
CMCP6: TCACCTTCGCGGTTAAAGCCTTGGCCGTACATAATTTGAGTGTTGGCTTCTTTAAACGGC  
       |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 
MO624: TCACCTTCGCGGTTAAAGCCTTGGCCGTACATAATTTGAGTGTTGGCTTCTTTAAACGGC 
                                                                     
YJ016: GCAGCGATCTTATTCTTCACCACTTTGATGCGCGTTTCGTTACCCACGACCTCATCACCT  
       |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 
CMCP6: GCAGCGATCTTATTCTTCACCACTTTGATGCGCGTTTCGTTACCCACGACCTCATCACCT  
       |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 
MO624: GCAGCGATCTTATTCTTCACCACTTTGATGCGCGTTTCGTTACCCACGACCTCATCACCT 

 
Figure A-1. continued 
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YJ016: ATAAACGCACAAGTTTTGCCTTCACGTTGAGCCGCAGCGATCAGCTCAAGGGTCAACGTG  
       |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 
CMCP6: ATAAACGCACAAGTTTTGCCTTCACGTTGAGCCGCAGCGATCAGCTCAAGGGTCAACGTG  
       |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 
MO624: ATAAACGCACAAGTTTTGCCTTCACGTTGAGCCGCAGCGATCAGCTCAAGGGTCAACGTG 
                                                                     
YJ016: GTTTTACCTGAAGATTCTGGACCAAAAATTTCAACGATACGGCCCATTGGTAAGCCACCA  
       |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||  
CMCP6: GTTTTACCTGAAGATTCTGGACCAAAAATTTCAACGATACGGCCCATTGGTAAGCCACCC 
       |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 
MO624: GTTTTACCTGAAGATTCTGGACCAAAAATTTCAACGATACGGCCCATTGGTAAGCCACCC 
                                                                     
YJ016: GCACCCAGCGCAATATCCAGAGATAGTGAACCTGTCGAGATGGTTTCAACATCCATCGCA  
       |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 
CMCP6: GCACCCAGCGCAATATCCAGAGATAGTGAACCTGTCGAGATGGTTTCAACATCCATCGCA  
       |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 
MO624: GCACCCAGCGCAATATCCAGAGATAGTGAACCTGTCGAGATGGTTTCAACATCCATCGCA 

 YJ016: CGGTTGTCACCTAGGCGCATGATTGAACCTTTACCGAACTGCTTTTCAATTTGACCTAGT  
       |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 
CMCP6: CGGTTGTCACCTAGGCGCATGATTGAACCTTTACCGAACTGCTTTTCAATTTGACCTAGT  
       |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 
MO624: CGGTTGTCACCTAGGCGCATGATTGAACCTTTACCGAACTGCTTTTCAATTTGACCTAGT 
                                                                     
YJ016: GCGGCGGCCAGTGCCTTCTGTTTGTTCTCGTCCATTACTCTCTCCAGATAGTCACTCTCA  
       ||||||||||| |||||||||||||||||||||||||||||||||||||||||||||||| 
CMCP6: GCGGCGGCCAGAGCCTTCTGTTTGTTCTCGTCCATTACTCTCTCCAGATAGTCACTCTCA  
       |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 
MO624: GCGGCGGCCAGTGCCTTCTGTTTGTTCTCGTCCATTACTCTCTCCAGATAGTCACTCTCA 
                                                                     
YJ016: GGTGATAGGTAATTATGTCGAAATAGGGTCGACAATGTTTGTCATGTTGGGGCTCATTAT  
       |||||||||||||||||||||||||||||||||||||||||||||||||||| ||||||| 
CMCP6: GGTGATAGGTAATTATGTCGAAATAGGGTCGACAATGTTTGTCATGTTGGGGTTCATTAT  
       |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 
MO624: GGTGATAGGTAATTATGTCGAAATAGGGTCGACAATGTTTGTCATGTTGGGGCTCATTAT 
                                                                     
