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Vibrio cholerae, a natural inhabitant of aquatic environments and the causative 

agent of the diarrheal disease cholerae, requires iron for survival. Since one of the key 

factors in the survival of V. cholerae in the environment is the formation of biofilms, we 

determined the effect of iron on this aspect of the pathogens lifestyle. Since wild type V. 

cholerae forms a much more robust biofilm in the presence of exogenous iron we tested 

mutants in iron transport and regulation and found that a mutation in the gene encoding 

an iron-regulated small RNA, RyhB, was clearly attenuated in the biofilm assay. We 

determined through microarray analysis that the ryhB mutant has altered regulation of 

genes involved in many systems that may be involved in biofilm formation including 

amino acid biosynthesis, the TCA cycle, motility and chemotaxis, and the expression of 

outer membrane proteins. Due to the pleiotropic regulatory effects of RyhB, it is unlikely 
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that any one individual gene or system regulated by RyhB is the cause of the biofilm 

defect, but rather the sum effect of the regulatory changes is decreased biofilm formation. 

 

Additionally, we discovered that the outer membrane protein, OmpT, is positively 

regulated by iron and Fur. Generally, when Fur has acted as a positive regulator in 

previous studies, it has been ultimately shown to do so by negatively regulating the 

negative regulator, RyhB. However, the positive regulation of ompT by Fur is 

independent of RyhB. While CRP, a positive regulator of ompT expression, did not affect 

iron-dependent regulation of ompT, over-expression of the negative regulator ToxR 

abolishes the iron and Fur dependent regulation. Sequence analysis has revealed a 

possible Fur box approximately 70 base pairs upstream of the transcriptional start site in a 

region that overlaps both a ToxR binding site and a CRP binding site in the ompT 

promoter. We propose the model that in iron-replete environments under ToxR repressing 

conditions, such as when amino acids are limiting, Fur can further increase the expression 

of ompT.  
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I. INTRODUCTION 

 

 

1. Pathogenesis of Vibrio cholerae 

Vibrio cholerae is a Gram-negative curved rod commonly found in aquatic 

environments and is the causative agent of the diarrheal disease cholera. V. cholerae has 

played a central role in infectious disease research, including an important role in the rise 

of the fledgling field of epidemiology due to the work of John Snow during the cholera 

outbreak of 1854 (Frank-Spohrer, 1996). In the modern world, cholera is still a major 

health and financial concern, particularly in the developing world. Although the World 

Health Organization (WHO) reported 236,896 worldwide cases of cholera in 2006 with 

6,311 deaths, many believe that lack of reporting in underdeveloped countries and 

undiagnosed deaths result in these figures being vastly underestimated (Schild et al., 

2008). In fact, one major area plagued by endemic cholera, Bangladesh, is not even 

included in the WHO reports (Colwell et al., 2003). Although this disease can be easily 

prevented with proper sanitation and effectively treated with rehydration therapy that 

reduces mortality to ~3%, cholera continues to be a major worldwide concern 

(Greenough, 2004). Regions with malnourished populations that lack proper water 

sanitation, particularly refugee camps and areas decimated by natural disasters, are 

especially vulnerable to epidemics.   

 

Only two of the approximately two hundred recognized serotypes of V. cholerae, 

as determined by the lipopolysaccharide O antigen, are known to cause epidemic disease, 
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O1 and O139 (Kaper et al., 1995). Within the O1 serotype there are two distinct 

groupings, classical and El Tor, as determined by biochemical properties (Faruque et al., 

1998). The classical strains are thought to be responsible for the first six recorded 

pandemics caused by V. cholerae, while the 7
th
 and current pandemic is caused by the El 

Tor subtype. A new serogroup of V. cholerae, O139, has been the cause of a recent 

outbreak in Southern Asia and has been termed the eighth pandemic by some (Siddique et 

al., 1996).  

 

V. cholerae follows a well studied pattern of infection in humans. Initial infection 

is caused by consumption of food or water contaminated with the bacteria. Although a 

large infectious dose is required to cause disease in healthy humans (10
6
-10

11
 colony 

forming units), individuals with immune suppression, including those who are 

malnourished, likely require a lower infectious dose (Childers and Klose, 2007). 

Following passage through the acidic environment of the stomach, the bacteria penetrate 

the mucus layer lining the epithelial cells of the small intestine and attach. Once attached, 

the bacteria produce cholera toxin, which is responsible for most of the clinical aspects of 

the disease. The resultant massive release of water from the lumen of the small intestine 

can result in the loss of twenty liters of fluid from an infected individual within a single 

twenty-four hour period (Matson et al., 2007). Without treatment, the fluid loss can 

quickly lead to dehydration, shock and death. The high volume of fluid secretion is also 

the mechanism through which V. cholerae can escape the host and return to the 

environment.  

 

 

 



 3 

1.1 GENES REQUIRED FOR V. CHOLERAE PATHOGENESIS 

 

Cholera toxin can be considered the most important virulence factor of V. 

cholerae as it is directly responsible for the devastating fluid loss. The genes that encode 

the cholera toxin are found on the lysogenic bacteriophage CTXΦ  (Waldor and 

Mekalanos, 1996). Cholera toxin is an AB toxin consisting of five B subunits and one A 

subunit (Gill, 1976). The B subunits form a pentameric ring structure that binds to the 

GM
1
 ganglioside on host intestinal epithelial cell surfaces (Heyningen, 1974). The single 

A subunit associates with the B-pentamer and enters the host cell where it is cleaved by 

host proteases into the enzymatic A
1
 subunit (Tomasi et al., 1979). Once released into the 

host cell cytosol, the A
1
 subunit ADP-ribosylates the regulatory Gsα subunit of adenylate 

cyclase, resulting in overproduction of cAMP (Gill and Meren, 1978). Chloride ion 

secretion is increased due to the high cAMP levels, resulting in an osmotic imbalance that 

causes the efflux of large volumes of water.  

 

The toxin coregulated pilus (TCP) is a type IV bundle forming pilus required for 

infectivity (Taylor et al., 1987). The pilus consists of filaments of the subunit TcpA, part 

of the tcp operon encoded on the Vibrio pathogenicity island (VPI) (Taylor et al., 1987); 

(Karaolis et al., 1998) . Although the exact role of TCP during infection is still unclear, it 

has been shown to cause cell-cell aggregation and is required for the formation of 

microcolonies on the intestinal epithelium (Childers and Klose, 2007; Kirn et al., 2000). 

TCP is required for the secretion of at least one novel effector required for pathogenesis, 

TcpF. While the exact function and mechanism of TcpF in virulence is unclear, it is 

required for colonization of the infant mouse intestine and antibodies to TcpF are 

protective in this model (Kirn and Taylor, 2005). TCP is also the receptor for the CTXΦ   
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bacteriophage that encodes the cholera toxin genes (Waldor and Mekalanos, 1996). 

Interestingly, since TCP is expressed in the intestinal environment, the conversion of a 

non-pathogenic V. cholerae strain into one that can cause disease likely occurs within the 

human host (Childers and Klose, 2007).  

 

Although CT and TCP are the main virulence factors in V. cholerae, additional 

proteins have been discovered that also play critical roles in infection, including the 

previously mentioned TcpF. The accessory colonization factor genes (acfA-D) are 

required for full virulence in the mouse model as a mutation in any of the four genes 

causes a virulence defect. AcfB has been proposed to be an environmental sensory 

molecule, based on DNA sequence analysis, computer predictions and its location in the 

inner membrane (Everiss et al., 1994).  

 

1.2 REGULATION OF VIRULENCE GENES: THE TOXR REGULON 

 

Regulation of the virulence cascade in V. cholerae occurs through the “ToxR 

regulon”, although many other factors converge to regulate virulence besides ToxR 

(Figure 1). ToxR is an integral membrane protein consisting of a cytoplasmic DNA-

binding domain, a transmembrane domain, and a periplasmic domain that may be 

involved in sensing environmental conditions (Peterson, 2002). The periplasmic domain 

of ToxR interacts with another inner membrane protein, ToxS. Although the exact 

function of ToxS is unclear, ToxR requires ToxS for maximal transcriptional activation 

of ToxR regulated genes (DiRita and Mekalanos, 1991). ToxR acts with another 

transcriptional activator, TcpP, which is also a membrane localized protein consisting of  
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 Figure 1: The ToxR Regulon of V. cholerae.  ToxR/S and TcpP/H cooperate at the toxT 

promoter to activate expression of toxT. ToxT directly binds the promoters of ctxAB and 

the tcp operon and activate their expression. AphA/B bind at the tcpPH promoter and 

activate its expression.  
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a cytoplasmic DNA binding domain and a periplasmic domain (Hase and Mekalanos, 

1998). TcpP interacts with a membrane bound effector protein, TcpH, which regulates 

the levels of TcpP in the cell (Beck et al., 2004). While ToxRS has been reported to be 

constitutively expressed under standard laboratory conditions, TcpPH transcription is 

induced by two proteins, AphA and AphB (Kovacikova and Skorupski, 2000). AphA acts 

as a DNA binding protein and requires interaction with AphB, a member of the LysR 

family of regulators, that binds downstream of AphA on target genes (Kovacikova and 

Skorupski, 2002). ToxR and TcpP bind to the promoter of toxT and activate its 

transcription. 

 

ToxT is an AraC-like transcriptional activator that directly activates the 

transcription of ctx, tcp and acf genes, as well as its own expression, by binding to a 

degenerate AT-rich thirteen base pair DNA sequence, the toxbox (Withey and DiRita, 

2006).  Environmental signals such as bile and an increase in temperature have been 

shown to negatively modulate ToxT activity (Schuhmacher and Klose, 1999). H-NS, a 

histone like protein, can counteract the activation of ctxAB and tcpA transcription by 

ToxT by binding the same DNA region. Therefore, ToxT not only acts to recruit RNA 

polymerase to target genes but also acts to inhibit repression by H-NS (Nye et al., 2000).  

 

There are other regulators that control the expression of virulence factors as well, 

including quorum sensing. Quorum sensing is defined as the ability of bacteria to 

determine cell density based on the extracellular concentration of signaling molecules 

called autoinducers. Quorum sensing functions to regulate many processes in the V. 

cholerae lifestyle including virulence gene expression (summarized in Figure 2) (Zhu et 

al., 2002). V. cholerae have two parallel phospho-relay quorum sensing systems, CAI-1  
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 Figure 2:  Quorum Sensing Regulates Virulence. When cell densities are high, HapR 

is produced and inhibits virulence. For details see text.  
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and AI-2. CqsA is required for the synthesis of the CAI-1 autoinducer that functions as an 

intragenera signal detected by the cognate sensor kinase protein CqsS. LuxS synthesizes 

the interspecies autoinducer, AI-2, which is detected by the LuxPQ complex (Miller et 

al., 2002). At low cell densities, when autoinducer concentrations are low, a phosphate 

group is transferred from CqsS and LuxQ to the LuxU protein, which will then transfer 

the phosphate to LuxO (Hammer and Bassler, 2003).  Transcription of the genes 

encoding four small regulatory RNAs, Qrr1-4, are activated by LuxO-P and act in concert 

with Hfq, a small RNA chaperone, to bind over the ribosome binding site of HapR, the 

central quorum-sensing regulator, and prevent production of HapR through 

destabilization of the message (Lenz et al., 2004). Quorum sensing plays a role in 

virulence gene regulation by down regulating CT and TCP at high cell densities through 

the interaction of HapR at the aphA promoter (Kovacikova and Skorupski, 2002). While 

this seems counterintuitive, when HapR is produced at high cell densities, virulence gene 

expression is repressed while the expression of the protease, HapA is induced. Since 

HapA may promote the detachment of the bacteria from host tissue, this system would 

allow for the escape and spread of the pathogen. 

 

Regulation of virulence in V. cholerae also occurs through modification of the 

levels of the second messenger 3’,5’-cyclic diguanylic acid (c-di-GMP) present in the 

cell.  Diguanylate cyclase (DGC) enzymes, containing GGDEF domains, cyclize two 

GTP molecules into c-di-GMP. Conversely, phosphodiesterase A (PDEA) enzymes, 

containing EAL or HD-GYP domains, degrade c-di-GMP by linearizing it into diguanylic 

acid (pGpG) (Romling et al., 2005).   In V. cholerae, there are 22 open reading frames 

that encode proteins with EAL domains and 40 that contain GGDEF domains, with 10 of 

these open reading frames containing both a EAL and a GGDEF domain (Tamayo et al., 
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2005). One of these EAL-containing proteins, VieA, controls the c-di-GMP concentration
 

in the cell and is required for motility and wild-type levels of colonization in
 
an animal 

model of infection in the classical V. cholerae strains. The phosphodiesterase activity of 

VieA in these strains regulates transcription
 
of both ctxA and toxT since both are 

repressed by increased intracellular
 
concentration of c-di-GMP (Tischler and Camilli, 

2005). Although El Tor strains have a functional copy of VieA, it does not regulate 

virulence or motility in the El Tor strains. However, artificially increasing the levels of c-

di-GMP did reduce motility and cause a colonization defect for an El Tor strain in the 

infant mouse model, likely due to decreased toxT expression (Tamayo et al., 2005). 

 

ToxR also controls the expression of two outer membrane proteins, OmpT and 

OmpU, in a TcpP and ToxT-independent manner (Miller and Mekalanos, 1988). ToxR 

directly binds to the ompU promoter and activates transcription. ToxR is believed to act 

not only as a repressor of ompT expression, but also to act as an anti-activator by 

preventing the binding of cAMP receptor protein (CRP), which positively regulates ompT 

expression (Li et al., 2002).  Therefore, in cells expressing ToxR, ompU expression will 

be dominant and ompT expression will be minimal.  

 

1.3  ENVIRONMENTAL CONDITIONS AFFECT VIRULENCE 

 

The two biotypes of V. cholerae induce expression of the toxin genes under very 

different conditions in the laboratory. The classical strains of V. cholerae induce 

expression of the toxin genes when the bacteria are grown in LB in a rolling incubator at 

30°C in a medium with a pH of 6.5. In contrast, for maximal expression of toxin genes in 

the El Tor strains, bacteria are grown at 37°C in AKI medium, pH 7.4, for 4 hours in a 
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stationary test tube and then overnight in a flask with shaking (Iwanaga et al., 1986). 

These differences in the conditions required for cholera toxin production in the two 

biotypes is due to a single base pair change in the tcpPH promoter (Kovacikova and 

Skorupski, 2000). The result of this variation is that transcriptional activation of the 

tcpPH genes by AphB was ten-fold reduced in El Tor strains compared to the classical 

strains even when grown under their optimal inducing conditions (Kovacikova and 

Skorupski, 2002).   

 

The virulence genes of the ToxR regulon of both biotypes are responsive to many 

environmental signals. When the periplasmic domain of ToxR is replaced with alkaline 

phosphatase, ToxR can still activate the expression of ctxAB, but high osmolarity was no 

longer able to repress the regulation, indicating that ToxR levels are reduced by high 

osmolarity (Miller et al., 1987). toxR expression itself is repressed when the divergently 

transcribed htpG gene, encoding a heat shock protein of the HSP90 family, is induced 

(Parsot and Mekalanos, 1990). Expression of toxR is less at 37°C, the temperature of 

infection, than at 22°C, a temperature more likely to be encountered in the environment, 

while the expression of hptG had the opposite trend. While decreasing virulence gene 

expression at the host body temperature seems counter-intuitive, it is likely that the heat 

shock of initial infection prevents the toxin and pilus from being synthesized prior to 

localization to the small intestine.  Other regulators in the ToxR regulon are also 

regulated by environmental stimuli. tcpP and tcpH are regulated by temperature and pH 

in a ToxR-independent manner (Carroll et al., 1997).   
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2. Environmental Survival of Vibrio cholerae 

V. cholerae has adapted to survive in diverse conditions, including the small 

intestine of the human host and various environmental reservoirs. V. cholerae can live in 

association with copepods by colonizing the chitin exoskeletons and can colonize the 

chitinous surfaces of shell fish and crustaceans (Huq et al., 1983). Additionally, it can 

colonize and scavenge nutrients from phytoplankton and associate with aquatic plants 

and acquire nutrients through the use of a mucinase (Islam et al., 2004). V. cholerae can 

also persist in biofilms, surface associated communities encased in a secreted 

exopolymeric matrix containing exopolysaccharides and other extracellular products 

which may include nucleic acids and cellular debris, in conjunction with other 

microorganisms (Wai et al., 1998).  

 

Initially it was believed that while toxigenic V. cholerae could be isolated from 

the environment during an epidemic, it could not be isolated between epidemics. 

However, the presence of toxigenic V. cholerae has recently been detected between 

epidemics using a fluorescent antibody technique (Alam et al., 2007). In unfavorable 

environmental conditions V. cholerae can enter a dormant state termed viable but non-

culturable, due to the inability of researchers to culture the bacteria in this state using 

traditional culture methods (Xu et al., 1982). The reversion of nonculturable cells to 

viable and infective cells has been shown experimentally, but it has been debated whether 

reversion could and does occur in the aquatic environment (Koqure et al., 1979);(Colwell 

et al., 1985). Additionally, filtering surface water through a sari cloth folded four to eight 

times, effectively creating a 20 µM filter, is sufficient to remove V. cholerae associated 

with zooplankton and particulates and can decrease cholera infections by almost fifty 
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percent (Colwell et al., 2003). Thus, the location of environmental reservoirs for V. 

cholerae between epidemics may prove to be of paramount importance in controlling and 

eventually preventing the spread of the disease. 

 

2.1 BIOFILM FORMATION 

 

V. cholerae can form surface-associated communities with other organisms in the 

aquatic environment. These biofilms are believed to be one of the most likely aquatic 

reservoirs for V. cholerae. Some scientist believe that in the environment, bacteria are not 

generally found in free-swimming planktonic states but in association with surfaces that 

provide many advantages to the bacteria (McCarthy, 2001). Biofilms have been shown to 

protect bacteria from various stresses including chlorine and antibiotics (Mah and 

O'Toole, 2001). Biofilms either directly provide nutrition, as is the case with chitinous 

surfaces, or increase the concentration of nutrient sources at the surface (Watnick and 

Kolter, 1999). Evidence also suggests that binding of V. cholerae to chitin induces 

competence in the bacteria (Meibom et al., 2005). This would indicate that V. cholerae 

growing in a biofilm on chitinous surfaces have a greater likelihood of acquiring 

exogenous DNA that might provide a competitive advantage. Biofilms can also 

concentrate the bacteria, increasing the chances of infection if consumed and, it has been 

proposed, increase the resistance of the bacteria to acid in the host gastrointestinal tract 

(Zhu and Mekalanos, 2003).  

 

The formation of a V. cholerae biofilm is a developmental process that has three 

general stages: the planktonic free-swimming stage, the monolayer stage consisting of a 

single layer of bacteria immobilized on the surface in microcolonies, and the highly 
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organized three-dimensional mature biofilm complete with water channels for nutrient 

delivery and waste removal (Reidl and Klose, 2002). V. cholerae is motile by way of a 

sheathed single polar flagellum (Follett and Gordon, 1963). This flagellum, along with 

the surface associated mannose-sensitive haemagglutinin (MSHA) type IV pilus, 

significantly accelerates the attachment of the bacteria to the surface (Watnick and 

Kolter, 1999). Although neither the flagellum nor the MSHA pilus is essential for biofilm 

formation, it is believed that these structures are important for generating the force that 

improves attachment to surfaces. Mutants lacking the MSHA pilus can attach to surfaces 

if provided sufficient time and can then form a biofilm indistinguishable from wild type 

(Watnick et al., 1999). Non-motile flagella mutants also eventually attach to the surface, 

but only form the three-dimensional biofilm structures in localized areas, suggesting that 

flagella are required for movement along the surface after the initial attachment (Watnick 

and Kolter, 1999).  

 

V. cholerae enter into the second monolayer stage by repressing flagellar gene 

expression and, through the action of the MSHA pilus, form small microcolonies 

(Watnick et al., 1999). When nutrients are limited, biofilms cannot progress to mature, 

three-dimensional structures, and the monolayer would constitute the last stage of 

development in a V. cholerae biofilm under these conditions (Van Dellen and Watnick, 

2006).   