YJ016: ACTGTTGATTTGTACAGTGTCCACCCCTGTATNNNNNNNTTTCGCCTGTTATTGACGTTC  
       ||||||||||||||||||||||||||||||||       ||||||||||||||||||||| 
CMCP6: ACTGTTGATTTGTACAGTGTCCACCCCTGTATAAAAAAATTTCGCCTGTTATTGACGTTC  
       ||||||||||||||||||||| |||||||| |       ||||||||||||||||||||| 
MO624: ACTGTTGATTTGTACAGTGTCTACCCCTGTGTAAAAAAATTTCGCCTGTTATTGACGTTC 
                                                                     
YJ016: ACTGTCATTTTTCAGTAACGCATCACACAAGACTTTTAAACTGTATTCAATCGCTTGTAT  
       |||| |||||||||||| |||||||||||||||||||||||||||||||||||||||||| 
CMCP6: ACTGCCATTTTTCAGTAGCGCATCACACAAGACTTTTAAACTGTATTCAATCGCTTGTAT  
       |||||||||||||||||||||||||||||||||||||||| 
MO624: ACTGTCATTTTTCAGTAACGCATCACACAAGACTTTTAAA 
                                                                     
YJ016: GCGAACTTTTGCTCTATCGCCAGCAAAATAGCAGGTCTCACACCGTAGCCATCCATGCTT  
       ||||||||||||||||||||||||||||||||| |||||||| ||||||||||||||||| 
CMCP6: GCGAACTTTTGCTCTATCGCCAGCAAAATAGCAAGTCTCACAACGTAGCCATCCATGCTT  
                                                                    
MO624: 
 
YJ016: ATCCGCAAAACCAAAACAAACGGTGCCAACAGGCTTTTCCGCGCTACCGCCGCTCGGCCC  
       |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 
CMCP6: ATCCGCAAAACCAAAACAAACGGTGCCAACAGGCTTTTCCGCGCTACCGCCGCTCGGCCC  
 
MO624: 

recX 

Reverse Primer
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YJ016: TGCAATACCGCTAATGGCAACCGCGATAGTTGCATTCGAATGGGCTAAAGTCCCCAGTAC  
       |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 
CMCP6: TGCAATACCGCTAATGGCAACCGCGATAGTTGCATTCGAATGGGCTAAAGTCCCCAGTAC  
 
MO624: 
                                                                     
YJ016: CATTTCTTTGACCACCGCCTCCGAGACCGCACCAAAGTCGGCCAAGGTTTTTTCTGCCAC  
       |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 
CMCP6: CATTTCTTTGACCACCGCCTCCGAGACCGCACCAAAGTCGGCCAAGGTTTTTTCTGCCAC  
 
MO624: 
                                                                     
YJ016: CCCCAACATTTCTTGTTTTGCTTCATTGCTGTAAGTGACAAATGCACGATCAAACCAAGC  
       |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 
CMCP6: CCCCAACATTTCTTGTTTTGCTTCATTGCTGTAAGTGACAAATGCACGATCAAACCAAGC  
 
MO624: 

YJ016: CGAGCTGCCTGCGACTTCCGTGACTATGTTTGCAACGCCACCGCCAGTACACGATTCGGC  
       |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 
CMCP6: CGAGCTGCCTGCGACTTCCGTGACTATGTTTGCAACGCCACCGCCAGTACACGATTCGGC  
 
MO624: 
                                                                    
YJ016: GGTAGCCAACACTTCACCTTGTTGCAAAAGACGCTCACCCAGTTGTTCTGATAATTGTAT  
       ||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 
CMCP6: CGTAGCCAACACTTCACCTTGTTGCAAAAGACGCTCACCCAGTTGTTCTGATAATTGTAT  
 
MO624: 
                                                                     
YJ016: TAGTGATTGCATGCCGATTTCCCTTTTCTCTCTTTTACACTATCAGTGATTCACGTATCC  
       |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 
CMCP6: TAGTGATTGCATGCCGATTTCCCTTTTCTCTCTTTTACACTATCAGTGATTCACGTATCC  
 
MO624: 
                                                                     
YJ016: TAAGCCGCAAACAGTCCAAACTAAAGATAAAAACCGTGAAAGCTGAACAACAACATACCC  
       |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 
CMCP6: TAAGCCGCAAACAGTCCAAACTAAAGATAAAAACCGTGAAAGCTGAACAACAACATACCC  
 
MO624:  
Figure A-1. continued 
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