 

The final stage of biofilm formation requires the expression of an 

exopolysaccharide, VPS (Vibrio polysaccharide). The vps genes are organized into two 

gene clusters, vpsA-K and vpsL-Q (Yildiz and Schoolnik, 1999). VpsR and VpsT are 

transcriptional regulators required for the expression of the vps operon (Casper-Lindley 
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and Yildiz, 2004). V. cholerae with mutations that result in no VPS production can still 

attach to the surface but are unable to form the three-dimensional superstructures 

(Watnick and Kolter, 1999). In contrast, over-expression of VPS genes causes a 

phenotypic switch to the “rugose” colony morphology, characterized by colonies that 

appear wrinkled, in contrast to the smooth colonies typically observed (Rice et al., 1992). 

The rugose phenotype results in thicker biofilms and increases the bacterium’s resistance 

to osmotic and oxidative stresses (Beyhan et al., 2007). During biofilm formation, vps 

expression is increased when the bacterium loses the flagellum. This observation 

indicates that loss of the flagellum might be a developmental cue in the formation of the 

mature biofilm (Moorthy and Watnick, 2004). Interestingly, the O139 serotype of V. 

cholerae is non-flagellated and does not need the MSHA pilus to form biofilms. High 

expression levels of VPS genes are presumed to alleviate the need for these structures 

that have been reported to be important for biofilm formation in other strains of V. 

cholerae (Reidl and Klose, 2002). 

 

2.2 REGULATION OF BIOFILM FORMATION 

 

V. cholerae has a complex lifestyle that includes infection of the human host, a 

free-swimming planktonic stage, survival in the environment in association with 

zooplankton and phytoplankton, and association with other bacteria in biofilms. The 

regulation of the genes involved in promoting one lifestyle over others is very complex. 

To regulate biofilm formation, V. cholerae uses many independent and overlapping 

regulatory mechanisms (summarized in Figure 3). 
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Figure 3: Regulation of Biofilm Formation in V. cholerae. Regulation of biofilm 

formation in V. cholerae is a complex process. Cell density regulates biofilm formation 

through the production of autoinducers. At low cell densities, when autoinducers are at a 

low concentration, a phosphate group is transferred to LuxO, activating it. LuxO-P 

activates the transcription of the small RNAs Qrr1-4 which, along with Hfq, destabilize 

the HapR message. In the absence of HapR, genes required for biofilm formation are 

expressed. At high cell densities, LuxO is not phosphorylated, so it can not activate the 

transcription of the sRNAs; therefore, HapR is produced and genes required for biofilm 

formation are repressed. High levels of the second messenger c-di-GMP activates biofilm 

formation by activating vpsT transcription. CytR represses biofilm formation by 

inhibiting vps expression. CRP-cAMP activates the synthesis of CAI-1, which mimics a 

high cell density environment, resulting in inhibition of biofilm formation. For more 

information, see text.  

 

 

 

 

 

 

 

 

 

 

 

 



 18 

Quorum sensing, through the actions of HapR, inhibits biofilm formation by 

HapR binding to and repressing the transcription of vpsT, one of the main activators of  

the vps operon. Conversely, HapR activates the transcription of the secreted 

haemagglutinin (HA)/protease, which has been implicated in virulence and may help the 

bacteria detach from the host epithelium (Finkelstein et al., 1992); (Zhu and Mekalanos, 

2003). Although every target gene identified to date as regulated by quorum sensing 

requires HapR for regulation, several virulent strains of V. cholerae, including the 

sequenced El Tor strain N16961 and the classical strain O395, maintain the ability to 

form biofilms, yet have mutations in their hapR genes preventing the production of 

functional HapR (Hammer and Bassler, 2003). This observation indicates that either an 

alternative pathway(s) exists that completely bypasses this system or secondary mutations 

have occurred that allow these strains to continue to regulate virulence and biofilm 

formation as a function of cell density even in the absence of HapR.  Recent data would 

suggest the former, in that the Qrr small RNAs and Hfq also activate another target gene, 

VCA0939 independently of HapR. The Qrr sRNAs bind to the mRNA of VCA0939 and 

prevent the formation of an inhibitory stem-loop structure. Therefore, even in the absence 

of HapR, quorum sensing can regulate VCA0939 and likely other targets as well 

(Hammer and Bassler, 2007). 

 

In contrast to HapR- regulated quorum sensing, high levels of c-di-GMP acts as 

an activator of biofilm formation in V. cholerae and represses virulence gene expression 

as discussed previously (Lim et al., 2006). High levels of c-di-GMP activate transcription 

of vpsT, one of the main activators of the vps operon (Figure 3). This positive regulation 

is epistatic to the repression of vpsT by HapR. Therefore, repression of vpsT requires both 

HapR and low levels of c-di-GMP (Waters et al., 2008). To complicate matters further, 
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HapR has been shown to reduce c-di-GMP levels in the cell through transcriptional 

control of genes containing GGDEF and EAL domains (Waters et al., 2008).   

 

Several other regulators have been shown to influence the expression of genes 

involved in biofilm formation, including the cyclic AMP receptor protein (CRP), the 

flagellar motor, and CytR. CytR represses genes involved in nucleoside catabolism in 

Escherichia coli (Singer et al., 1985) and V. cholerae in nucleoside-deplete environments 

(Haugo and Watnick, 2002). In V. cholerae, CytR also represses biofilm formation 

through transcriptional inhibition of VPS synthesis (Haugo and Watnick, 2002). Another 

mechanism of regulation of biofilm formation is through the activation of adenylate 

cyclase by a component of the phosphoenolpyruvate dependent phosphotransferase 

system. This activation leads to high intracellular levels of cAMP which can complex 

with CRP allowing for the interaction of this complex with promoters. CRP is required 

for the synthesis of the autoinducer CAI-1; therefore CRP mimics a high cell density 

environment and inhibits production of quorum sensing dependent virulence factors 

(including CT) and biofilm formation (Liang et al., 2007).  While deletion of flagellar 

genes leads to an increase in VPS production, mutations in the flagellar motor reduces 

vps transcription, indicating that the motor may act as a mechanosensor indicating to the 

cell when a surface has been encountered possibly by altering Na
+
 flux, which may 

stimulate the phosphorylation of VpsR (Lauriano et al., 2004).  

 

2.3 THE RELATIONSHIP BETWEEN VIRULENCE AND BIOFILM FORMATION 

 

The relationship between virulence gene expression and biofilm formation is 

complex. As described above, in contrast to the regulation by quorum sensing through 
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HapR, which at high cell densities represses both virulence genes and biofilm formation 

genes, high levels of c-di-GMP acts as an activator of biofilm formation in V. cholerae 

and represses virulence gene expression (Beyhan et al., 2007).  This has led many to 

propose that c-di-GMP signaling may be a key regulator in V. cholerae alternating 

between the biofilm and planktonic lifestyles. V. cholerae is also capable of binding to 

GlcNAC, a component of chitin and a modification found on lipids and glycoproteins of 

the human intestinal epithelium, through a protein called GbpA (Kirn et al., 2005). GbpA 

is not only required for binding to chitin, but also required for efficient colonization of 

the host epithelium. Interestingly, TCP is also involved in both attachment to chitinous 

surfaces and colonization (Reguera and Kolter, 2005). When grown on chitin, V. cholerae 

strains have been shown to become competent for natural transformation, which may also 

indicate an interesting overlap between environmental survival and virulence (Meibom et 

al., 2005). 
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3. Iron Acquisition in V. cholerae  

Iron is an essential nutrient for nearly all organisms. Iron is found in many 

enzymes, including those of the TCA cycle and electron transport, but excess iron can be 

detrimental to the cell (Mietzner and Morse, 1994). In oxygenated environments, the 

problems organisms face in relation to iron are two-fold. First, iron in its oxidized ferric 

form (which predominates in oxygen-rich environments) is extremely insoluble, making 

it difficult for organisms to acquire this essential nutrient.  Second, iron can be extremely 

toxic in its reduced ferrous form (which predominates in oxygen-poor environments) 

(Andrews et al., 2003). Ferrous iron can react with hydrogen peroxide to form highly 

reactive hydroxyl radicals that can initiate a chain reaction that damages lipids, proteins 

and DNA. Ferric iron can also be dangerous for the cell as superoxide present in a cell 

can reduce free ferric iron to the reactive ferrous state (Touati, 2000). Therefore, bacteria 

have evolved intricate regulatory mechanisms for iron homeostasis. 

  

3.1 IRON TRANSPORT SYSTEMS IN V. CHOLERAE 

 

V. cholerae has multiple ecological niches, including various aquatic 

environments as well as within the human host, where it utilizes specialized iron transport 

systems. Iron acquisition genes are distributed throughout both of the two chromosomes  

found in V. cholerae (Wyckoff et al., 2007) while most of the genes for virulence are 

found on the larger Chromosome 1 (Schoolnik and Yildiz, 2000). In V. cholerae there are 

multiple, possibly redundant iron-acquisition systems, which often hinders the study of 

iron transport in this species. Despite this difficulty, much is known about the various 

iron transport systems in V. cholerae (summarized in Figure 4). 
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 Figure 4: Iron transport systems in V. cholerae. The known iron acquisition systems 

found in V. cholerae are represented. The genes of each system that have been mutated in 

our studies are shown in blue. V. cholerae synthesizes and secretes the siderophore 

vibriobactin, a process that requires the vibriobactin synthase gene vibB (and many 

additional genes as well) and the outer membrane receptor ViuA for function. V. cholerae 

has outer membrane receptors for many siderophores not synthesized by the bacterium 

including two enterobactin outer membrane receptors, IrgA and VctA. Transport of 

enterobactin or vibriobactin through the inner membrane requires the periplasmic binding 

protein-dependent ABC transport systems viuPDGC or vctPDGC. V. cholerae has three 

outer membrane receptors for the transport of heme and hemoglobin encoded by hutA, 

hutR, and hasR.  V. cholerae has two TonB-independent iron transport systems. The Feo 

system transports ferrous iron and the Fbp system transports ferric iron in a TonB-

independent manner.  
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Many bacteria can synthesize and secrete siderophores, high-affinity iron binding 

compounds, which are transported into the cell when in the iron-bound state through a 

specific outer membrane (OM) receptor (Neilands, 1981). The energy to transport 

siderophores through OM receptors is mediated by the TonB-ExbB-ExbD energy-

transducing system (Klebba et al., 1993). Periplasmic binding proteins then bind the iron-

containing siderophores and deliver them to ABC transporters in the inner membrane, 

which deliver the complex into the cytosol of the cell (Pierce and Earhart, 1986); 

(Earhart, 1996). While V. cholerae only produces one siderophore, the catechol 

siderophore vibriobactin, it has OM receptors for many siderophores synthesized by other 

organisms (Griffiths et al., 1984). V. cholerae has two OM receptors for enterobactin, a 

siderophore made by various enteric pathogens including E. coli and Salmonella 

typhimurium, as well as an OM receptor for ferrichrome, a siderophore produced by some 

fungal species (Wyckoff et al., 2007). Although V. cholerae is not an invasive bacterium, 

it has three OM receptors for heme and hemoglobin (Mey and Payne, 2001). While the 

OM receptors are specific for a particular siderophore, two inner membrane ABC 

transport systems in V. cholerae, viuPDGC and vctPDGC, transport both vibriobactin and 

enterobactin. Separate systems transport ferrichrome (fhuBCD) and heme (hutBCD) into 

the cell (Wyckoff et al., 2007).  

 

A unique characteristic of V. cholerae is the presence of two TonB systems that 

transduce energy from the electrochemical charge gradient of the inner membrane to 

allow transport of siderophores bound to OM receptors through the outer membrane 

(Occhino et al., 1998). There are intriguing differences between these two TonB systems. 

TonB1 is predicted to span the periplasmic space more easily than TonB2 due to its 

increased length (Seliger et al., 2001). This increased length may be important in 
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environmental survival, particularly in environments with increased osmolarity, such as 

seawater, which may increase the distance between the inner and outer membrane. While 

both TonB systems can facilitate transport of vibriobactin, only the TonB2 system can 

transport enterobactin through IrgA and VctA and heme through HasR, one of three heme 

OM receptors found in V. cholerae (Seliger et al., 2001). Transport of heme through the 

other two heme OM receptors, HutA and HutR, is more efficient with the TonB1 system, 

but does occur with the TonB2 system (Mey and Payne, 2001).  

 

There are two TonB-independent inner membrane iron transport systems that 

have been described in V. cholerae at this time. The Feo system transports ferrous iron, 

the predominate form of iron found in oxygen-depleted environments, and the Fbp 

system transports ferric iron, the predominant form of iron in oxygen-rich environments 

(Wyckoff et al., 2006). The mechanism of iron transport through these inner membrane 

transporters remains unclear. It is important to note that V. cholerae mutated for all 

known iron transport systems still forms colonies, indicating that there are still one or 

more unidentified iron transport systems in V. cholerae (Wyckoff et al., 2006). 

 

3.2 MECHANISMS OF IRON REGULATION 

 

To avoid iron toxicity in the cell and yet acquire enough of this essential nutrient 

to survive, bacteria strictly regulate iron uptake and storage. This regulation in V. 

cholerae, and most other Gram-negative bacteria, occurs through the actions of the Ferric 

Uptake Regulator (Fur), an iron-dependent transcriptional regulator (Bagg and Neilands, 

1987). Under conditions where iron is abundant, Fur complexes with iron and the ferri-

Fur complex binds to the promoter of target genes at specific sites, termed Fur boxes, and 
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blocks transcription. If iron is limiting, Fur will not complex with iron and therefore will 

not bind to the promoters of target genes. Nearly all the genes known to be involved in 

iron acquisition are repressed in a Fur and iron-dependent manner (Braun et al., 1990).  

 

There is a subset of genes that bind iron that are involved in such diverse 

processes as iron-storage, metabolism and free radical defense that are activated in a Fur 

and iron–dependent manner (Hantke, 2001). Fur positively regulates these targets by 

repressing the expression of a small RNA named RyhB (Masse and Gottesman, 2002). 

RyhB binds to a protein factor, Hfq, which stabilizes RNAs. Hfq also binds to the target 

mRNA facilitating binding of RyhB with its target (Geissmann and Touati, 2004). After 

RyhB binds to its target mRNA and blocks translation, the small RNA-mRNA complex is 

degraded in an RNaseE dependent manner (Masse et al., 2003). The degradation of RyhB 

along with its target allows for a rapid turnover in mRNA once iron levels are high 

enough to allow Fur to be activated and to repress ryhB transcription.  

 

Most of the known targets of RyhB in E. coli are non-essential, iron-containing 

proteins such as succinate dehydrogenase and superoxide dismutase. Therefore, in low 

iron-deplete conditions, Fur is inactive allowing ryhB to be transcribed, leading to 

degradation of its target mRNAs. This frees the limited intracellular iron pool to be 

shuttled to the essential iron containing proteins (Masse et al., 2007). The extent of the 

effect RyhB has on iron levels was revealed when it was shown that expression of ryhB 

from an inducible promoter can increase the free intracellular iron concentration by 50%, 

activating Fur, which represses iron acquisition genes (Jacques et al., 2006). Since RyhB 

is a post-transcriptional regulator, it allows for rapid degradation of target mRNAs when 
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iron becomes limiting, quickly fine-tuning the level of intracellular iron available within 

the cell.  

 

V. cholerae RyhB is approximately 200 nucleotides long (Mey et al., 2005a) 

whereas E. coli ryhB is only 90 nucleotides long (Masse and Gottesman, 2002). While 

the RyhB molecules share a highly conserved central region, V. cholerae RyhB has both 

a large (~70 nucleotide) 5’ extension and a somewhat smaller 3’ extension (~33 

nucleotides) when compared to E. coli (Mey et al., 2005a).  Due to these differences in 

the RyhB molecule, it is possible that V. cholerae RyhB has an extended regulon when 

compared to E. coli RyhB. The genes of the RyhB regulon in V. cholerae (Mey et al., 

2005a), as well as other bacterial species (Masse and Gottesman, 2002), includes 

superoxide dismutase, ferritin, bacterioferritin, and several TCA cycle enzymes including 

succinate dehydrogenase, citrate synthase and aconitase. Unique genes regulated by 

RyhB in V. cholerae include genes for motility, chemotaxis, and outer membrane 

proteins (Mey et al., 2005a).  

 

3.3 VIRULENCE AND IRON 

 

The most common animal model for V. cholerae is the neonatal mouse (Taylor et 

al., 1987). Intragastric inoculation of neonatal mice leads to infection and fluid 

accumulation, and the relative infectivity of strains can be assessed by competition 

experiments. In competition experiments, mice are inoculated with a mixture of two 

strains, and the relative numbers of each strain are determined after 24 hours. In the 

neonatal mouse model assays for virulence, no single iron transport system mutant had a 

distinct disadvantage when compared to the wild type parent strain (Wyckoff et al., 
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2007). However, a mutation in either the TonB1 or TonB2 systems caused a decrease in 

the mutant’s ability to compete with the wild type strain in colonization, with a double 

mutant in both systems showing an even greater defect in colonization (Seliger et al, 

2001). Neither the Feo system or the Fbp system appear to be required for virulence, as a 

vib feo fbp triple mutant was not attenuated in this model (Wyckoff et al., 2006). A fur 

ryhB double mutant was attenuated in the mouse model while a ryhB single mutant was 

slightly more virulent then the wild type strain, indicating that it is the loss of Fur that is 

responsible for the virulence defect (Mey et al., 2005a); (Mey et al., 2005b). The fur ryhB 

double mutant also had a defect in autoagglutination, which correlates with the 

production of TCP, which may in part explain the fur defect in the virulence model (Mey 

et al., 2005b).   

 

3.4 THE EFFECTS OF IRON ON BIOFILM FORMATION 

 

There is no information published on the effect of iron on biofilm formation in V. 

cholerae. However, there have been studies in other bacterial species. In the presence of 

the iron chelator lactoferrin, Pseudomonas aeruginosa forms thinner biofilms on glass 

surfaces indicating that iron serves as an environmental signal for biofilm development 

(Singh et al., 2002). Further studies revealed that active iron transport, along with 

sufficient intracellular iron levels, are needed for biofilm development (Banin et al., 

2005).  Conversely, it has been shown in Staphylococcus aureus (Johnson et al., 2005) 

and Legionella pneumophila (Hindre et al., 2008) that biofilm production is repressed by 

iron and induced in iron-restricted conditions. Studies with Acinetobacter baumannii also 

indicate that biofilm formation was significantly enhanced under iron-limiting conditions 

(Tomaras et al., 2003).   
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5. Purpose of This Research 

V. cholerae must coordinately regulate a large array of genes to allow it to adapt 

and survive in many drastically different environments. V. cholerae expresses different 

subsets of genes when growing as a free-swimming planktonic cell, when it is growing in 

a biofilm, or when it is infecting the host. How the bacteria sense the surrounding 

environment and then make the appropriate changes in gene regulation is a complicated 

and incompletely understood story. One of the main goals of this research project was to 

determine what effects iron has on the environmental survival of V. cholerae. Since one 

of the key factors in the survival of V. cholerae, and likely transmission to the host as 

well, appears to be the ability to form biofilms, research was initiated with this aspect of 

the lifestyle in mind. As iron is known to affect biofilm formation in other bacterial 

species, we hypothesize that iron does have an effect on biofilm formation and the 

environmental survival of V. cholerae and that alterations in iron uptake or regulation 

will result in changes in this survival. 
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II. MATERIALS AND METHODS 

 

 

 

1. Bacterial Strains and Plasmids 

 

Bacterial strains used in this study are listed in Table 1. A list of genes and the 

functions of the associated gene products used in this study are listed in Table 2. Plasmids 

used in this study are listed in Table 3. E. coli strain DH5a was used for general cloning 

and plasmid maintenance. DH5αλpir, along with the helper strain MM294 carrying the 

plasmid pRK2013, or SM10λpir were used as donor strains used for generation of mutant 

strains through mating.  

 

2. Media, Reagents and Growth Conditions 

 

Bacterial stocks were stored in Tryptic Soy Broth (TSB, Difco Laboratories, Inc) 

with 20% glycerol at -70°C. E. coli strains were grown in Luria-Bertani (LB) broth (1% 

tryptone, 0.5% yeast extract, 1% NaCl) or on Luria-Bertani (LB) agar unless otherwise 

indicated. V. cholerae strains were grown in LB broth or in EZ Rich Defined Medium 

(EZ-RDM), a modification of the Supplemented MOPS defined medium described by 

Neidhardt et al. (Neidhardt et al., 1974 and Appendix A), unless otherwise indicated. 

Standard EZ-RDM contained no added iron; however low levels of iron contamination 

from the components is expected. Iron supplementation with ferrous sulfate (FeSO
4
) was. 
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Table 1: Bacterial strains used in this study 

Strain     Characteristics         Reference or Source 

E. coli Strains 

DH5α   endA1 hsdR17 supE44 thi-1 recA1 (Hanahan and Meselson, 1983) 

   gyrA relA1 ∆(lacZYA-argF) U169  

   deoR [Φ80dlac∆(lacZ)M15] 

DH5αλpir  pirR6K, mobilizing strain  (Hanahan and Meselson, 1983) 

SM10λpir  pirR6K, Kan
r
, mobilizing strain  (Miller and Mekalanos, 1988) 

MM294/pRK2013 mobilizing strain for R6K plasmids R. Meyer, Univ. Texas, Austin 

H1717   aroB∆ fhuF::λplacMu  (Stojiljkovic et al., 1994) 
   Host strain for FURTA       
          

V. cholerae strains 
N16961-K  V. cholerae E1 Tor biotype  J. Kaper, Univ. Maryland 
        (Heidelberg et al., 2000) 

N16961-F  V. cholerae E1 Tor biotype  R.A. Finkelstein 

Lou15   V. cholerae E1 Tor biotype  (Sigel and Payne, 1982) 

O395   V. cholerae classical biotype  (Mekalanos et al., 1983) 

O139   V. cholerae O139 biotype  R.A. Finkelstein 

C6706   V. cholerae E1 Tor biotype  R.A. Finkelstein 

SAC101  N16961-K mshA∆::kan   (Mey et al., 2005a) 

SAC102  N16961-K vibB∆   This Study 

SAC103  N16961-K vfuA∆::kan   This Study 

SAC105  N16961-K hasR∆::tmp   This Study 

SAC106  N16961-K vctA∆::kan   This Study 

SAC107  N16961-K irg∆::cam   This Study 

SAC108  N16961-K hutA∆::kan   This Study 
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SAC109  N16961-K hutR∆::cam   This Study 

SAC114  N16961-K ompU∆::cam  This Study 

SAC116  N16961-K ompT∆::kan   This Study 

SAC 118  N16961-K toxR∆::kan   This Study 

SAC 119  N16961-F toxR∆::kan   This Study 

AMM3   N16961-K viuA∆::kan   A. Mansoori, U. Texas, Austin  

AMM4   N16961-K vibB∆, viuA∆::kan  A. Mansoori, U. Texas, Austin 

ARM710  N16961-K fbp∆::cam   A. Mey, U. Texas, Austin 

ARM711  N16961-K ryhB∆::kan   (Mey et al., 2005a)     

ARM712  N16961-K vibB∆, fbp∆::cam  A. Mey, U. Texas, Austin 

ARM713  N16961-K fur∆::cm   A. Mey, U. Texas, Austin 

ARM714  N16961-K fur∆::cm ryhB∆::kan  A. Mey, U. Texas, Austin 

SAC201  H1717 carrying pGem-T Easy  This Study 

SAC202  H1717 carrying pGemRyhB  This Study 

SAC203  H1717 carrying pGemFurBox90  This Study 

SAC204  H1717 carrying pGemFurBox276 This Study 
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Table 2: Genes and the functions of the associated gene products used in this study. 

Gene Name               Function of Gene Product    

vibB   Vibriobactin biosynthesis 

viuA   Vibriobactin outer membrane receptor 

irgA   Enterobactin outer membrane receptor 

vctA   Enterobactin outer membrane receptor 

vfu   Not required for iron transport 

hutA   Hemoglobin outer membrane receptor 

hutR   Hemoglobin outer membrane receptor 

hasR   Hemoglobin outer membrane receptor 

fbpA   Ferric iron transport 

fur   Transcriptional regulator of genes for iron uptake and metabolism 

ryhB   Small RNA regulator 

mshA   Mannose-sensitive hemagglutinin, required for biofilm formation 

ompU   General porin 

ompT   General porin 

toxR   Transcriptional regulator of virulence genes 
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added for particular experiments at the concentrations indicated. Sucrose (0.2%) was 

added to EZ-RDM as the carbon source unless otherwise indicated. Where indicated, 

deferrated ethylenediamine-N’N’-bis (2-hydroxyphenyl acetic acid) (EDDA) was added 

to the media at the concentrations indicated (Rogers, 1973). Antibiotics were used at the 

following concentration for E. coli: 250 µg/ml of carbenicillin, 50 µg/ml kanamycin, 30 

µg/ml chloramphenicol and 2.5 µg/ml of ampicillin. For V. cholerae strains, antibiotics 

were used at the following concentrations: 125 µg/ml carbenicillin, 50 µg/ml kanamycin, 

7.5 µg/ml of chloramphenicol, 2.5 µg/ml of ampicillin, 10 µg/ml polymyxin B (for El 

Tor strains) and 75 µg/ml streptomycin (for classical strains).  

 

3. Plasmid DNA Isolation, Restriction Digests and Ligations 

 

Plasmids used in this study are listed in Table 3. Plasmid DNA was isolated using 

either QIAprep Spin Miniprep Kits (Qiagen) or GenElute Plasmid Mini-Prep Kit (Sigma) 

according to the manufacturer’s instructions. Plasmids were eluted in double distilled 

H
2
O and stored at -20°C.  Restriction digests were performed following the 

manufacturer’s instructions. Restriction enzymes were purchased from New England 

Biolabs (Ipswich, MA). To isolate DNA fragments from agarose gels, the QIAquick Gel 

Extraction Kit (Qiagen) or the GenElute Gel Extraction Kit (Sigma) were used according 

to the manufacturer’s instructions. Ligations were performed according to the 

manufacturer’s instructions (New England Biolabs). Molecular weight markers for gel 

electrophoresis included λ DNA-HindIII digest, ΦX DNA-HaeIII digest and λ DNA-

BstEII digest from Promega (Madison, WI).  

 



 35 

Table 3: Plasmids used in this study 

Plasmid   Characteristics          Reference or Source 

pQE-2  IPTG-inducible expression vector     Qiagen 
pHM5   Suicide Vector pGP704 carrying     (Runyen-Janecky et al., 1999) 

 sacB; Cb
r
, Suc

s
  

pCVD442N  Sucrose-selectable suicide vector for       (Wyckoff et al., 2006) 
   allelic exchange 

pGEM-T Easy  High-copy-number cloning vector      Stratagene 

pWKS30  Low-copy-number cloning      (Wang and Kushner, 1991) 
   vector; Cb

r
   

pSAC10C  pHM5 carrying msh∆::kan       (Mey et al., 2005a)  

pAMR72  Full-length ryhB in pWKS30       (Mey et al., 2005a) 

pCVD-OmpU  pCVD442N carrying ompU∆::cam      This Study 

pCVD-OmpTB  pCVD442N carrying ompT∆::cam      This Study 

pCVD-ToxR  pCVD442N carrying toxR∆::kan      This Study 

pQE-OmpT  Full-length ompT in pQE-2       This Study 

pQE-OmpU  Full-length ompU in pQE-2       This Study 

pQE-ToxR  Full-length toxR in pQE-2       This Study 

pGemRyhB  ryhB promoter in pGEM- T Easy      This Study 
 
pGemFurBox90  90 bp of ompT promoter             This Study 
   in pGEM-T Easy 
 
pGemFurBox276 276 bp of ompT promoter         This Study 
   in pGEM-T Easy     
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4. Transformation of Bacterial Strains 

Heat shock transformation was used to introduce plasmid DNA into CaCl
2
-

competent DH5α, DH5αλpir, or SM10λpir (Miller and Mekalanos, 1988). V. cholerae 

strains were made electrocompetent and transformed as described previously (Occhino et 

al., 1998). 

 

 

5. Polymerase Chain Reaction (PCR) 

 

Oligonucleotide primers used in PCR reactions (listed in Table 4) were designed 

using Clone Manager Suite & Software (Scientific and Educational Software, Durham 

NC) and were manufactured by Invitrogen (Carlsbad, CA). For PCR, Taq polymerase 

(QIAGEN) or Platinum Pfx polymerase (Stratagene) were used according to the 

manufacturer’s instructions. Briefly, PCR reactions contained template (a 1:100 dilution 

of overnight culture grown in LB broth or 1 µl of purified plasmid), 2 µM of each primer 

(listed in Table 4), 200 µM of each dNTP, 1X supplied reaction buffer, and 1 unit of 

enzyme in a reaction volume of 50 or 100 µl. PCR reactions were performed in a PTC-

200 Peltier Thermal Cycler (MJ Research, Inc., Watertown, MA). Verification of cloned 

DNA constructs and PCR products was performed by sequencing using the automated 

dye termination procedure and analyzed on an ABI 377A DNA sequencer in the DNA 

Core Facility at The University of Texas Institute for Cellular and Molecular Biology 

(Austin, TX).  
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Table 4: Oligonucelotides used in this study 

Name                       Primer Sequence (5’-3’)*    

MshA1  GGGAGATCTTTCAGCGAAAGCGAATAGTGG (BglII) 

MshA2  ATAGTCGACCCATTGCACCAGCAACTGCACC (SalI) 

MshA3  AAAGTCGACCCTGCAACGGTTGCTATGC (SalI) 

MshA4  CCCTCTAGAGTGGTTACCACCGCAAAGG (XbaI) 

MshA7  TGGGCACGGAAACTCAAGC 

MshA8  CGTTGCTGGTCAAAAGC  

OmpT2  GCTTCTTGGGATCCAATCCACTGCC (BamHI) 

OmpT3  GCAGTGGATTGGATCCCAAGAAGCG (BamHI) 

OmpT7  TAGGGAGATGGTGCGCTTCGTC 

OmpT8  ACCCTTGTGCTTGCGGTAGTGG 

OmpT9  GCGGTGGTGACCAAACAAAGAG 

OmpT10  GGTGAATTTCCAGCCGCCATC 

OmpT11  CACCTAGAGCGGTGAACTTG 

OmpT12  ATCGCCGTAGCCATACTCAG 

OmpU1  GCGAGGCGAATTTAGTTGAATCC 

OmpU2  GTCGCAGTGGATCCAAATTTGATTTTTGTGC (BamHI) 

OmpU3  GTTTAAAGGATCCACTGCGACATAC (BamHI) 

OmpU4  TCCAATCTTGCCCTGAACGC 

OmpU-CheckF GGTCTGAGCTTTAATAGTC 

OmpU-CheckR TGTAGATCCCAGTATCTTG 

ToxR1   TATGACTCCACACGAGTG 

ToxR2   GGCTACGCCCCGGGGCTTAGGGGATCAAAG (SmaI) 
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ToxR3   CCCTAAGCCCCGGGGCGTAGCCGTCAATATGCC (SmaI) 

ToxR4   GGCGATCAACATGCCCAAG 

ToxRV1  TGTAAAGTAAGCTGGTGTAG 

ToxRV2  CTTAACTTTGCGTAGAAGAG 

ToxRV3  CCGCATCATCCATAATAAAGAC 

ToxRV4  CAGTTGCCTCCTTCAATAAATC 

vRyhB5  GGAATCCATGGTCGAGAGCC 

vRyhB6  TTCACTGGATCCCTAAGACG  

FurBox90F  GGATCCTTTTTGTTAAGAACTAA 

FurBox90R  CTCGAGAGAAAAAAACATAAAAC 

FurBox276F  GGATCCATAGCTCCAAATCC 

FurBox276R  CTCGAGACCGCCATTAGATTC 

 

Primers for Generating Over-Expression Plasmids 

pQE-OmpT-F  GGGAGGAGTGGATTAATATGAAAAAAACTC (BseRI) 

pQE-OmpT-R  CCCAAGCTTTTACCAGTAGATACGAGC (HindIII) 

pQE-OmpU-F  GGGAGGAGATCAAATTTATGG (BseRI) 

pQE-OmpU-R  CCCAAGCTTTTAGAAGTCG (HindIII) 

ToxRover-F  GAGGAGGGACATTATATGTTC (BseRI) 

ToxRover-R  AAGCTTAGCAAGATCCTAC (HindIII) 

 

Primers for Sequencing ToxR 

ToxRSeqF  CTTATCAACGGCATCGGAGG 

ToxRSeqR  CCAGCTACTGAGCAGCAGAG 

ToxRVerifyC  ACCTTTGATCCCCTAAGC 
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ToxRVerifyR2 CTTTGCGTAGAAGAGG 

ToxRVerifyD  CTCCGAATTTGGTGAATGGG 

 

Primers for Dot Blot Analysis 

Nor-16sF  AGGTGTGGCTTTCGGAGCTAAC 

Nor-16sR  CCACCATTACGTGCTGGCAAAC 

Nor-OmpTF2  GGTGATGCACTGATTG 

Nor-OmpTR2  AACCCAGAGTTGTACC  

 

*Relevant recognition sites for restriction enzymes (listed in parentheses) are underlined. 
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6. Construction of Chromosomal Mutations in V. cholerae 

  

Mutant strains are listed in Table 1.  As described below in detail for each 

mutation, specified genes are PCR amplified and inserted into a cloning vector. The gene 

of interest is interrupted with the indicated antibiotic cassette. The cloning constructs are 

sequenced to verify that surrounding genes have not aquired PCR errors. Finally the 

mutated gene is cloned into a suicide vector that is then conjugated from SM10λpir or 

DH5αλpir into the indicated V. cholerae strains and allelic exchange was carried out as 

described previously (Mey and Payne, 2001). Briefly, allelic exchange mutants were 

generated by selecting for bacteria that were resistant to 10% (w/v) sucrose. Possible 

mutants were verified by testing for resistance to the appropriate antibiotic cassette 

marker, sensitivity to carbenicillin, and by PCR using the appropriate primer set (Table 

4). 

 

6.1 MSHA MUTANT STRAIN 

 

To create a deletion within the V. cholerae mshA gene, a segment containing the 

5’ portion of the mshA gene was PCR amplified using primers mshA1 and mshA2 and 

digested with BglII and SalI. The digested fragment was then ligated into pHM5, a λpir-

dependent suicide vector, also digested with BglII and SalI to create pSAC10A. A 

segment of the mshA gene containing the 3’ portion of the gene was PCR amplified using 

primers mshA3 and mshA4 and digested with SalI and XbaI. This fragment was then 

ligated into pSAC10A digested with SalI and XbaI to yield pSAC10B. pSAC10B was 

then digested with SalI to insert the kan cassette from pUC4K (also SalI digested) to 
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generate pSAC10C. pSAC10C was conjugated from SM10λpir into V. cholerae strain 

N16961 and allelic exchange was carried out as described previously. Primer sets 

mshA8/mshA1 and mshA7/mshA4 were used for verification.  

 

6.2 OMPT AND OMPU MUTANT STRAINS 

 

A V. cholerae ompT mutant was generated in a similar manner. Primer sets 

OmpT7/OmpT2 and OmpT3/OmpT8 were used to amplify overlapping fragments. The 

overlap extension product was then amplified using primers OmpT7 and OmpT8. The 

PCR product was A-tailed and ligated into pGEM-T Easy as per the manufacturers 

instructions (Promega, Madison, WI) creating plasmid pGEM-OmpTB. pGEM–OmpTB 

and pMTL-cm, which carries the chloramphenicol resistance cassette, were digested with 

BamHI and ligated together creating plasmid pGEM-OmpTB-cm. pGEM-OmpTB-cm 

and the suicide vector pCVD442N (Wyckoff et al., 2006) were digested with NotI and 

ligated to create pCVD-OmpTB. To generate an ompU mutant in V. cholerae, primer sets 

OmpU1/OmpU2 and OmpU3/OmpU4 were used to amplify overlapping fragments. 

Primers OmpU1 and OmpU2 were used to amplify the overlap PCR product which was 

then ligated into pGEM-T Easy creating plasmid pGEM-OmpU. pGEM–OmpU and 

pMTL-cm were digested with BamHI and ligated together creating plasmid pGEM-

OmpU-cm. pGEM-OmpU-cm and pCVD442(N) were digested with NotI and ligated 

together to form pCVD-OmpU. pCVD-OmpTB and pCVD-OmpU were conjugated from 

DH5αλpir with the helper plasmid MM294/pRK2013 into V. cholerae strain N16961 and 

allelic exchange was carried out as described above. Mutants were verified by PCR using 

primer sets flanking the ompT gene, OmpT9/OmpT10 and OmpT11/OmpT12, or by 
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primer sets flanking the ompU gene, OmpU-CheckF/OmpU-CheckR, and by sodium 

dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE).   

 

6.3 TOXR MUTANT STRAIN 

 

To generate a toxR mutant in V. cholerae, primer sets ToxR1/ToxR2 and 

ToxR3/ToxR4 were used to amplify overlapping fragments. Primers ToxR1 and ToxR4 

were used to amplify the overlap PCR product which was A-tailed and ligated into 

pGEM-T Easy creating plasmid pGEM-ToxR. pGEM–ToxR was digested with SmaI and 

pUC4K were digested with HincII and the fragments were ligated together creating 

plasmid pGEM-ToxR-kn. pGEM-ToxR-kn and pCVD442(N) were digested with NotI 

and ligated together to form pCVD-ToxR. pCVD-ToxR was conjugated from DH5αλpir 

with the helper plasmid MM294/pRK2013 into V. cholerae strain N16961 and allelic 

exchange was carried out as described above. Mutants were verified by PCR using primer 

sets flanking the toxR gene, ToxRV1/ToxRV2 and ToxRV3/ToxRV4.  

 

6.4 IRON TRANSPORT AND UTILIZATION MUTANT STRAINS 

 

The iron transport mutants created in the V. cholerae genetic background of 

N16961 were made from previously existing suicide vector constructs (Mey et al., 

2005a), (Wyckoff et al., 2006) (Mey and Payne, 2001) (Mey et al., 2002) and were 

conjugated from DH5αλpir into V. cholerae strain N16961 and allelic exchange was 

carried out as described above. The relevant strains are listed in Table 1.  
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7. Construction of Expression Plasmids 

 

7.1 OMPT AND OMPU EXPRESSION CONSTRUCTS 

 

Complementation of the ompT and ompU mutants were accomplished by cloning 

each gene under the control of the IPTG-inducible T5 promoter of pQE-2 (Qiagen). An 

overnight culture of V. cholerae N16961 was used as the template in a PCR reaction with 

either the primer set pQE-OmpT-F/pQE-OmpT-R or the set pQE-ompU-F/pQE-OmpU-

R. pQE-2, the pQE-OmpT PCR product and the pQE-OmpU PCR product were all 

digested with BseRI and HindIII. The digested pQE-OmpT or pQE-OmpU fragments 

were ligated into the digested pQE-2 plasmid creating pQE-OmpT and pQE-OmpU 

respectively. The constructs were verified by DNA sequence analysis and by SDS-PAGE 

analysis. 

 

7.2 TOXR EXPRESSION CONSTRUCT 

 

To create a construct that expresses toxR under the control of an IPTG inducible 

promoter, the toxR gene was cloned into pQE-2. Primers ToxRover-F and ToxRover-R 

produced a PCR product that was digested with BseRI and HindIII. This fragment was 

ligated into pQE-2 also digested with BseRI and HindIII generating plasmid pQE-ToxR. 

pQE-ToxR was verified by DNA sequencing.  
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8. Biofilm Assays 

 

Biofilm assays were performed as described by O'Toole and Kolter with 

modifications (O'Toole and Kolter, 1998).  Strains were grown twelve to sixteen hours at 

37°C in a shaking incubator in LB containing antibiotics. The following day, the strains 

were subcultured 1:100 into freshly made EZ-RDM medium containing 0.2% sucrose as 

a carbon source (unless otherwise indicated) and the appropriate antibiotics. A defined 

medium (EZ-RDM) was chosen over LB to reduce variations inherent in biofilm assays. 

The cultures were then grown twelve to sixteen hours at 37°C in a shaking incubator.  

The following day, the strains were diluted approximately 1:50 (actual inoculum size of 

each strain was matched to the wild type inoculum by measuring the optical density of 

the cultures) into freshly made EZ-RDM with any additions as indicated in each 

experiment. Two-hundred µl of each strain per well was then added to a 96 well 

polystyrene plate (Corning catalog no. 1788) and incubated at 30°C for 20 hours without 

shaking. After incubation, the wells were resuspended gently and the optical density of 

the planktonic cells was measured. Crystal violet staining was used to assess biofilm 

formation. The planktonic cells were removed and 200 µl of freshly made 1% crystal 

violet solution was added to each well. After a 30 min incubation at room temperature, 

the crystal violet stain was removed and the wells were washed twice with distilled water. 

To resuspend the dye, 200 µl of absolute ethanol was added to each well and incubated at 

room temperature for 30 minutes. After incubation, the plates were visualized in an 

OpsysMR plate reader (Dynex) or a Microplate Autoreader EL311s (Bio-Tek 

Instruments) to determine the amount of crystal violet present.  
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9. Biofilm Competition Assays 

To asses how well mutant strains competed with the parental strain in the biofilm 

assay, the biofilm assay was performed as described above with the following 

modifications. After overnight growth in LB medium, the strains were subcultured 

approximately 1:100 into EZ-RDM medium (inoculum size was matched to the parental 

strain inoculum) and grown for 4 hours at 37°C in a shaking incubator. After 4 hours, the 

optical density of each strain was measured and equal numbers of the parental strain and 

the mutant strain were diluted 1:50 into EZ-RDM. Two-hundred µl of the mixed culture 

was then added to a 96 well plate. The parental and mutant strains were inoculated 

individually for comparison and incubated at 30°C for 20 hours without shaking. The 

diluted cells were plated on LB agar plates containing polymyxin B (N16961 strains are 

resistant to polymyxin B) to determine input inoculum size per strain.  After incubation, 

wells were resuspended gently and the optical density of the planktonic cells was 

measured. Two-hundred µl of fresh EZ-RDM was added to the wells and the sides of the 

wells were carefully scraped with a sterilized toothpick. The medium was then removed 

to an Eppendorf tube, to which an equal volume of glass beads was added. The tube was 

then vortexed for 2 minutes to ensure break-up of the biofilm, and the resulting cell 

suspension was diluted and plated on LB agar plates with polymyxin. After overnight 

growth, the colonies were patched onto differential media to determine the number of 

cells for each strain. To determine the competitive index, the ratio of mutant strain cells 

to wild type cells is determined for the input and output. Then the input ratio is divided 

by the output ratio to give the competitive index. Competitive Index = (Mutant Input/WT 

Input) / (Mutant output/WT output) 
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10. Chemotaxis Assays 

Chemotactic motility assays were adapted from Gardel and Mekalanos (Gardel 

and Mekalanos, 1996). A single colony was stabbed into chemotaxis agar (LB or EZ-

RDM + 0.3% agar) using an inoculating wire. Plates were then incubated for 8 to 10 

hours at 37°C. The diameter of the swarm zone of the mutant was measured and 

compared with the swarm zone of the parental strain. 

 

11. Attachment Assays 

The attachment assays were performed as per Ramsey and Whiteley (Ramsey and 

Whiteley, 2004) with modifications. Briefly, strains were grow overnight at 37°C in a 

shaking incubator in LB containing antibiotics. The following day the cultures were 

diluted 1:250 into EZ-RDM and grown to an OD
650

 of 0.2. The cultures were then diluted 

to an OD
650

 of 0.01 into 20 ml EZ-RDM or EZ-RDM with FeSO
4
 added. The bacteria 

were added to a sterile 100X15 mm polystyrene Petri dish (Fisher brand) and incubated 

without shaking at 37°C for 3 hours to allow the bacteria to attach. After incubation, the 

medium was removed, and the dishes were rinsed six times with 20 ml of phosphate 

buffered saline (PBS) and then filled with 20 ml PBS. PBS was added and removed from 

the same location on every dish to avoid accidental removal of attached cells. Images of 

the surfaces of each dish were taken at 600X magnification under water immersion using 

an Olympus BX41 fluorescence microscope with an Uplan Apo 60x water immersion 

lens. 
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12. Microarray Analysis 

 

12.1 CONSTRUCTION OF MICROARRAYS 

 

V. cholerae microarray slides were generated using a set of oligonucleotides 

(Oligator Custom DNA Synthesis: Illumina) representing the complete genome of V. 

cholerae N16961 and printed at the University of Texas at Austin Microarray Facility as 

described previously (Mey et al., 2005a).  Poly-L-lysine coated glass slides were 

prepared and a robotic arrayer spotted down the oligonucleotides.  

 

12.2 ISOLATION OF RNA AND CDNA GENERATION 

 

To isolate RNA, cells were grown to the indicated optical density in EZ-RDM 

with no added iron or supplemented with the indicated amount of iron or EDDA. Equal 

numbers of bacteria were harvested from the parental strain and the mutant strain. Total 

RNA was extracted from the cells using RNeasy midi columns (QIAGEN) according to 

the manufacturer’s instructions. cDNA was synthesized in the presence of amino-allyl-

deoxyuridine triphosphates (Sigma-Aldrich, St. Louis, MO) as well as dATP, dGTP and 

dTTP in an RT reaction with 800 units of Superscript II Reverse Transcriptase 

(Invitrogen Corporation) from 15 µg total RNA. After one hour incubation at 42°C, an 

additional 400 units of SuperScript II were added and the reaction was incubated for an 

additional hour. The reactions were concentrated using a Microcon-30 column (Millipore, 

Billerica, MA) to 9 µl final volume of the sample.  
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12.3 LABELING AND HYBRIDIZATION 

 

The reference sample cDNA had Cy3 fluorescent dye (Amersham Biosciences) 

coupled to it and the test sample had Cy5 fluorescent dye (Amersham Biosciences) 

coupled to it. The coupling reactions were incubated in the dark for 1 hour in a reaction 

containing the cDNA, the fluorescent dye and sodium bicarbonate (pH 10). After 

coupling, unincorporated dye was removed by Mini Elute PCR Purification kit 

(QIAGEN) and a labeled cDNA, sodium chloride-sodium citrate buffer (SSC) and 

sodium dodecyl sulfate (SDS) mixture was carefully applied to the array surface for 

hybridization at 65°C for 4 hours. After hybridization, the arrays were washed, dried and 

scanned using a GenePix 4000B scanner (Axon Instruments).  

 

12.4 DATA ANALYSIS 

 

The fluorescent intensity of each oligonucleotide was determined using the 

GenePix Pro 4.2 software package. The array data was normalized, filtered, and analyzed 

using the Longhorn Array Database (http://lad.icmb.utexas.edu/index_smd.shtml). Genes 

that met quality control features were considered significant if there was at least a two-

fold difference in expression between the parental and mutant strain in at least two 

independent arrays.  
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14. Sodium Dodecyl Sulfate
 
Polyacrylamide Gel Electrophoresis  

For sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE), 

cells were grown overnight in LB medium. The following day, the cells were subcultured 

1:100 into fresh EZ-RDM with or without iron supplementation and grown for the time 

indicated. Cells were harvested by centrifugation and resuspended in SDS sample buffer. 

Equal numbers of cells were loaded onto a 10 or 12% SDS polyacrylamide gel (as 

indicated in figure legends). Following electrophoresis, the gels were stained with 

Coomassie brilliant blue allowing visualization of separated proteins. 

 

15. Western Blots 

Bacterial cell lysates were prepared using cultures grown overnight at 37°C. 

Equal numbers of cells (as determine by optical density) were centrifuged and the pellets 

resuspended in 100 µl sample buffer (100 mM Tris pH 8.0 and 100 mM MgCl2) and 

100 µl Laemelli buffer (10% β-mercaptoethanol, 6% w/v SDS, 20% glycerol, 

0.2 mg ml
−1

 Bromophenol blue) and samples were boiled for 15 min. Samples were 

electrophoresed on an SDS 10% polyacrylamide gel and transferred to nitrocellulose 

membranes. The blot was probed with anti-OmpT antibodies (generously provided by 

Johnny W. Peterson, University of Texas Medical Branch, Galveston, TX) or anti-ToxR 

antibodies (generously provided by Ronald Taylor, Dartmouth Medical School, Hanover, 

NH) followed by anti-rabbit horseradish peroxidase-conjugated secondary antibodies 

(Perkin Elmer Life Sciences). OmpT or ToxR protein levels were detected by developing 

the blot using western lighting chemiluminescence reagent plus (Perkin Elmer Life 

Sciences). 
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16. Dot Blot Analysis 

To determine the relative amounts of mRNA in each strain under the indicated 

conditions, overnight cultures were grown in LB medium and then diluted 1:100 into 

fresh EZ-RDM and grown for 4 hours. After the initial incubation, the culture was split 

and 5 µM FeSO
4
 was added to one. After incubation for an additional hour, the optical 

densities of the cultures were measured and equal numbers of cells were harvested for 

RNA isolation as described above. The concentration of total RNA was measured and 

equal amounts of RNA were spotted onto a positively charged nylon membrane 

(BrightStar Plus, Ambion) and subjected to UV crosslinking (GS Gene Crosslinker UV 

Chamber, Bio-Rad). Membranes were incubated with DNA probes labeled using the 

BrightStar Psoralen-Biotin Nonisotopic Labeling Kit (Ambion) as per the manufacturer’s 

instructions. The primers used to generate the rrsA probe were Nor-16s-F/Nor-16s-R, the 

probe for ompT was generated using primers Nor-ompT-F2/Nor-ompT-R2, and the 

primers used to generate the toxR probe were Nor-ToxR-BR/Nor-ToxR-BF. The 

BrightStar Biodetect Nonisotopic Detection Kit (Ambion) was used to visualize the 

biotinylated probes after hybridization. The rrsA probe was used to determine that equal 

amounts of RNA were spotted onto the membrane.  

 

17. Fur Titration Assays (FURTA) 

To determine if a Fur box is present in any given sequence, the FURTA assay was 

performed as described by Stojilkovic et al. (Stojiljkovic et al., 1994). The test strain, 

H1717, is an enterochelin synthesis mutant that contains a chromosomal fhuF::lacZ 

fusion. This strain is very sensitive to small changes in iron concentrations. In high-iron 

conditions, Fur will complex with iron and bind to the fhuF promoter and prevent 
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transcription of lacZ, causing a Lac negative phenotype (white colonies) assayed by acid 

production on McConkey’s agar. In low-iron conditions, Fur is not complexed with iron 

and therefore will not bind to the fhuF promoter and thus will produce Lac positive 

colonies as indicated by red colonies on McConkey’s. To determine if a sequence 

contains a Fur box, the sequence is introduced into H1717 on a high copy plasmid in 

iron-replete conditions. If there is a Fur box present in the sequence, it will titrate iron 

bound Fur away from the fhuF promoter, relieving Fur-dependent repression and 

allowing expression of lacZ. This alleviation of repression results in Lac positive (red) 

colonies on McConkey's agar. However, this is a qualitative assay and it is not known 

what Fur-binding affinity is required to produce a positive result. 

 

The ryhB promoter is known to contain a Fur box (Mey et al., 2005a), and was 

thus used as a positive control. To clone the ryhB promoter, vryhB5 and vRyhB6 (Mey et 

al., 2005a) were used to amplify the promoter using Pfx polymerase. To construct a clone 

containing a 96 base pair region surrounding the putative Fur box, primers FurBox90F 

and FurBox90R were used. To construct a clone containing most of the ompT promoter 

(a 276 base pair fragment), primers FurBox276F and FurBox276R were used. The PCR 

products were then A-tailed by adding 7 µl of the PCR reaction, 0.2 mM dAPT, 1 µl 10X 

Taq Reaction Buffer with MgCl
2
, 1 µl Taq polymerase, dH20 to 10 µl final volume, heat 

at 70°C for 30 min) and the A-tailed products were ligated to pGEM-T Easy.  

 

 

 

 



 52 

III. THE ROLE OF IRON AND RYHB IN BIOFILM FORMATION 

IN V. CHOLERAE 

 

 

 

 

1. IRON STARVATION CAUSES A DECREASE IN THE LEVELS OF WILD TYPE 

BIOFILM FORMATION  

 

In several bacterial species, iron has a pronounced affect on biofilm formation. In 

Staphylococcus aureus (Johnson et al., 2005), Legionella pneumophila (Hindre et al., 

2008) and Acinetobacter baumannii (Tomaras et al., 2003) biofilm formation is repressed 

by iron and induced when iron is limiting. Conversely, Pseudomonas aeruginosa requires 

high intracellular iron levels for biofilm development (Banin et al., 2005).  To determine 

the effect of iron on biofilm formation in V. cholerae, biofilm formation of the wild type 

strain was tested in iron replete and iron limiting conditions (Figure 5). Biofilm formation 

of the wild type strain diminishes as the conditions become more iron limiting (Figure 

5A). The reduced biofilm formation is not merely a reflection of a reduction in planktonic 

growth (Figure 5B). These results indicate that, under conditions where iron is limiting, 

biofilm formation is adversely affected, perhaps as a signal for the bacteria to seek out 

more hospitable environments.   
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 Figure 5: Iron-limiting Conditions Reduce the Amount of Biofilm Formation in the 

Wild Type Strain. A. Biofilm assays were performed using N16961 grown in EZ-RDM 

alone (RDM), which does not have iron added to the medium, or with the indicated 

amount of iron or iron-chelator. Biofilm formation is represented as a percentage of 

biofilm formation of the wild type strain in unsupplemented EZ-RDM. B. Planktonic 

growth in the indicated medium.  Reprinted with permission from ASM Press. (Mey, et 

al., 2005a) 
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2. BIOFILM FORMATION OF IRON TRANSPORT MUTANTS 

 

Since iron levels affect biofilm formation in V. cholerae, iron-acquisition mutants 

were constructed in the sequenced El Tor strain N16961. These strains were tested in the 

microtiter biofilm assay to determine whether a specific iron transport system is required 

for biofilm formation.  As seen in Figure 6, no single system was absolutely required for 

biofilm formation. For comparison, an N16961 mshA mutant was constructed, since 

MshA is known to be required for biofilm formation in V. cholerae (Watnick et al., 

1999). 

 

For completeness, several different iron-acquisition systems were tested. Many of 

the substrates for these systems were not present (e.g. enterobactin and heme) in the assay 

medium, and, as expected, no defects were found in biofilm formation in these systems. 

However, the vibriobactin acquisition system and the Fbp system, which transports ferric 

iron, were expected to be capable of transporting their substrates in this system. While 

there was not a significant effect on biofilm formation in either of the single mutants 

involved in vibriobactin uptake (vibB, required for the production of the siderophore 

vibriobactin and viuA, the outer membrane receptor for vibriobactin), the vibB viuA 

double mutant did have a slight decrease in biofilm formation.  

   

 The fbp mutant also did not have a defect in biofilm formation. Therefore the fbp 

vibB double mutant was constructed, which should have difficulty acquiring iron under 

our test conditions. Again, there was not a biofilm formation defect in the double mutant. 

The ability of the vfu mutant to form biofilms was also tested. Vfu was initially annotated 

as an iron-transport system, but has since been shown in our laboratory not to transport  
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 Figure 6: Biofilm Formation of Iron Transport Mutants. Biofilm formation was 

determined using the microtiter plate assay. Strains were inoculated into EZ-RDM and 

grown overnight at 30°C, as described in the Materials and Methods. The amount of 

biofilm formation is expressed as a percentage of the wild type biofilm formation in the 

same conditions on the left axis. Planktonic growth was similar for all strains tested and 

is expressed as percentage of the wild type planktonic growth on the right axis. Means 

and standard deviations of three independent experiments are shown.  
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iron (Wyckoff et al., 2006). However, vfu is one of the genes that is induced late in 

infection as the bacteria exit the host and although vfu is not necessary for infection, it 

may be important for the transition to the aquatic environment (Schild et al., 2007). It is 

therefore interesting that there was a slight decrease in biofilm formation in this strain. 
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3. COMPETITION ASSAYS OF SELECTED MUTANTS  

 

Since the iron transport mutants did not appear to have a defect in single culture 

biofilm formation, the competitive fitness of each mutant in biofilm formation was tested 

in mixed culture with the wild type strain (Figure 7). The fbp mutant had an advantage 

compared to the wild type strain in conditions where iron is limiting (p < 0.01), indicating 

that the mutant may have upregulated siderophore synthesis or uptake to compensate for 

the mutation and thus may have an early advantage compared with the wild type strain 

(Figure 7A). However, in high iron conditions, the fbp mutant shows a significant 

reduction in competitive fitness (p < 10
-5
). Since the Fbp system is an exceptionally 

efficient ferric iron transporter, this defect is likely due to the reduced ability of the fbp 

mutant to transport ferric iron across the inner membrane. In EZ-RDM or under iron-

replete conditions, the siderophore receptor mutants viuA and irgA compete equally with 

the wild type strain (Figure 7B and 7C). However, under iron-limiting conditions, the 

viuA mutant had a disadvantage (p < 10
-5
), likely due to difficulties in transporting ferric 

iron. This indicates that in iron-limiting conditions, vibriobactin transport is important. 

Interestingly, the enterobactin receptor mutant, irgA, shows an increase in fitness 

compared with the wild type under iron-limiting conditions (p < 0.05). Since enterobactin 

was not present in the medium, the irgA mutant may be transporting an additional 

substrate other than enterobactin or upregulating other iron transport systems to acquire 

iron and out compete the wild type strain.  
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Figure 7: Biofilm Competition Assays. Equal numbers of the wild type and mutant 

strain were inoculated into the biofilm assay. After overnight growth at 30°C, the ratio of 

the strains was determined by dividing the ratio of mutant to wild type cells recovered 

after the biofilm assay was performed by the ratio of mutant to wild type cells inoculated 

into the biofilm medium. A competitive index of greater then 1 (indicated by the red line) 

indicates an advantage of the mutant strain compared with the wild type strain. 

Competitive indices in EZ-RDM, EZ-RDM with 2.5 µM FeSO
4
 and EZ-RDM with 2.5 

µg/ml EDDA of A) the fbp mutant (ARM710), B) the viuA mutant (AMM3) and C) the 

irgA mutant (SAC107). Means and standard deviations of three independent experiments 

are shown.  
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4. BIOFILM FORMATION OF REGULATORY MUTANTS 

 

 Since iron does affect biofilm formation in V. cholerae, but a significant change 

in biofilm formation in the single iron-transport mutants was not observed, mutants in the 

regulators of iron uptake. Since these regulatory mutants control the expression of large 

set of genes it was possible that the mutants would have a stronger phenotype in the 

biofilm assay. A strain containing a mutation in the fur gene, the iron-responsive 

regulator of the transport systems, was tested in the biofilm assay as shown in Figure 8.  

The fur mutant had a consistent, but not statistically significant, increase in biofilm 

formation when compared to the wild type strain. Fur represses expression of the small 

RNA RyhB, and the RyhB regulon in V. cholerae includes many genes encoding iron-

containing proteins, including some involved in the TCA cycle, as well as proteins 

involved in chemotaxis and motility (Mey et al., 2005a). Therefore, the ability of the 

mutant strain ARM711 (ryhB) to form biofilms (Figure 8) was tested. The ryhB mutant 

strain had a significant defect in biofilm formation compared to the wild type strain in our 

assay. The fur ryhB double mutant was indistinguishable from the ryhB mutant strain.  

 

 

 

 

 

 

 

 



 62 

 

 

 Figure 8: Biofilm Formation of Iron Transport Regulation Mutants. Biofilm 

formation was determined using the microtiter plate assay. Strains were inoculated into 

EZ-RDM and grown overnight at 30°C as described in the Materials and Methods. The 

amount of biofilm formation is expressed as a percentage of the wild type biofilm 

formation in the same conditions. Means and standard deviations of three independent 

experiments are shown.  
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5. RYHB IS REQUIRED FOR BIOFILM FORMATION  

 

The ryhB mutant shows a significant decrease in biofilm formation; therefore, our 

research has focused on this strain. As seen in Figure 9A, the ryhB mutant had 

significantly decreased biofilm formation when compared to the wild type parent. Wild 

type levels of biofilm formation were restored to the ryhB mutant when ryhB was 

introduced on the plasmid pAMR72.  

 

The ryhB mutant was also tested in the competition assay to determine if changes 

in iron concentration affect the fitness of this strain.  In EZ-RDM alone, containing 2.5 

µg/ml EDDA or 2.5 µM FeSO
4
, the wild type strain has an advantage over the ryhB 

mutant (p <10
-5
) (Figure 9B). This indicates that the iron concentration does not affect the 

competitive fitness of the mutant.  
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 Figure 9: The ryhB Mutant has a Defect in Biofilm Formation. A. Biofilm formation 

is represented as a percentage of wild type biofilm formation. Mean and standard 

deviations of three independent experiments are shown. All of the strains tested had 

comparable planktonic growth. Reprinted with permission from ASM Press. (Mey, et al., 

2005a) B. In the competition assay, equal numbers of the wild type and mutant strain 

were inoculated into the biofilm wells. After overnight growth at 30°C, the ratio of the 

strains was determined by dividing the ratio of mutant to wild type cells recovered from 

the biofilm by the ratio of mutant to wild type cells inoculated into the biofilm medium. 

A competitive index of greater then 1 (indicated by the red line) indicates an advantage of 

the mutant strain compared with the wild type strain. Competitive indices for the ryhB 

mutant in EZ-RDM, EZ-RDM + 2.5 µM FeSO
4
 and EZ-RDM + 2.5 µg/ml EDDA are 

shown. There is no difference in the planktonic growth of these strains in EZ-RDM or 

EZ-RDM with added iron, but the ryhB mutant is slightly more sensitive to the addition 

of iron chelator. Means and standard deviations of three independent experiments are 

shown.  
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6. THE ADDITION OF IRON RESTORES BIOFILM FORMATION 

 

Since RyhB has a role in cellular iron metabolism, the effect of adding excess iron 

to the biofilm medium was tested. As seen in Figure 10A, addition of 1 µM FeSO
4
 to the 

biofilm medium restored wild type levels of biofilm formation to the ryhB mutant strain. 

However, the addition of iron did not restore biofilm formation to the mshA mutant strain, 

indicating that this restoration is specific to the ryhB mutant phenotype. The ryhB mutant 

may be iron stressed in this environment compared to the wild type strain and the mshA 

mutant.  The ryhB mutant is somewhat more sensitive to the addition of EDDA than the 

wild type strain, although this is a more subtle effect in the biofilm assay than in cultures 

growing in a shaking incubator as planktonic growth is similar in all strains tested (Figure 

10B).  

 

7. ADDITIONAL METALS THAT RESTORE BIOFILM FORMATION  

 

Since iron was able to restore biofilm formation to wild type levels, various other 

metals were tested for their abilities to do the same. Nickel chloride (NiCl
2
), zinc sulfate 

(ZnSO
4
), manganese chloride (MnCl

2
), cobalt chloride (CoCl

2
), magnesium chloride 

(MgCl
2
), copper chloride (CuCl

2
) and cadmium chloride (CdCl

2
) were added to EZ-RDM 

at a final concentration of 1 µM. Copper chloride, cadmium chloride, manganese chloride 

and cobalt chloride were able to restore wild type levels of biofilm formation to the ryhB 

mutant strain (Figure 10A). One independent experiment is shown due to variability in 

the raw numbers in each experiment; however, the trend is the same in each experiment.  

 



 67 

 

 



 68 

 Figure 10: Biofilm Formation with the Addition of Various Metals. Biofilm 

formation was determined in the microtiter biofilm assay in EZ-RDM or EZ-RDM with 

1µM of the indicated metal. A) Biofilm formation in the biofilm assay. B) Planktonic 

growth in the biofilm assay. One representative experiment is shown. The red line 

indicates wild type levels of growth or biofilm formation in EZ-RDM.  
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Copper, like iron, is an essential nutrient for living cells that can be toxic at high 

levels. The ability of copper to be oxidized from Cu(I) to Cu(II) makes it an essential  

cofactor in many enzymes including the copper containing superoxide dismutase and 

copper oxidases required for O
2
 reduction and iron import (Liu et al., 2007). In the oral 

bacterium Streptomyces gordonii, mutations in the cop operon, required for proper 

transport of copper to copper containing enzymes in the cell, were found to cause a defect 

in detachment of the S. gordonii biofilm. There were no differences in biofilm formation 

or biofilm structure in the cop operon mutants (Mitrakul et al., 2004).  It is possible that 

copper either directly affects biofilm formation, as in the case of S. gordonii, acts as a 

regulator for an iron or copper dependent biofilm associated process, or is able to replace 

iron in some enzymes essential for biofilm formation. It has been shown that some 

proteins can utilize different divalent cations and Fur has been shown to be active in the 

presence of either Fe
2+

 or Mn
2+

 in in vitro assays (Escolar et al., 1997). 

 

 The other metals that conferred an increase in biofilm formation have a less direct 

connection to biofilm formation based on reports in the literature. Cadmium, which was 

also able to increase biofilm formation of the ryhB mutant, has not been specifically 

associated with any biofilm dependent processes. However, high levels of cadmium have 

been reported to decrease biofilm formation in a natural biofilm sampled from the Riou-

Mort River (Morin et al., 2008). Manganese is also a cofactor for important metabolic 

enzymes, including superoxide dismutase. Some strains of Streptococcus mutans, a 

dental pathogen, formed biofilms in manganese deplete environments that were more 

easily dispersed than biofilms formed in manganese sufficient environments 

(Arirachakaran et al., 2007). While this phenotype in S. mutans has not been further 

characterized, it is possible that manganese is involved in biofilm formation in this 
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bacterium and perhaps other bacterial species as well. Cobalt has not been reported to be 

associated with biofilm formation in any bacterial species. Manganese and cobalt did 

increase biofilm formation in the wild type and ryhB mutant strains, but not the mshA 

mutant. It is, therefore, likely that these metals confer a general biofilm advantage to V. 

cholerae, likely one not associated with initial attachment as the MshA pilus was still 

required for biofilm formation.  
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8. MICROARRAY ANALYSIS TO DETERMINE TARGETS OF RYHB THAT MAY BE 

INVOLVED IN BIOFILM FORMATION 

 

RyhB regulates its target mRNAs by basepairing to the target, blocking 

translation and leading to rapid co-degradation of RyhB and the target mRNA. Simple 

BlastN searches of the regions of the small RNA not basepaired within the structure or 

employing algorithms that have been developed to predict interaction sites of small 

RNAs and their targets can be used to elucidate likely targets of a given small RNA 

(Vogel and Wagner, 2007). However, it is difficult to determine targets of Vibrio RyhB 

by homology searching, due partly to the predicted folding consisting of a large stem-

loop structure formed by most of the RNA molecule, which would prevent the binding of 

RyhB to its target. Even with the known targets of RyhB, such as succinate 

dehydrogenase, it has been difficult to find RyhB binding regions using bioinformatics 

approaches. Therefore, to determine what genes within the RyhB regulon may be 

responsible for the defect in biofilm formation seen in the ryhB mutant strain, microarray 

analysis was used.  

 

As described in the Materials and Methods section, the wild type and ryhB mutant 

strains were subcultured 1:100 into EZ-RDM medium and grown to late log phase. RNA 

was harvested from each sample and compared on a V. cholerae N16961 microarray as 

described in Materials and Methods. Microarray analysis of these strains from cells 

grown in a biofilm was attempted, but sufficient RNA could not be harvested from the 

microtiter plates. The Longhorn Array Database was used for data filtering and analysis. 

Only genes that passed filters and had significant differential expression (log
2
R > 1, 

where R is the normalized Cy5/Cy3 ratio) were used to determine genes that may affect 
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biofilm formation. The expression levels of genes in Table 5 are decreased by RyhB, 

Table 6 contains genes whose expression is increased by RyhB, and Table 7 contains 

genes that are directly linked to biofilm formation or virulence whose expression is 

decreased in a ryhB mutant (Mey et al., 2005a). After analysis of the expression profiles 

revealed by microarray analysis and a careful literature search, there were four major 

groups of genes regulated by RyhB that are likely to be involved in biofilm formation: 

arginine/ornithine biosynthesis, TCA cycle enzymes, motility and chemotaxis, and outer 

membrane proteins.  
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TABLE 5: Genes whose expression is decreased by RyhB
a
 

Encoded protein 
Gene designation(s) (Fold decrease in 

expression) 

 

Products of known RyhB-regulated 
genes 

 

    Superoxide dismutase (SodB)
b,c,d

 VC2045 (15.6) 

    Succinate dehydrogenase
b,c,d

 VC2089 (2.2), VC2090 (2.2), VC2091 (2.0) 

    Fumarase
c
 VC1304 (2.8) 

Metabolism, respiration, and other 
functions 

 

    Fumarate reductase
c,d

 VC2656 (2.5), VC2658 (2.8), VC2659 (6.8) 

    Citrate synthase
c
 VC2092 (3.3) 

    Ubiquinol-cytochrome c reductase
b,c

 VC0573 (2.2), VC0574 (3.6), VC0575 (3.0) 

    RnfEGDB-related proteins
b,d

 VC1012 (2.2), VC1013 (2.0), VC1014 (2.0), 
VC1016 (2.0) 

    Cytochrome c oxidase (CcoPQRN)
b,c

 VC1439 (2.7), VC1440 (2.5), VC1441 (2.0), 
VC1442 (2.0) 

    Cytochrome d oxidase
c
 VC1843 (9.7), VC1844 (2.4) 

    Cytochrome c-type biogenesis protein
b
 VC2052 (2.7) 

    Cytochrome b561
b
 VCA0249 (2.6) 

    2-Oxoglutarate dehydrogenase E2 E1
b
 VC2086 (2.0), VC2087 (2.0) 

    NADH-ubiquinone oxidoreductase
b,c,d

 VC2205 (2.1), VC2290 (2.0), VC2291 (2.0), 
VC2292 (2.0) 

    Oxaloacetate decarboxylase
b
 VC0550 (2.3) 

    NADP transhydrogenase
c,d

 VCA0564 (2.0) 

    OmpU
b
 VC0633 (3.3) 

    OmpW
c
 VCA0867 (2.8) 

    Maltose ABC transporter
c,d

 VCA0944 (4.4), VCA0945 (2.5) 

    Maltose operon periplasmic protein
c,d

 VCA1027 (3.4), VCA1028 (4.1) 

    Formate transporter
b
 VCA0540 (2.0) 

    A/G-specific adenine glycosylase
b
 VC0452 (4.0) 

Iron-regulated protein  

    Hemolysin
b
 VCA0219 (4.1) 
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Hypothetical proteins  

 VC1559
b
 (3.9) 

 VCA0377
c
 (3.8) 

 VCA0502
c
 (2.1) 

 VCA0505
c
 (2.5) 

 VCA0651
b
 (2.3) 

 

a
 RNAs were isolated from the parental strain and the ryhB mutant or from the ryhB 

mutant and the ryhB overexpression strain grown to late log phase and analyzed using 
microarrays. 

b
 Mean expression of gene was at least twofold higher in the ryhB mutant of N16961 than 

in the wild-type parental strain in three arrays. 

c
 Mean expression of gene was at least twofold lower in the ryhB mutant of O395 

overexpressing ryhB than in the ryhB mutant carrying the vector in three arrays. 

d
 Mean expression of gene was at least twofold higher in the ryhB mutant of O395 than in 

the wild-type parental strain in three arrays. 

 Reprinted with permission from ASM Press. (Mey, et al., 2005a) 
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TABLE 6: Genes whose expression is increased by RyhB
a
 

Encoded protein 
Gene designation(s) (Fold increase in 

expression) 

 

Iron-regulated proteins  

    FhuAC
b
 VC0200 (2.0), VC0201 (2.5) 

    FeoAB
c
 VC0207 (2.2), VC2078 (2.8) 

    Enterobactin receptor IrgA
b
 VC0475 (4.0) 

Metabolism, transport, and other 
functions: 

 

    Ketol-acid reductoisomerase
b
 VC0162 (4.6) 

    Peptide ABC transporter
b,d

 VC0170 (3.0), VC0171 (2.3), VC0172 
(2.0) 

    Arginine repressor
b,d

 VC0431 (4.0) 

    Fructose repressor
b
 VCA0519 (3.0) 

    Lipoprotein NlpD
b,d

 VC0533 (2.8) 

    RNA polymerase sigma-38 (RpoS)
b
 VC0534 (2.0) 

    TlcR
b
 VC1470 (2.5) 

    ABC transporter
c
 VC1524 (5.5), VC1525 (4.1) 

    OmpT
b
 VC1854 (32.4) 

    OmpA
b
 VC2213 (3.4) 

    Formate acetyltransferase
b
 VC1866 (2.1) 

    Formate acetyltransferase-related VC2361 (2.6) 

        protein
b
  

    Carbamoyl-phosphate synthetase
b
 VC2390 (3.7) 

    Ornithine carbamoyltransferase
b
 VC2508 (20.4) 

    Aspartate carbamoyltransferase
b
 VC2510 (2.0) 

    Arginosuccinate lyase
b
 VC2641 (8.7) 

    Arginosuccinate synthase
b
 VC2642 (29.5) 

    Nicotinate phosphoribosyltransferase
b
 VCA0098 (3.1) 

    Oxidoreductase
b
 VCA0099 (3.0) 
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Hypothetical proteins  

 VC0628
b
 (2.7) 

 VC1207
b
 (2.0) 

 VC1380
b
 (2.1) 

 VC1538
b
 (2.0) 

 VC1624
b
 (3.2) 

 VC1641
b
 (2.6), VC1642

b
 (2.4) 

 VC1828
b
 (2.3) 

 VC2717
b
 (4.3) 

 VCA0076
b
 (2.5) 

 VCA0087
b
 (2.4) 

 VCA0125
b
 (2.0) 

 VCA0152
b
 (2.1) 

 VCA0568
b
 (2.4), VCA0569

b
 (2.3) 

 

a
 RNAs were isolated from the parental strain and the ryhB mutant or from the ryhB 

mutant and the ryhB overexpression strain grown to late log phase and analyzed using 
microarrays. 

b
 Mean expression of gene was at least twofold lower in the ryhB mutant of N16961 than 

in the wild-type parental strain in three arrays. 

c
 Mean expression of gene was at least twofold higher in the ryhB mutant of O395 

overexpressing ryhB than in the ryhB mutant carrying the vector in three arrays. 

d
 Mean expression of gene was at least twofold lower in the ryhB mutant of O395 than in 

the wild-type parental strain in three arrays. 

 Reprinted Reprinted with permission from ASM Press. (Mey, et al., 2005a) 
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TABLE 7: Possible biofilm- and virulence-related genes whose expression is decreased 
in a ryhB mutant

a
 

Encoded protein 
   Gene designation (Fold decrease in 

expression) 

 

LPS O-antigen transport protein VC0246 (2.0) 

RfbL (O-antigen ligase) VC0249 (2.0) 

MSHA pilin MshB VC0408 (2.0) 

PomAB (chemotaxis) VC0892 (2.8), VC0893 (2.3) 

Methyl-accepting chemotaxis proteins VC1313 (3.8), VC2161 (3.1), VCA0906 
(3.2) 

CheV (chemotaxis) VC1602 (2.1), VC2202 (2.3) 

Flagellar sigma factor VC2066 (2.3) 

Flagellar protein FlhF VC2068 (2.0) 

Flagellar protein FliG,S VC2134 (2.1), VC2138 (2.3) 

Flagellar proteins FlaIGBDE VC2139 (2.3), VC2141 (2.1), VC2142 
(2.9), VC2143 (3.6), VC2144 (4.4) 

Flagellar protein FlaC VC2187 (4.2) 

Flagellar protein FlgM VC2204 (2.1) 

ToxS VC0983 (2.2) 

TagD VC0824 (2.3) 

TagE VCA1043 (2.0) 
 
a
 RNAs were isolated from the N16961 ryhB mutant and its parental strain grown to late 

log phase and analyzed using microarrays. Genes whose expression was at least two-fold 
lower in the mutant strain in each of three arrays are shown. 

Reprinted with permission from ASM press. (Mey, et al., 2005a) 
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a. AMINO ACIDS AFFECT BIOFILM FORMATION  

 

The microarray analysis indicates that the ryhB mutant strain has a decrease in 

expression of genes involved in arginine/ornithine biosynthesis (Table 6). Since these are 

some of the most highly regulated genes, and many of the genes throughout the 

biosynthesis operon are regulated, the role of amino acids, and arginine and ornithine in 

particular, in biofilm formation in V. cholerae was investigated. EZ-RDM has an amino 

acids supplement that contains relatively high levels of many amino acids, including 

arginine (Appendix A). Therefore, the effect of removing the amino acid supplement 

from the medium on biofilm formation was studied first. As seen in Figure 11A, 

removing the amino acid supplement from the medium decreased biofilm formation of 

the wild type strain to ryhB mutant levels but had no affect on biofilm formation of the 

ryhB mutant or mshA mutant strains. There is a decrease in planktonic growth in medium 

without amino acids (Figure 11B). These results indicate that one or more exogenous 

amino acids are required for efficient biofilm formation in V. cholerae.  

 

The effect of adding specific amino acids to the biofilm medium was tested. To 

biofilm medium without amino acids arginine, ornithine, proline, glutamic acid or 

citrulline were added to a final concentration of 1.0 mM. Glutamic acid, ornithine, and 

citrulline are all components of the arginine biosynthesis pathway (Figure 12).  Arginine 

was able to restore biofilm formation in the wild type strain to levels observed with 

complete EZ-RDM (p=0.1) (Figure 13). While the addition of ornithine did not fully 

restore biofilm formation to the wild type levels seen in complete EZ-RDM (p < 0.01), 

biofilms formation was significantly increased compared to EZ-RDM without amino 

acids added (p <10
-5
). These results indicate that arginine, and to a lesser extent ornithine,   
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Figure 11: Amino Acid Limitation Inhibits Biofilm Formation in the Wild Type 

Strain, but Does not Affect the ryhB Mutant Strain. A) Biofilm formation and B) 

planktonic growth were determined in the microtiter biofilm assay in EZ-RDM. Mean 

and standard deviations for three independent experiments are shown. 
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Figure 12: Arginine Biosynthesis. Arginine is synthesized from glutamate in 8 steps 

catalyzed by 1) acetylglutamate synthase, 2) N-acetlyglutamate kinase, 3) N-

acetylglutamate dehydrogenase, 4) aminotransferase 5) N-acetylornithinase 6) ornithine 

carbamoyltransferase 7) argininosuccinate synthase 8) argininosuccinase. Polyamines, 

including putrescene and spermine, as well as proline and succinate can also be 

synthesized from components of this pathway.  
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Figure 13: Arginine can Restore Biofilm Formation to the Levels Seen in Complete 

Medium in the Wild Type Strain but not the ryhB Mutant Strain. Each amino acid 

was added at a final concentration of 1 mM. Biofilm formation was determined in the 

microtiter biofilm assay in EZ-RDM. Mean and standard deviations for three independent 

experiments are shown.  
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can satisfy the amino acid requirement for biofilm formation in the wild type strain. 

However, none of the amino acids tested were able to restore wild type levels of biofilm 

formation to the ryhB or mshA mutant strains. The inability of citrulline to restore biofilm 

formation is unexpected as it is an intermediate between ornithine and arginine (Figure 

12), and, therefore, would be expected to show a similar phenotype to these amino acids. 

It could be that the requirement is not for either arginine or ornithine, but some 

downstream product, such as proline. However, the addition of proline also did not 

restore biofilm formation to the wild type strain or the ryhB mutant (Figure 13). It also 

appears that the biofilm defect in the ryhB mutant is not simply due to arginine starvation, 

as the addition of arginine did not restore the biofilm formation to wild type levels in the 

ryhB mutant. However, several genes annotated as arginine ABC transporters were 

reduced in the ryhB mutant compared with the wild type strain (these genes were not 

found in triplicate arrays, and therefore were not included in the array data presented in 

Table 6), indicating that not only does the ryhB mutant have reduced synthesis of 

arginine, but it may not be capable of efficiently transporting arginine either.  
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b. TCA CYCLE SUBSTRATES THAT AFFECT BIOFILM FORMATION  

 

While polysaccharide is a known component of the VPS, the other components 

have not been elucidated. However, succinate, acetate and pyruvate are common 

constituents of bacterial exopolysaccharides (Yildiz et al., 2004). In the V. cholerae 

microarrays, genes in the succinate dehydrogenase complex, which converts succinate to 

fumarate, as well as fumarate reducatase, citrate synthase, fumarase, and aconitate 

hydratase were consistently regulated by RyhB (Table 5). In a ryhB mutant strain, the up-

regulation of succinate dehydrogenase may result in much lower succinate concentrations 

in the cell. If succinate is a component of the VPS, this reduction in succinate could also 

reduce the amount of VPS produced and this could account for the decrease in biofilm 

formation seen in the ryhB mutant strain.  

 

As seen in Figure 14, succinate can restore biofilm formation in the ryhB mutant 

strain to wild type levels (filled bars). Since this level of restoration is similar to the 

levels seen when iron is added to the medium, EDDA was added along with 1% succinate 

to chelate any contaminating iron in the succinate solution. Since biofilm levels were 

similar in the medium with and without EDDA, it is not iron contamination in the 

succinate that is responsible for the restoration of biofilm formation in the ryhB mutant 

strain. Also, the addition of succinate does not significantly increase planktonic growth, 

as seen when iron is added to the medium. EDDA, with a stability constant of 10
30
 (Kroll 

et al., 1957), has a much higher affinity for ferric iron then does succinate (K
stab

=10
4.8

) 

(Gupta and Crumbliss, 2000), indicating that EDDA is capable of deferrating succinate if 

iron were present. These data indicate that it is not iron contamination in the succinate 

that allows for increased biofilm formation in the ryhB mutant. There is no change in the  
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 Figure 14: Succinate Restores Biofilm Formation in the ryhB Mutant Strain to Wild 

Type Levels. Biofilm formation was determined for the wild type strain, the ryhB mutant 

strain (filled bars) and the mshA mutant strain (empty bars) in the microtiter biofilm assay 

in EZ-RDM, EZ-RDM with 5 µM FeSO
4
, EZ-RDM with 1% succinate, EZ-RDM with 

2% succinate and EZ-RDM with 1% succinate and 25 µg/ml EDDA. Biofilm formation 

is represented as percent of wild type biofilm formation in the same medium. The 

average planktonic growth of the ryhB mutant in each medium is indicated below the 

graph. Mean and standard deviations for three independent experiments are shown. 

Reprinted with permission from ASM Press. (Mey, et al., 2005a). 
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levels of biofilm formation in the mshA mutant with the addition of succinate (empty 

bars). This indicates that the MSHA pilus is still required for biofilm formation even with 

the addition of succinate and that the pathway that succinate affects is independent of the 

MSHA biogenesis pathway. 

 

To determine if it is succinate specifically that restores biofilm formation to the 

ryhB mutant strain, or if any TCA cycle intermediate can do the same, biofilm formation 

in EZ-RDM with the addition of citrate or fumarate to a final concentration of 1% were 

tested. Fumarate was not able to restore biofilm formation in the ryhB mutant strain. 

Citrate, however, was able to restore biofilm formation, although to a lesser extent than 

succinate (Figure 15A). This is likely due to citrate being upstream of succinate in the 

TCA cycle and therefore it would need to be converted to succinate in the cell. Or it is 

possible that citrate itself can restore biofilm formation, but with less affinity than 

succinate. Planktonic growth was similar in all conditions, although the addition of citrate 

and fumarate slightly increased growth (Figure 15B). While the trend was always the 

same in each experiment, the raw numbers varied. Therefore a single representative 

experiment is shown.  
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Figure 15: Succinate Can Restore Wild Type Levels of Biofilm Formation to the 

ryhB Mutant Strain. Biofilm formation was determined in the microtiter biofilm assay 

in EZ-RDM with the addition of succinate, citrate and fumarate to a final concentration 

of 1%. A) Biofilm formation in the biofilm assay. B) Planktonic growth in the biofilm 

assay.  
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c. THE RYHB MUTANT HAS A DEFECT IN MOTILITY/CHEMOTAXIS BUT NOT 

ATTACHMENT  

 

Motility is necessary for the early stages of biofilm development in V. cholerae. 

Flagella allow the bacteria to approach the surface with enough momentum to overcome 

the repulsive forces and allows the cells to move along the surface after the initial 

attachment has occurred (Watnick and Kolter, 1999). V. cholerae flagellar motor mutants 

show a decrease in VPS production and therefore cannot form the three-dimensional 

biofilm structures seen in wild type cells (Lauriano et al., 2004). Many genes involved in 

motility and chemotaxis have reduced expression in the ryhB mutant strain when 

compared to the wild type strain (Table 7).  Therefore, the performances of the ryhB and 

mshA mutant strains in a chemotaxis assay were compared with the wild type parent.  

 

As seen in Figure 16A, the ryhB mutant had a 50% decrease in diameter of the 

swarm zone in low iron conditions when compared to the wild type strain, while the 

mshA mutant showed no defect in chemotactic ability. These results indicate that RyhB is 

required for full motility in V. cholerae. The defect in the ryhB mutant could be 

suppressed by the addition of iron (Figure 16B). In high iron conditions, all the strains 

had a slightly increased swarm zone, most likely due to a slight increase in growth rate.  

 

Since the ryhB mutant does have a defect in chemotaxis, it was tested whether this 

defect translated into a decrease in attachment to surfaces. As seen in Figure 17, the ryhB 

mutant did not have a defect in attachment when compared to the wild type strain under 

these conditions. However, the mshA mutant showed a significant defect in attachment, 
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 Figure 16: The ryhB Mutant has a Defect in Motility/Chemotaxis Under Iron-

Limiting Conditions. The wild type N16961 strain, the mshA mutant and the ryhB 

mutant were inoculated into chemotaxis agar containing A) 20 µg/ml EDDA or B) 40 µM 

FeSO
4
. After incubation overnight at 37°C for 8 to 10 hours, the swarm zone of each 

strain was measured. A single representative experiment is shown. Reprinted with 

permission from ASM Press. (Mey, et al., 2005a). 
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as expected, indicating that if the ryhB mutant did have a defect in attachment the 

conditions used would likely have shown the defect. These results indicated that while 

the ryhB mutant does have decreased chemotaxis, it does not have a defect in attachment. 

The reduced chemotaxis in the ryhB mutant may cause a decrease in VPS production 

because a functioning sodium-driven motor is required for VPS production in V. cholerae 

(Lauriano et al., 2004). However, none of the genes involved in VPS production has 

altered expression in the microarray analysis. Thus, while it is a possibility that the 

decrease in motility causes a decrease in VPS production, this seems unlikely to be the 

cause of the biofilm defect in the ryhB mutant.  
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Figure 17: The ryhB Mutant Strain Does Not Have a Defect in Attachment. The 

strains were grown overnight, diluted 1:250 into EZ-RDM, and grown to an OD
650

 of 0.2. 

The cultures were then diluted and incubated without shaking at 37°C for 3 hours in a 

sterile petri dish to allow the bacteria to attach. After incubation, images of each dish 

were taken using a water immersion lens. The wild type strain N16961 and the ryhB 

mutant were indistinguishable with respect to attachment, while the mshA mutant had a 

significant defect in attachment. Representative images of each strain are shown.  
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9. BIOFILM FORMATION AND THE EXPRESSION OF OUTER MEMBRANE PROTEINS  

 

Other genes that had altered expression in the ryhB mutant were those encoding 

outer membrane proteins. ompT in particular had significantly reduced expression in the 

ryhB mutant when compared to the wild type strain (Table 6). OmpT and OmpU are the 

major porins in V. cholerae.  OmpU is the more cation-selective pore, although it allows 

for the passage of larger sugars than the OmpT pore (Simonet et al., 2003). Cells 

expressing solely OmpT are more sensitive to bile salts than are cells expressing OmpU, 

and the presence of bile induces ToxR-dependent activation of ompU transcription 

(Provenzano et al., 2000). Since V. cholerae is likely to come into contact with bile in the 

small intestine during infection of the host, this is an important distinction. Interestingly, 

the presence of increased levels of OmpT has been linked to a defect in colonization of 

the infant mouse while the absence of OmpU has been shown to increase biofilm 

formation in a related bacterium, Vibrio anguillarum (Provenzano et al., 2001). These 

observations are consistent with the conventional belief that OmpU is the important pore 

during infection while OmpT is more important during environmental survival. 

Therefore, it was tested whether a mutation in the genes encoding either major outer 

membrane protein, OmpT or OmpU, would affect biofilm formation. 

 

While a deletion in the ompT gene did not significantly affect biofilm formation, a 

mutation in the ompU gene caused a statistically significant (p<0.05) increase in biofilm 

formation (Figure 18). This observation is consistent with the data from V. anguillarum 

that indicates that deletion of ompU increased biofilm formation. While these results do 

not directly implicate OmpT in environmental survival, they do indicate that the presence 

of OmpU in the membrane is detrimental to optimal biofilm formation. 
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Figure 18: An ompU Mutant has Increased Biofilm Formation. Biofilm formation 

was determined in the microtiter biofilm assay in EZ-RDM. Planktonic growth was 

similar in all strains. Mean and standard deviations for three independent experiments are 

shown.  
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Our research highlights the importance of iron and RyhB in the environmental 

survival of V. cholerae. A ryhB mutant strain has pleiotropic defects leading to decreased 

arginine biosynthesis, altered TCA cycle enzyme expression likely leading to a reduction 

in succinate incorporation into VPS, a decrease in motility and chemotaxis and an altered 

outer membrane profile. While no single gene or pathway alone is likely to have caused 

the biofilm defect, the overall result is a significant decrease in biofilm forming potential 

in the ryhB mutant.  

 

Despite the metabolic changes in the ryhB mutant, it is not merely suffering from 

an overall growth defect. Not only does the ryhB mutant have comparable growth to the 

wild type strain, but a ryhB mutant outcompeted the wild type strain in the mouse model 

(Mey et al., 2005a). Interestingly, a fur mutant has increased biofilm formation but 

decreased virulence (Mey et al., 2005b), which leads us to conclude that Fur regulated 

genes are required for virulence and RyhB regulated genes are required for the 

environmental survival of V. cholerae. In both cases, regulation occurs as the bacterium 

responds to changes in the level of iron available, once again indicating the importance of 

this essential metal in the life cycle of V. cholerae. There are only trace amounts of iron 

in EZ-RDM, but it is unclear what concentration of iron the bacteria would encounter in 

the aquatic environment. Reports of total dissolved iron in oceanic surface waters range 

from less than 0.05 to greater than 10 nM (Weeks and Bruland, 2002), however it is not 

known what concentration of iron the bacterium may encounter in biofilms formed on the 

surfaces of aquatic organisms and other substrates.  
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III. REGULATION OF OMPT BY IRON AND FUR 

 

 

 

 

1. OMPT EXPRESSION IS POSITIVELY REGULATED BY IRON  

 

During investigations into RyhB-dependent regulation of environmental survival 

in V. cholerae, it was noted that levels of the outer membrane protein OmpT are 

regulated in an iron-dependent manner (Figure 19). As shown in Figure 19, OmpT levels 

are higher when the cells are grown in the presence of iron. To confirm that the iron-

regulated protein was OmpT, a deletion in the ompT gene was constructed. The iron 

regulated protein is not observed in this strain, validating that it is ompT that is iron-

regulated.  

 

OmpT and OmpU are the two major general diffusion porins in V. cholerae. 

While neither pore is required for virulence, a strain expressing OmpT from the ompU 

promoter is over 100 fold reduced in intestinal colonization, indicating that it is the 

presence of OmpT rather then the absence of OmpU that causes the defect (Provenzano et 

al., 2001). This may in part be due to the fact that strains expressing ompU are more 

resistant to bile salts while strains expressing ompT are more sensitive (Provenzano and 

Klose, 2000). The sensitivity of strains expressing OmpT to bile salts may be due to 

transport of deoxycholic acid, one of the major components of bile, by OmpT (Duret and 

Delcour, 2006). As presented in the previous chapter, neither OmpT nor OmpU are 
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Figure 19:  OmpT levels are positively regulated by iron. Cells were grown overnight 

in EZ-RDM medium with or without 5 µM FeSO
4
. Equal numbers of cells from each 

strain were electrophoresed on a 10% SDS polyacrylamide gel and stained with 

Coomassie Blue R-250. The ompT mutant was included as a negative control for ompT 

expression levels.  
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required for biofilm formation, but an ompU mutant has increased biofilm formation in V. 

cholerae. This indicates that the presence of OmpU actually inhibits biofilm formation, 

similarly to how the presence of OmpT inhibits virulence. 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 99 

2. RYHB IS NOT REQUIRED FOR IRON-DEPENDENT REGULATION OF OMPT 

 

Positive regulation by iron in V. cholerae can occur through the small RNA RyhB. 

RyhB is a repressor of iron-storage and some iron-containing proteins. In high iron 

conditions, Fur complexes with iron and represses the transcription of ryhB, allowing 

RyhB targets to be expressed. To determine whether the positive regulation of ompT by 

iron was through this small RNA, a ryhB mutant was constructed in the N16961 

background, and the effect of the mutation on iron regulation of ompT was determined 

(Figure 20).  No difference was seen in the levels of ompT in the wild type and ryhB 

mutant strains, indicating that RyhB is not required for iron-dependent regulation of 

ompT.  

 

 

 

 

 

Figure 20: RyhB is Not Required for Iron-Dependent Regulation of ompT. Cells 

were grown overnight in EZ-RDM medium with or without 5 µM FeSO
4
. Equal numbers 

of cells from each strain were electrophoresed on a 10% SDS polyacrylamide gel and 

subjected to Western analysis using rabbit polyclonal antiserum against OmpT which 

also contains antibodies that react with OmpU.  
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3. FUR IS REQUIRED FOR THE IRON-DEPENDENT REGULATION OF OMPT 

 

To determine whether the major regulator of iron uptake, Fur, is required for iron 

dependent regulation of ompT, a fur mutant strain was tested. There was no increase in 

OmpT protein levels in the presence of high iron in the fur mutant, in contrast to the wild 

type strain (Figure 21).  Therefore, the iron-dependent regulation of ompT is Fur 

dependent.  

 

 

 

 

 

 

Figure 21: Fur is Required for Iron-Dependent Positive Regulation of ompT. Cells 

were grown overnight in EZ-RDM medium with or without 5 µM FeSO
4
. Equal numbers 

of cells from each strain were electrophoresed on a 10% SDS polyacrylamide gel and 

subjected to Western analysis using rabbit polyclonal antiserum against OmpT.  
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4. THE REGULATION OF OMPT OCCURS AT THE LEVEL OF TRANSCRIPTION 

 

To determine if the regulation of ompT is transcriptional, it was assessed whether 

there was a change in ompT mRNA levels in the wild type strain and the fur mutant strain 

when cells were grown in medium with or without added iron. Cells were grown to mid-

log phase, the culture was divided, and 5 µM FeSO
4
 was added to one of the cultures. The 

cells were grown for an additional hour and then RNA was harvested. Equal amounts of 

RNA were assayed and verified by hybridization with a probe for a constitutively 

expressed housekeeping gene, rrsA ((Oglesby et al., 2005) and verified by microarray 

analysis).  As seen in Figure 22, the increased level of ompT mRNA in the cells grown 

with iron is dependent on Fur.  
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Figure 22: OmpT is Regulated by Fur at the mRNA Level.  Dot blot analysis of equal 

amounts of RNA harvested from wild type and fur mutant cells grown in EZ-RDM or 

EZ-RDM with 5 µM FeSO
4
. RNA samples were probed with a psoralin-biotin labeled 

ompT probe and a duplicate blot was probed with an rrsA probe to ensure equal amounts 

of RNA were present in the samples.  
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5. THE OMPT PROMOTER REVEALS POSSIBLE MECHANISMS OF REGULATION  

 

To determine how Fur might be regulating ompT, the promoter region of ompT 

was examined (Figure 23). OmpT is negatively regulated by ToxR, which binds to a large 

region on the ompT promoter from -30 to -95 as determined by footprinting assays (Li et 

al., 2000). By overlapping the -35 element, ToxR represses the otherwise highly active 

promoter. CRP is a positive regulator of ompT expression and binds to three discrete 

regions on the ompT promoter, with a distal site centered at -310 on the promoter and two 

proximal sites centered at -85 and -7 (Li et al., 2002). CRP regulation of ompT is more 

complex then ToxR regulation in that if CRP binds the distal upstream site as well as the 

proximal sites, then CRP acts as a positive regulator, likely through a DNA looping 

mechanism. However, if CRP binds the proximal sites without binding the distal site, 

CRP acts as a negative regulator (Li et al., 2002).  

 

Sequence analysis indicates a possible Fur box in the ompT promoter located at 

approximately -90, overlapping a site protected by both ToxR and CRP in footprinting 

assays. While Fur has not been shown to act as a positive regulator in V. cholerae, it has 

been reported to act as such in other species. In the plague pathogen Yersinia pestis, Fur 

was shown to positively regulate the catalase gene (katA) and the first gene in the Nap 

operon (Gao et al., 2008). Direct binding of Fur to the predicted Fur boxes in the 

promoters of these genes was verified by real-time reverse transcription-PCR (RT-qPCR) 

and electrophoretic mobility shift assays (EMSA) (Gao et al., 2008). In Neisseria 

meningitids, the promoter of norB, encoding a nitric oxide reductase, has a Fur binding 

site upstream of the promoter, and deletion of the 19 bp predicted Fur box spanning from  
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Figure 23: Schematic Representation of the ompT Promoter. Binding sites for ToxR, 

CRP, and a putative Fur box are indicated. See text for further details.  
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-78 to -96 in lacZ fusion constructs eliminated Fur activation (Delany et al., 2004). It is 

interesting to note that the putative Fur box in the ompT promoter is located in a similar 

position relative to the transcriptional start site as the Fur box in the norB promoter. 

 

Examination of the ompT promoter suggests several mechanisms by which Fur 

can directly or indirectly regulate ompT.  First, Fur may directly bind to the promoter of 

ompT at approximately -90 relative to the transcriptional start site and activate 

transcription of ompT through interactions with the RNA polymerase. Alternatively, Fur 

may compete with ToxR for binding, thus alleviating the negative regulation of ompT by 

ToxR, or Fur may act with CRP to activate ompT transcription in conditions where iron 

levels are high. Fur may also be acting indirectly by repressing a repressor of ompT.  
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6. ANALYSIS OF THE PUTATIVE FUR BINDING SITE IN THE OMPT PROMOTER 

 

To determine if Fur is directly regulating OmpT levels through binding of Fur to a 

putative Fur box in the promoter of ompT, a Fur Titration Assay (FURTA) was used. In 

the FURTA assay, the introduction of a Fur box on a multicopy plasmid titrates the active 

Fur-Fe
2+

 away from a chromosomal, Fur regulated promoter fused to lacZ which is 

sensitive to small changes in repressor concentration (Stojiljkovic et al., 1994). 

Therefore, if a suspected sequence does indeed contain a Fur binding site, in high iron 

conditions, the sequence can titrate the Fe-Fur complex and relieve repression of the lacZ 

chromosomal fusion resulting in a Lac
+
 phenotype (red colonies on McConkey’s agar). If 

the sequence does not contain a Fur binding site, then in high iron conditions, the lacZ 

fusion will remain repressed and a Lac
-
 phenotype (white colonies on McConkey’s agar) 

will be seen.  

 

 Two constructs were created in pGem-T Easy, one containing a large portion of 

the ompT promoter (from +15 to -248) and one containing a small portion of the ompT 

promoter centered around the putative Fur box (-55 to -132). As a positive control, a 

plasmid containing the promoter of ryhB, which has a known Fur binding sequence in its 

promoter and is one of the most highly Fur regulated V. cholerae genes was also 

constructed (Mey et al., 2005b). The plasmids were inserted into the FURTA strain 

H1717 and assayed for their ability to de-repress the lacZ fusion in high iron as indicated 

by a color change on McConkey’s agar. While the ryhB promoter carrying strains were 

clearly red on McConkey’s agar, results with the ompT plasmids were inconsistent. There 

was a growth defect in the strains carrying the ompT constructs that was further 

complicated by a variety of colony morphologies and a range of lacZ expression. Because 
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over-expression of the ompT promoter sequences in the FURTA assay strain is 

detrimental to the cell, this may select for mutations that arise, perhaps in the fusion itself 

or in other genes that results in the mixed colony morphologies and lacZ phenotypes. 

However, DNA sequence analysis of the fusion plasmid from colonies with different 

morphologies and lacZ phenotypes, showed no mutations in the ompT sequence. The 

weak and inconsistent lacZ phenotype may indicate that Fur binds to the ompT promoter 

with lower affinity than Fur binds to the ryhB or lacZ fusion promoters. Additional 

studies will be required to conclusively determine whether Fur directly interacts with the 

ompT promoter. Electrophoretic mobility shift assays (EMSA) are a common method to 

determine direct interactions. These assays can determine if Fur directly binds to the 

ompT promoter, and can also be used to determine if there is competition between Fur 

and ToxR for binding.  
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7. THE ADDITION OF GLUCOSE DOES NOT AFFECT IRON-DEPENDENT 

REGULATION OF OMPT 

 

Because CRP is a known positive regulator of ompT, it was determined if CRP 

could be involved in the iron and Fur dependent regulation of ompT. As described in the 

introduction, high intracellular levels of cAMP can complex with CRP allowing for the 

interaction of this complex with promoters. It is possible that Fur, or a Fur-regulated gene 

product, directly interacts with CRP to positively regulate ompT expression.  There is 

precedence for over-lapping regulation between Fur and CRP in E. coli. OmpF, one of 

the major porins in E. coli, has been shown to be repressed by CRP and activated by Fur 

according to microarray analysis of crp and fur mutants (Zhang et al., 2005). The results 

of this study indicate that Fur is required for the repression of ompF by CRP and that in a 

fur mutant, CRP activates ompF expression.  

 

To determine the possible effect of CRP, sucrose or glucose was added to T-

medium with or without 5 µM FeSO
4
. The addition of glucose should severely reduce the 

amount of cAMP-CRP active complex available for interactions at the ompT promoter.  

In the wild type background, there is a small decrease in OmpT levels in cells grown in 

the presence of glucose (compare lanes 2 and 4 and lanes 3 and 5 in Figure 24). In the 

toxR mutant background there is a decrease in the basal level of OmpT in the presence of 

glucose (compare lane 6 to lane 8 in Figure 24), but there is no effect on the iron-

dependent increase in ompT expression. Interestingly, OmpU levels are increased in the 

presence of glucose, which may indicate an inhibitory effect of CRP on ompU.  These 

data indicate that CRP has regulatory affects on the levels of ompT expression in the toxR  
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Figure 24: CRP is not Required for the Iron-Dependent Activation of ompT.  

N16961-F cells (described on page 113) were grown overnight in T- medium with added 

sucrose or glucose with or without 5 µM FeSO
4
. Equal numbers of cells from each strain 

were electrophoresed on a 10% SDS polyacrylamide gel and subjected to Western 

analysis using rabbit polyclonal antiserum against OmpT.   
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mutant as reported previously (Li et al., 2002), and CRP appears to be involved in the 

repression of ompU under the conditions tested. However, CRP does not affect iron-

dependent regulation of ompT suggesting that Fur is not affecting ompT levels through 

CRP. 
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8. TOXR MASKS IRON-DEPENDENT REGULATION OF OMPT 

 

To determine if Fur is regulating ompT through ToxR, a strain with a polar 

mutation in toxR and a toxR-inducible plasmid to express toxR in both the wild type and 

toxR mutant backgrounds were constructed. In rich media, OmpT protein levels should be 

very low while OmpU levels are high. In ToxR mutants, OmpU levels are extremely low 

and OmpT levels are increased due to the absence of the negative regulator (Li et al., 

2000). Over-expression of toxR in the wild type background significantly altered the 

outer membrane profile of strain N16961 (Figure 25). There is increased OmpU protein 

and decreased OmpT protein, and while OmpT protein levels are no longer increased by 

the addition of iron, it appears that OmpU protein levels are now positively regulated by 

iron.  
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Figure 25:  Over-Expressing toxR Decreases ompT Expression and Masks Iron-

Dependent Regulation of ompT. Cells were grown overnight in EZ-RDM medium with 

5 µM IPTG with or without the addition of 5 µM FeSO
4
. Equal numbers of cells from 

each strain were electrophoresed on a 10% SDS polyacrylamide gel and stained with 

Coomassie Blue R-250.  
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9. DELETION OF TOXR REVEALS IRON-DEPENDENT REGULATION OF OMPT 

 

Interestingly, the outer membrane protein profile of N16961 is very similar to a 

toxR mutant (Figure 26) in contrast to what has been shown for most wild type V. 

cholerae strains. Therefore, an isolate of this strain from a separate source, designated 

N16961-F to distinguish it from our original N16961-K strain, was tested to determine its 

outer membrane profile. N16961-F expresses primarily OmpU in EZ-RDM medium, as is 

expected from a strain expressing toxR (Figure 26). An iron-dependent increase in ompT 

levels is still observed, indicating that the iron-dependent regulation of ompT levels 

occurs, albeit at a reduced level, even in the presence of ToxR.  

 

To verify that ompT expression can be regulated by iron in N16961-F, the effect 

of deleting toxR on the outer membrane profile was tested. Deletion of toxR in this strain 

abolished expression of OmpU and revealed a higher level of iron-dependent OmpT 

protein expression. Over-expression of toxR from an inducible plasmid restored wild type 

levels of the outer membrane proteins. These results indicate that ToxR is able to mask 

the iron-dependent increase in OmpT protein levels, that the N16961-F strain has an outer 

membrane profile consistent with what is reported in the literature, and that there are 

differences between these two strains originally obtained from the same clinical isolate.  

It is important to note that it is the N16961-K strain that was sequenced, and subsequently 

proliferated to labs studying V. cholerae.  Our results indicating that the N16961-K strain 

has reduced ToxR protein levels may require the re-examination of data from studies 

using this strain, particularly as they pertain to virulence.  
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Figure 26: Deletion of toxR Reveals Iron-Dependent Regulation of ompT. N16961-F 

cells were grown overnight in EZ-RDM medium with 5 µM IPTG with or without 5 µM 

FeSO
4
. Equal numbers of cells from each strain were electrophoresed on a 10% SDS 

polyacrylamide gel and subjected to Western analysis using rabbit polyclonal antiserum 

against OmpT. 
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10. N16961-K AND N16961-F HAVE 100% SEQUENCE HOMOLOGY IN THE TOXR 

REGION 

 

Since N16961-K is similar to a toxR mutant given that a mutation in toxR does not 

alter the outer membrane profile in this strain, the toxR region in N16961-K and N16961-

F was sequenced to determine if there were any deletions or point mutations in either 

strain that could account for the differences observed in the outer membrane protein 

profiles. The classical strain 569B is known to have a large 1.2 kb deletion downstream 

of the toxR coding region that removes the ToxS encoding sequence (Miller et al., 1989). 

Therefore, it was not unlikely that a mutation had occurred in N16961-K or N16961-F, 

perhaps in the toxS coding sequence, which could alter the expression or activity of 

ToxR.  

 

The toxR region of both strains was sequenced. DNA sequence was generated 

including the last 100 bp of the upstream gene, htpG, and through the toxR and toxS 

coding sequences (Figure 27A). N16961-K and N16961-F are 100% identical through 

this region. 

 

 Since no changes in the coding region of toxR in the N16961-K and N16961-F 

strains were seen, the ompT region was sequenced as well, to rule out mutations in the 

ompT promoter causing the differences in the outer membrane profiles of these two 

strains. The last 300 bp of the upstream gene, VC1855, through the ompT coding 

sequence was sequenced (Figure 27B). Again, the region sequenced was found to be 

100% identical between the two strains.  
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Figure 27: The toxR and ompT regions of N16961-K and N16961-F are 100% 

Identical. The DNA sequence of the toxR (A) and ompT (B) regions of N16961-K and 

N16961-F, indicated by the green arrows, were determined. There were no differences in 

the DNA sequences.    
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11. N16961-K HAS DECREASED AMOUNTS OF TOXR COMPARED WITH OTHER V. 

CHOLERAE STRAINS 

 

Since N16961-K and N16961-F have exactly the same sequence through the toxR 

region, it was determined if there is altered expression of toxR in N16961-K. It was also 

determined if there were variations in toxR expression levels in different V. cholerae 

strains. Western blot analysis of V. cholerae El Tor strains N16961-K, N16961-F, Lou15, 

and C6706, the classical strain O395 and the non-O1 pathogenic strain O139 was 

performed to determine relative ToxR protein levels.  

 

N16961-K has reduced ToxR protein levels when compared to other V. cholerae 

strains (Figure 28). While most strains appear to make relatively equal amounts of ToxR 

protein under these conditions, the O139 strain also appears to have reduced ToxR 

protein levels. There was little to no change in ToxR protein levels in response to iron. 

This eliminated the possibility that Fur and iron regulate ToxR protein levels and thus 

increase ompT expression.   
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Figure 28: N16961-K has reduced ToxR protein levels when compared to other V. 

cholerae strains. Cells were grown overnight in T-medium with or without 5 µM FeSO
4
. 

Equal numbers of cells from each strain were electrophoresed on a 10% SDS 

polyacrylamide gel and subjected to Western analysis using rabbit polyclonal antiserum 

against ToxR. 
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12. IRON-DEPENDENT REGULATION OF OMPT IS APPARENT IN MINIMAL MEDIA  

 

In standard laboratory medium, OmpU is the dominant pore. This is due primarily 

to positive regulation of ompU and negative regulation of ompT by ToxR. To determine 

if the iron-dependent regulation of ompT is a common regulatory mechanism in V. 

cholerae and if there are environmental conditions where iron regulation is normally 

seen, V. cholerae El Tor strains N16961-K, N16961-F and Lou15, classical strain O395 

and an O139 strain were grown in T medium or EZ-RDM with or without 5 µM FeSO
4
. 

A western blot procedure with an OmpT antibody determined the relative levels of OmpT 

expression in these strains.  

 

The results indicate that the iron-dependent increase in OmpT protein levels is 

characteristic of the El Tor strains when grown in minimal medium (Figure 29A).  This 

regulation is masked in rich medium (EZ-RDM) in all strains except the N16961-K strain 

(compare Figure 29 A and B). It is interesting to note that in the El Tor strains and O139, 

OmpU protein levels are decreased in high iron in minimal medium (Figure 29A). This 

may be due to compensation for the increase in OmpT levels, or Fur or a Fur regulated 

protein may be specifically inhibiting ompU expression. However, in the O139 strain, 

there is not an iron-dependent increase in OmpT, but there is an iron-dependent decrease 

in OmpU, indicating a specific mechanism of regulation and not merely a response to 

increased OmpT levels. Interestingly, in the N16961-K strain in RDM (Figure 25), 

OmpU appears to be positively regulated by iron. This may reflect a difference in the 

regulation of the outer membrane proteins in this strain.  
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Figure 29: Iron-Dependent Regulation of OmpT and OmpU is Apparent in the El 

Tor and O139 strains in Minimal Media. Cells were grown overnight in T-medium or 

EZ-RDM with or without 5 µM FeSO
4
. Equal numbers of cells from each strain were 

electrophoresed on a 10% SDS polyacrylamide gel and subjected to Western analysis 

using rabbit polyclonal antiserum against OmpT. 
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13.  ENVIRONMENTAL CONDITIONS CAN ALTER TOXR EXPRESSION LEVELS 

 

Expression of ompT is greatly increased in T medium as compared to EZ-RDM. 

One of the differences between T-medium and EZ-RDM is the presence of amino acids 

in the EZ-RDM medium (see Appendix A). OmpT expression has been shown to be 

downregulated by supplementation of amino acids in minimal medium (Miller and 

Mekalanos, 1988), but it was not determined whether this was due to altered ToxR levels. 

Therefore, the levels of ToxR in cells grown in these media were measured.  

 

ToxR levels are significantly higher in T-medium with amino acids then in T-

medium lacking amino acids (Figure 30, compare lanes 5 and 6 to lanes 7 and 8). ToxR 

levels in T-medium with amino acids are also very similar to the levels of ToxR in EZ-

RDM with amino acids (Figure 30, compare lanes 7 and 8 to lanes 3 and 4). Not 

surprisingly, the levels of OmpT are increased under conditions where ToxR levels are 

low and decreased under conditions where ToxR levels are high, and OmpU levels show 

the opposite pattern (Figure 29, compare OmpT levels in N16961-F in T-Media and EZ-

RDM). These results indicate that there are environmental conditions, including changes 

in amino acid concentrations, which can directly alter toxR expression levels and 

therefore allow for iron and Fur dependent regulation of ompT.  N16961-K appears to 

lack the induction of toxR that normally occurs in the presence of amino acids. 

Identifying the defect in this strain will provide information of how toxR expression is 

controlled by environmental factors.  
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Figure 30: Environmental Conditions, such as Amino Acids Concentrations, Can 

Alter ToxR Protein Levels. N16961-F cells were grown to mid-log phase in EZ-RDM 

or in T-medium with or without amino acids, the cultures were then divided and 5 µM 

FeSO
4 

was added to one of the two cultures and grown for an additional hour. Equal 

numbers of cells from each condition were electrophoresed on a 10% SDS 

polyacrylamide gel and subjected to Western analysis using rabbit polyclonal antiserum 

against ToxR. 
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14. HIERARCHAL REGULATION OF OMPT IN V. CHOLERAE EL TOR STRAINS  

 

Our results add to the complexity of the regulatory network that controls the 

expression of the outer membrane protein OmpT (Figure 31). Under conditions where 

there are high levels of ToxR, ompT is repressed and OmpU is the predominate porin. 

When ToxR levels are decreased in response to environmental conditions, such as 

decreased levels of amino acids, then the OmpT pore is the predominate porin. Under 

ToxR repressing conditions in iron-replete environments, Fur can further increase the 

levels of OmpT and further reduce the levels of OmpU.  
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Figure 31: Model of the Hierarchal Regulation of ompT in V. cholerae El Tor 

Strains. In conditions where ToxR levels are reduced and iron is abundant, Fur can 

further increase OmpT levels and further decrease OmpU levels.  
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IV. DISCUSSION 

 

 

 

A. The Role of Iron and RyhB in Biofilm Formation in V. cholerae 

 

Survival in habitats outside of the host is a complex and essential component of 

the V. cholerae lifestyle. Since V. cholerae, like most organisms, has an absolute 

requirement for iron in order to survive, the effect of iron transport on environmental 

survival has been investigated. V. cholerae is proposed to survive in nature within 

biofilms in association with other microorganisms on the surfaces of aquatic plants, 

copepods, and other surfaces. Therefore, the effect on biofilm formation of mutations in 

iron transport systems and iron levels in the medium is of particular interest.  

 

We determined that V. cholerae is better able to form biofilms in high iron 

conditions. We then tested several single mutants including irgA and vctA (enterobactin 

transport), vibB and viuA (vibriobactin transport), hutR, hasR and hutA (heme transport) 

and fbp (ferric iron transport) in the biofilm assay and determined that none of these iron-

acquisition systems were absolutely required. Had one of these single mutants had a 

defect in biofilm formation, it would have indicated a likely source of iron and 

mechanisms of iron transport in the biofilm.  
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However, it was not entirely unexpected that no phenotypes were seen for the 

single mutants because of the redundancy of iron transport systems in V. cholerae.  As 

there are multiple uptake systems for many of the iron substrates, redundancy may 

compensate for the absence of one system. For example, in enterobactin uptake, either 

IrgA or VctA can mediate uptake. In the case of heme uptake, there are three outer 

membrane receptors, HutA, HutR and HasR. This redundancy of heme transporters is of 

particular interest as V. cholerae is non-invasive and not likely to come into contact with 

heme or hemoglobin at the site of infection in the human host. Additionally, a V. cholerae 

strain mutated in all three heme transport systems does not have a virulence defect. The 

construction of double and triple mutants in the El Tor strain may be informative.  

 

The experimental conditions may also have prevented a strong biofilm phenotype 

in the single mutants. In these experimental conditions, V. cholerae was grown in pure 

culture whereas in nature V. cholerae is likely to be in an environment with a variety of 

other organisms. For example, mutations in either of the enterobactin iron transport 

system did not affect biofilm formation but exogenous enterobactin was not added to the 

medium. Since V. cholerae may come into contact with enterobactin producing species in 

the environment, specifically in biofilms, it may be informative to test the biofilm 

formation of V. cholerae in mixed culture biofilms. Mixed culture biofilms allow bacteria 

to distribute themselves according to their favored microenvironment and also allows 

symbiotic relationships between the bacteria (Moller et al., 1998); (Okabe et al., 1999). 

While mutations in any of the three heme transport systems did not affect biofilm 

formation in the defined conditions tested in the laboratory, V. cholerae can utilize 

hemoglobin from marine invertebrates (Mey and Payne, 2001) and is known to associate 

with mollusks and shell fish in the environment. Therefore, studying biofilm formation in 
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association with marine organisms may further elucidate the role of heme transport in 

environmental survival. Finally, a mutant in the Fbp system (ferric iron transport) did not 

have a defect in biofilm formation, yet it is not clear whether the biofilm environment is 

aerobic, where ferric iron would be in abundance, or anaerobic, where ferrous iron would 

dominate. Analysis of mixed culture biofilms with a dissolved oxygen probe may help 

determine the dominant form of iron in the various regions of the biofilm. 

 

Competition assays have revealed more subtle effects of iron transport on biofilm 

formation then the single culture biofilm assays and have expanded our knowledge of 

what iron transport systems may be important for the environmental fitness of V. 

cholerae living in biofilms. For example, the fbp mutant strain had a competitive 

disadvantage when compared to the wild type strain in iron-replete conditions. This 

would suggest that the Fbp system is used to transport iron when iron in the environment 

is in abundance. The fbp mutant had a significant advantage in iron-limiting conditions 

which may be an indication that loss of the Fbp system results in upregulation of other 

iron transport systems allowing the mutant to become established under conditions where 

iron is limiting. This fits well with previous data from the lab indicating that the Fbp 

system is a very efficient ferric iron transporter (Wyckoff et al., 2006). The irgA mutant 

has a slight competitive advantage in iron-limiting conditions, while the viuA mutant is at 

a competitive disadvantage in these conditions. It is unclear why the irgA mutant would 

have an advantage, considering that the known substrate is not available in our test 

conditions. Perhaps IrgA can transport something other then enterobactin, or perhaps 

deletion of this transporter causes over expression of other transporters to compensate.  
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The strongest phenotype in the biofilm assay for a gene mutated in iron 

metabolism was seen with the ryhB mutant. This biofilm defect could be restored with 

the addition of iron. Adding iron to the medium should decrease the expression of Fur-

repressed genes, including ryhB. Therefore, it is not clear how the addition of iron affects 

biofilm formation in the ryhB mutant. Since RyhB increases the available iron stores 

within the cell, it is possible that the mutant strain simply cannot properly allocate its 

intracellular iron stores. The ryhB mutant does appear to be slightly iron starved as 

indicated by the expression of several iron transport systems in the ryhB mutant as well 

as an increased sensitivity to EDDA (Mey et al., 2005a). It may be that the addition of 

exogenous iron overcomes this iron starvation.  

 

Additional studies suggested that the restoration of wild type level biofilms with 

the addition of excess iron in the ryhB mutant is not restricted to iron, as other metals 

including copper, cobalt, manganese and cadmium were also able to restore biofilm 

formation. It is possible that these metals can substitute for iron in one or more proteins 

essential for biofilm formation. Copper shares many of the same properties as iron and 

has also been implicated in biofilm formation in other bacterial species. It is possible that 

these divalent cations may be able to substitute for each other when one is available in 

high concentrations. Further investigation will help determine the role of metals in 

biofilm formation in V. cholerae and also the state of homeostasis of metals within the 

cell. 

 

We used microarrays to further analyze the biofilm defect seen in the ryhB mutant 

and to determine if we could find which RyhB-regulated genes are responsible for the 

reduced biofilm phenotype. Microarray analysis was performed on RNA harvested from 
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planktonic cells grown in logarithmic phase; however, additional studies harvesting RNA 

from cells grown in biofilms in silicon tubing or on glass beads may be more informative. 

Homology searches using BLAST could not identify even known targets of RyhB, nor 

could computer programs specific to identifying targets of RNAs such as TargetRNA 

(Tjaden et al., 2006). Of the thirty-six targets identified by TargetRNA, only three of the 

targets were regulated in microarray analysis of the ryhB∆ strain compared to the wild 

type parent (Appendix B, Table 1): VC1094, encoding oppD an oligopermease gene, 

VC0200 encoding fhuC, the first gene in the ferrichrome uptake operon, and VC2371 

encoding a conserved hypothetical protein. Of these targets, only the oligopeptide 

permease system has been associated with biofilm formation. In V. fluvialis, an oppA 

mutant formed thicker biofilms then the wild type parent in biofilm assays (Lee et al., 

2004).  In the case of the V. cholerae ryhB mutant, expression of oligopermease genes are 

down and biofilm formation is also down, which leads us to believe that the opp genes 

are likely not involved in RyhB-dependent biofilm formation. 

 

When all amino acids are removed from the medium, the wild type strain forms 

biofilms similar to the ryhB and mshA mutants. Addition of arginine or ornithine to this 

medium restored biofilm formation to the wild type strain but did not affect biofilm 

formation in the ryhB or mshA mutants. Since the biosynthesis pathway is down regulated 

in the ryhB mutant, it could be that either RyhB is directly regulating components of the 

pathway or that there is accumulation of intracellular arginine, resulting in the 

biosynthesis pathway being downregulated due to feedback. While the ryhB mutant could 

be suffering from a lack of intracellular arginine, in that it is neither synthesizing nor 

transporting arginine, we do not see any growth defect in this strain that would indicate 

severe auxotrophy. However, if there were an accumulation of arginine that resulted in 
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down-regulation of the arginine biosynthesis pathway, we might expect to see more 

biofilm formation in the ryhB mutant in the absence of amino acids where the cells would 

be unable to acquire arginine from the environment. This was also not the case.  

 

There is some precedence for the importance of arginine in biofilm formation. In 

S. aureus, mutations in arginine transport did not have a defect in biofilm formation per 

se, but did reduce the accumulation of polysaccharide intercellular adhesion (PIA), 

required for intercellular aggregation and cellular proliferation (Zhu et al., 2007). While 

no further information has been published on this system, it seems that arginine does play 

a role in some stages of biofilm formation in S. aureus. In S. epidermidis, research 

showing that genes involved in the arginine deaminase system are upregulated as the 

biofilm matures has lead researchers to propose a critical role for arginine catabolism in 

S. epidermidis biofilm formation  

(http://www.unmc.edu/dept/pathology/index.cfm?conref=31).  

 

Arginine is synthesized from glutamate in eight enzymatic steps. Many of the 

intermediates in the pathway are also involved in other pathways in the cell (Figure 12). 

For example, carbamoylphosphate is a precursor for both arginine and pyrimidines, and 

arginine or ornithine can also act as precursors for the biosynthesis of polyamines. The 

siderophore of V. cholerae, vibriobactin, has a polyamine backbone of norspermidine that 

can be synthesized from ornithine. Interestingly, the addition of norspermidine to the V. 

cholerae biofilm assay increases biofilm formation through a possible receptor protein 

NspS (Karatan et al., 2005). Therefore, there may be a link between vibriobactin 

synthesis, norspermidine sensing, and biofilm formation.  
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It may be that it is not arginine or ornithine that is required for biofilm formation, 

but a downstream intermediate or product. However, preliminary data indicates that the 

addition of spermine, a downstream product of ornithine, did not affect biofilm formation 

in the wild type or ryhB mutant strains (Appendix B, Figure 1). Interestingly, arginine 

can be converted to succinate through a series of enzymatic steps. The biofilm defect 

could be from a decrease in succinate as a result of the alteration of enzymes in the 

arginine biosynthesis pathway. However, biofilm assays with added succinate in medium 

bereft of amino acids did not affect biofilm formation (Appendix B, Figure 2). Although 

it is still unclear if the defect in biofilm formation in the ryhB mutant is due to alterations 

in the arginine biosynthesis pathway, it is obvious that arginine or ornithine are sufficient 

for biofilm formation in the wild type strain grown in the absence of other amino acids.  

 

Among the most conserved and highly regulated targets of RyhB are the genes in 

the succinate dehydrogenase complex. In the ryhB mutant, succinate dehydrogenase is 

not repressed by RyhB and is therefore over-expressed in these cells, which may result in 

a significant decrease in cellular succinate levels. Succinate may be a component of the 

VPS or succinate may be performing a regulatory role required for biofilm formation. 

While the components of the V. cholerae VPS is still unknown, there are reports of 

succinate being a component of the exopolysaccharide in other bacterial strains (Yildiz et 

al., 2004). We did not observe regulation of genes in the VPS biosynthesis pathway in 

our microarray studies, although the effects of succinate were not determined. Once the 

chemical composition of the V. cholerae VPS is known, it will be possible to predict the 

role of succinate in biofilm formation.  
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Motility and chemotaxis genes were some of the most consistently regulated 

genes in the microarrays. While there is a decrease in motility in the ryhB mutant, this 

does not appear to be the cause of the biofilm defect.  It seems that even the reduced 

motility of the ryhB mutant is sufficient to initiate biofilm formation. It is possible that 

this defect would be more detrimental in conditions were there is a flow of liquid against 

which to contend for the initial contact with the surface.  

 

The final group of proteins that were regulated in the microarray studies was outer 

membrane proteins. It is interesting that the lack of ompU increased biofilm formation, 

indicating that the presence of OmpU in the membrane limits biofilm formation in the 

wild type strain. This fits well with the idea that OmpU is the major pore during infection 

and that OmpT is the environmental pore, although mutants in either porin do not have a 

virulence defect in the mouse model. It is likely that deletion of one of these outer 

membrane proteins causes an increase in other outer membrane porins to compensate.  

 

The ryhB mutant strain does not have a general metabolism or growth defect. In 

fact, the ryhB mutant outcompetes the wild type strain in the mouse model (Mey et al., 

2005a). These data indicate that RyhB is not simply required for the general well being of 

the organism, but is playing a crucial role in the environmental survival of V. cholerae. It 

is interesting that this iron- and Fur-regulated small RNA decreases virulence and 

increases environmental survival, highlighting the key role of iron uptake and metabolism 

in the complex regulatory pathways that allow V. cholerae to be both a dangerous 

pathogen and a common inhabitant of aquatic environments. 
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It is possible that the reduced biofilm formation phenotype we observed in the 

ryhB mutant is a consequence of disrupting global regulatory pathways, such as stress 

response or central metabolism. Bacterial cells must respond to stresses they encounter as 

they transition between the host and various aquatic environments. It may be that the 

ryhB mutant is unable to sense these changes or cannot appropriately respond to these 

stress signals, and therefore, cannot properly regulate biofilm formation. Although the 

microarray data do not indicate regulation by RyhB of genes involved in the stress 

response, particularly rpoS, many of the genes that show differences in regulation are 

hypothetical proteins that may indeed be involved in the stress response.  

 

Altered regulation of TCA cycle enzymes and amino acid biosynthesis in the ryhB 

mutant may also result in changes in the expression of effector genes involved in biofilm 

formation, including motility genes and outer membrane proteins. Arginine biosynthesis 

is connected to the TCA cycle through α-ketogluterate, which is ultimately required for 

ornithine and arginine biosynthesis. It is possible that the defect in biofilm formation may 

be due to the inability of the cell to properly regulate carbon flow, thus preventing 

biofilm formation. Perhaps the interruption of carbon flow prevents the synthesis of the 

EPS. While the composition of V. cholerae EPS is still unknown, the EPS structures from 

other bacterial species are known to include pyruvate, acetate, succinate, D-glucuronic 

acid and other sugars (Sutherland, 2001), all of which would require large amounts of 

carbon for biosynthesis. In fact, EPS may account for 50% to 90% of the total organic 

carbon of biofilms (Flemming et al., 2000). Reduced biofilm formation due to a decrease 

in VPS would be consistent with our observation that attachment is normal in the ryhB 

mutant but there is failure to form the mature biofilm. Because the VPS genes are not 
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expected to be regulated during planktonic logarithmic growth, alterations in their 

expression would not have been seen in the microarray experiments.  

 

Changes in carbon flow may also be altering the expression of auto-inducers. 

High cell densities, as indicated by the presence of autoinducers, inhibit biofilm 

formation. V. cholerae produced two autoinducers, CAI-1, the structure of which is 

unknown and AI-1, a furanosyl borate diester (Miller et al., 2002). AI-1 is formed by 

combining S-ribosylhomocysteine, itself synthesized from serine, and boric acid 

(McKenzie et al., 2005),  and therefore not directly related to arginine biosythesis or the 

TCA cycle. It is not known how CAI-1 is synthesized, but the altered regulation of the 

TCA cycle may contribute to an increase in the production of this autoinducer in the ryhB 

mutant, resulting in the inappropriate production of CAI-1 which inhibits biofilm 

formation.  

 

 In conclusion, our studies have shown that both iron and amino acids, particularly 

arginine and ornithine, are required for biofilm formation in V. cholerae. In the future, 

this knowledge may help us prevent biofilm formation, perhaps through the addition of 

iron chelators to water sources to prevent the formation of biofilms, and thus limit the 

environmental survival of pathogenic V. cholerae in areas where the disease is endemic. 

RyhB is essential for biofilm formation due to pleiotropic regulatory effects, the most 

important of which are regulation of the arginine biosynthesis pathway, the effects of 

succinate limitation, likely through VPS composition, motility and chemotaxis defects 

and the outer membrane profile as regulated by RyhB.  
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  In addition to the effect of iron on biofilm formation, we have discovered that the 

outer membrane proteins of V. cholerae have altered expression in response to exogenous 

iron concentrations. In conditions where levels of the major virulence regulator ToxR are 

reduced, iron and Fur increase expression of ompT. The observation that environmental 

conditions, such as amino acid concentrations, alter ToxR levels has not been previously 

reported and indicates that regulation of virulence and environmental survival in V. 

cholerae is an increasingly complicated network.  Future studies into the environmental 

survival of V. cholerae will be of paramount importance in understanding this complex 

pathogen.   

 

Our observation that iron and Fur cause an increase in OmpT expression leads us 

to speculate why this regulation might occur. Since most regulation by Fur is negative, 

ompT expression is stimulated under conditions where other Fur and iron regulated outer 

membrane proteins are repressed. Therefore, the increase in ompT levels in high iron 

conditions may be compensating for the loss of a large proportion of iron-regulated 

porins from the outer membrane.  It is also possible that OmpT is acting as a low-affinity 

iron transporter. It is not known how ferrous iron in particular is transported across the 

outer membrane, or how the ferric iron transporter Fbp, which is localized in the inner 

membrane, gains access to iron, but it has been postulated that iron may cross the outer 

membrane through general porins (Crosa et al., 2004).  

 

The mechanism of Fur regulation of ompT is another interesting question. Fur 

could directly regulate ompT, or Fur may be indirectly regulating ompT by repressing a 

repressor of ompT expression, such as a small RNA or protein.  We previously noted that 

ompT is one of the most consistently and highly regulated targets of RyhB in our 
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microarray experiments and in the arrays of other groups (Mey et al., 2005a) (Davis et 

al., 2005).  However, in our arrays, ompT levels were decreased in the ryhB mutant, 

indicating that RyhB had a positive regulatory affect on ompT levels. This was an 

interesting observation in that, to date, RyhB has only been shown to be a negative 

regulator. However, if RyhB directly activated ompT, high iron concentrations would 

prevent the transcription of RyhB and therefore prevent ompT expression. In light of this, 

it is not surprising that RyhB is not responsible for the iron-dependent increase in ompT 

expression. It is unclear why there is a difference in ompT regulation by RyhB in the 

array and the protein gel data, but this may be an indication of further post-transcriptional 

regulation of ompT.  

 

 Iron is expected to be extremely limited in the host, due to host high affinity iron 

binding proteins such as heme, ferritin, transferrin and lactoferrin (Mietzner and Morse, 

1994).  Conversely, V. cholerae may be expected to encounter a higher concentration of 

iron in the environment, especially when residing in association with copepods or algae. 

Therefore, we would not expect to see an iron dependent increase in ompT expression in 

the host. Our data agree with the conventional belief that OmpU is the porin important in 

the host, while OmpT is important for environmental survival. Data supporting this belief 

are as follows: V. cholerae strains expressing OmpT from the ompU promoter had a 

colonization defect (Provenzano and Klose, 2000), OmpT transports a component of bile 

(Duret and Delcour, 2006), bile is able to increase expression of OmpU in the outer 

membrane (Wibbenmeyer et al., 2002), and OmpU provides protection from BPI (a 

component of innate immunity) and other cationic peptides (Mathur and Waldor, 2004). 

Our data that an ompU mutant has increased biofilm formation, which indicates that 
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having OmpU in the membrane is detrimental to biofilm formation, further supports this 

theory.  

 

ToxR regulation of ompT and ompU is a conserved mechanism in V. cholerae 

strains, including non-pathogenic V. cholerae strains.  It is believed that ToxR acquired 

regulatory control of virulence genes later in the evolutionary process. There are 

differences in the regulation of ompT in the classical and El Tor strains in response to 

iron levels. It is known the El Tor and classical strains express virulence genes in 

response to different environmental conditions (growing in a rolling incubator at 30°C in 

a medium with a pH of 6.5 for classical strains and grown at 37°C in AKI medium for 4 

hours in a stationary test tube and then overnight in a flask with shaking for El Tor 

strains), and our data indicate that toxR itself can be regulated. This may be an indication 

of the differences in the environmental survival and pathogenesis of these two strains.  

 

Interestingly, the El Tor strains are generally believed to be the more robust 

environmental survivors, while classical strains are considered to be better pathogens. 

This belief arose in part because the classical strains are associated with more severe 

infections (Kaper et al., 1995), the ratio of cases to carriers is much less in El Tor strains 

than in cholera due to classic biotypes, the duration of carriage after infection is longer 

for the El Tor strain than the classic strains (Woodward and Mosley, 1972), and the fact 

that the El Tor biotype was able to replace the classical biotype in environmental 

reservoirs during the current pandemic (Beyhan et al., 2006). Therefore, it is possible that 

the regulation of OmpT by iron and Fur may constitute a survival advantage to the El Tor 

strains in the environment. 
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Our data reveal a hierarchy in the regulation of ompT. Under conditions where 

ToxR levels are high, such as in environments with high amino acid concentrations, 

OmpT levels are low and OmpU levels are high. However, under conditions where ToxR 

levels are reduced, ompT expression can be further increased by iron and Fur. It also 

appears that OmpU levels are inhibited by high exogenous iron concentrations.  

 

V. cholerae can inhabit many different niches including the small intestine of the 

human host as well as numerous environmental reservoirs. Our research into the effects 

of iron on environmental survival add another level of regulation to what is known about 

how V. cholerae survives in biofilms and also how it regulates expression of its outer 

membrane proteins.  Complex overlapping, reciprocal, additive and even opposing 

regulatory networks allow V. cholerae to fine tune its gene expression to flourish in these 

diverse environments. We now add regulation in response to iron concentration into this 

network at several levels, highlighting the importance of this metal in the survival of this 

versatile pathogen.  
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Appendices 

 

APPENDIX A: EZ-RDM 

 
10X MOPS Mixture   10 ml 
0.132 M K

2
HPO

4
   1 ml 

100X ACGU    10 ml 
5X Amino Acid Supplement  20 ml  
Sterile H

2
O    58 ml 

Total:     100 ml 
 
Before use add 20% Sucrose 1 ml 

 

 

10X MOPS Mixture – 1 Liter 

 
MOPS     10 g 
Tricine     7.17 g 
pH to 7.4 with KOH 
 
Add the Following Components to the base media: 
1.9 M NH

4
Cl    50 ml 

0.276 M K
2
SO

4
   10 ml 

0.02 M CaCl
2
    0.25 ml 

2.5 M MgCl
2
    2.1 ml 

5 M NaCl    100 ml 
50X Micronutrients   0.2 ml 
H2O     to 1 L 
 
50 X Micronutrients – 50 ml 
Ammonium molybdate  0.009 g 
Boric Acid    0.062 g 
Cobalt chloride   0.018 g 
Cupric sulfate    0.006 g 
Manganese chloride   0.040 g 
Zinc sulfate    0.007 g 

5X Amino Acid Supplement 

 
Alanine   5 ml 
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Arginine   5 ml 
Asparagine   40 ml 
Aspartic Acid   5 ml 
Glutamic Acid   50 ml 
Cysteine   5 ml 
Glutamine   25 ml 
Glycin    5 ml 
Histidine   5 ml 
Isoleucine   10 ml 
Leucine   80 ml 
Lysine     5 ml 
Methionine   5 ml 
Phenylalanine   40 ml 
Proline    5 ml 
Serine    125 ml 
Threonine   5 ml 
Tryptophane   10 ml 
Tyrosine   100 ml 
Valine    10 ml 
Va Vitamine Solution  50 ml 
H

2
O to 1 liter 

 
Amino Acid Stocks - Add indicated amounts to indicated volume: 
Alanine   1.78 g   25 ml 
Arginine   2.11 g   25 ml 
Asparagine   0.75 g   100 ml 
Aspartic Acid   1.71 g   25 ml 
Glutamic Acid   2.78 g   25 ml 
Cysteine   0.09 g    50 ml 
Glutamine   0.18 g    100 ml 
Glycin    1.50 g   25 ml 
Histidine   1.05 g   25 ml 
Isoleucine   0.65 g   25 ml 
Leucine   0.66 g   100 ml 
Lysine    1.83 g   25 ml 
Methionine   0.75 g   25 ml 
Phenylalanine   0.83 g   100 ml 
Proline    1.15 g   25 ml 
Serine    4.20 g   100 ml 
Threonine   1.19 g   25 ml 
Tryptophane   0.26 g   25 ml 
Tyrosine   0.045 g  25 ml 
Valine    0.88 g   25ml 
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Va Vitamin Solution 
  
0.02 M Thiamine     25 ml 
0.02 M Ca

2+
 pantothenate    25 ml 

0.02 M amino benzoic acid    25 ml 
0.02 M hydroxy benzoic acid    25 ml 
0.02 M 2,3-di hydroxyl benzoic acid   25 ml 
H

2
O to 500 mL 

 

10X ACGU  (in 1 liter H
2
O with 0.015 M KOH) 

 
Adenine   0.270 g 
Cytosine   0.222 g 
Uracil    0.224 g 
Guanine   0.302 g     

 

 

 

 

APPENDIX B: ADDITIONAL DATA  

Table 1: Select Targets of V. cholerae RyhB Determined by TargetRNA  

 
Encoded Protein   Gene Designation (s)  Change in Expression  

(n-Fold) 
________________________________________________________________________ 

 
oppD      VC1094  -1.59 (+/- 0.77) 
ferrichrome receptor (fhuC)   VC0200  -1.99 (+/- 0.54) 
conserved hypothetical protein   VC2371  -3.45 (+/- 1.9) 
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Figure 1: Spermine does not affect biofilm formation in media not containing amino 
acids. Biofilm formation was determined in the microtiter biofilm assay in EZ-RDM 
without amino acids (unless indicated) with the addition of 10, 50 and 100 mM spermine. 
Results are from one experiment.  
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Figure 2: Succinate does not affect biofilm formation in media not containing amino 
acids. Biofilm formation was determined in the microtiter biofilm assay in EZ-RDM with 
out amino acids (unless indicated) with the addition of 0.5%, 1.0% and 2.0% succinate. 
Results are from one experiment.  
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