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Vibrio cholerae is a highly successful human pathogen and environmental 

organism. To thrive in these diverse environments, it must encode the tools necessary to 

acquire essential nutrients such as iron. A number of V. cholerae iron acquisition systems 

have been identified, and altogether are necessary for growth; however, the roles of each 

individual system are poorly understood. To test the roles of individual systems, we 

generated a series of mutants in which only one of the four systems, Feo, Fbp, Vct, and 

Vib, that support iron acquisition on unsupplemented LB remains functional. Analyses of 

these mutants under different growth conditions demonstrate that these systems are not 

redundant. They are limited by substrate availability; the Fe
2+

-specific transporter, Feo, 

fails to stimulate growth in environments which favor Fe
3+

 and the Fe
3+

-specific 

transporter, Fbp, fails to stimulate growth in environments which favor Fe
2+

. While the 

Vct system transports high-affinity iron binding compounds, or siderophores, this system 

also supports robust growth in the presence of ascorbate, suggesting Fe-ascorbate as a 

potential substrate. A strain defective in all four systems has a severe growth defect in 

aerobic conditions, but accumulates iron and grows at wild-type levels in the absence of 

oxygen. These data support the presence of an additional, unidentified iron transporter in 

V. cholerae which does not share apparent homology to known iron transporters from 

other organisms. Further, V. cholerae VciB plays a role in iron acquisition by promoting 
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the reduction of Fe
3+

 to Fe
2+

. Deletion of the major NADH dehydrogenase, Na
+
-NQR 

alters the kinetics of iron reduction; as such, we propose a model whereby VciB mediates 

reduction of iron by re-directing electrons from the electron transport chain. VciB 

supports Fe
2+

 transport through the Feo system, as strains dependent on Feo are 

stimulated by the presence of vciB. Analyses of VciB orthologs indicate a shared function 

for a family of proteins of previously uncharacterized function. In total, these studies 

provide new insights into the functional roles of different V. cholerae systems involved in 

iron acquisition. 
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I. INTRODUCTION 

1. Vibrio cholerae 

Vibrio cholerae, a Gram-negative bacterium, is the causative agent of the severe 

diarrheal disease, cholera. Like nearly all other Vibrio species, it exists in marine 

environments where it associates with the fauna and flora (1). When V. cholerae is 

ingested by humans in contaminated food or water, severe disease can occur. Utilizing a 

number of virulence factors including the toxin-coregulated pilus (TCP) (2) and cholera 

toxin (CTX) (3), V. cholerae replicates to great numbers in the host and is expelled in the 

form of rice-water diarrhea. If rehydration treatment is not applied to cholera patients, the 

resulting severe dehydration can be fatal. In 2015, more than 172,000 cases were reported 

with over 1,300 deaths in areas surveyed by the World Health Organization (4). Due to 

under-reporting and lack of surveillance in many countries, actual annual cases likely 

range into the millions with nearly 150,000 deaths as a result.  

Cholera is endemic in many impoverished countries where sanitation is limited 

and properly treated drinking water is rare. However, a number of outbreaks have 

occurred in recent years in more developed countries including the Americas. In Haiti, 

the 2010 earthquake resulted in the beginnings of a continuing cholera epidemic 

stemming from damage to sewage disposal systems and water treatment. Since the 

beginning of the epidemic, over 750,000 cases of cholera have been reported. With the 

recent October 2016 hurricane, increased cases of cholera are expected. Despite the gross 

impact on human life world-wide, an effective strategy for curtailing cholera epidemics is 

still absent. Moderately effective vaccines for cholera exist, but the resources necessary 

to sufficiently vaccinate susceptible regions are limited. In other cases, cholera results 

from unpredictable exposures due to ingestion of imported goods. Despite the possibility 
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for sporadic occurrences, the long-term strategy for control of this highly-successful 

pathogen is to establish effective sanitation systems and access to safe, clean drinking 

water. 
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2. Role of iron in microbial life 

2.1 IRON AND BIOLOGICAL FUNCTION 

Iron, while one of the most prevalent chemicals on Earth, is not readily 

bioavailable. Iron is poorly soluble under oxygenated conditions at neutral or basic pH 

(5) and is often found as ferric (Fe
3+

) hydroxides. In the ocean and brackish waters V. 

cholerae inhabits, the pH ranges from 7.5-8.4 (6) with varying oxygen concentrations 

which may favor the oxidized form. Reduced iron (Fe
2+

) is more soluble than the 

oxidized form (Fe
3+

), but reducing environments such as those found in the niches in the 

human host often have numerous mechanisms to restrict the availability of free iron, both 

on host surfaces and within cells. These mechanisms include the proteins transferrin and 

lactoferrin which bind free iron within blood and bodily secretions, respectively (7). With 

roles in central metabolism (8, 9), nucleotide reduction for DNA nucleotide synthesis 

(10), and oxidative stress tolerance (11), iron is essential for all living organisms with few 

exceptions. These roles are critical for the growth and replication of microbes and, as 

such, iron must be acquired from the diverse niches which microorganisms fill.  

2.2 NECESSITY IN VIRULENCE AND PATHOGENESIS 

The requirement for iron acquisition at different stages of the bacterial lifestyle 

has been observed in a number of studies involving human pathogens. These studies 

addressed the direct role of iron in infection, transmission of disease, colonization 

requirements, and the importance of iron-mediated gene regulation during infection. 

Other studies highlighted the dynamics of host-pathogen interaction through various 

mechanisms for acquiring and withholding iron, both on the pathogen and host side. 

Together, these studies stress the importance of iron in growth and survival of bacterial 

pathogens. 
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The dynamics of iron in infection are illustrated in experiments with Vibrio 

vulnificus where the LD50 in mice was determined under manipulated serum-iron 

conditions. Wright et al. (12) found that the virulence of V. vulnificus correlated with 

levels of free iron in serum, with high iron levels correlating with a reduced LD50 and 

increased animal mortality. However, the incubation of V. vulnificus with human serum 

in vitro resulted in a loss of viable bacterial cell count over time. This phenomenon was 

attributed to the presence of transferrin, a human protein with high iron-binding affinity 

that restricts iron availability in the bloodstream. These experimental results regarding V. 

vulnificus and the mouse infection model are consistent with poor patient outcomes 

observed in the clinical setting for those with excess serum iron due to hemochromatosis 

(13, 14). Similar effects of iron in infection have been observed for many other infectious 

pathogens and their respective niches as well and demonstrate the critical role of iron in 

infection. 

In microorganisms, a number of diverse iron-acquisition systems exist to acquire 

iron from different sources available in various niches. They can be categorized as high-

affinity transporters of free iron with specificity for the reduced ferrous or oxidized ferric 

form and, separately, siderophores, low molecular weight compounds with high binding 

affinity for iron produced by numerous organisms. High-affinity transporters of free iron 

are able to import iron as the free ferrous, free ferric, or weakly complexed forms such as 

ferric citrate. Alternatively, siderophores are diverse in structure and are generally 

produced from 2,3-dihydroxybenzoic acid (DHBA) or hydroxamates (15). Siderophores 

containing DHBA groups are referred to as catechol siderophores. These groups allow for 

tight association with ferric iron and are commonly linked to amino acids or other low 

molecular weight molecules. Structurally diverse siderophores have different binding 

affinities for iron; some siderophores compete effectively against transferrin for iron, 
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while other siderophores do not due to comparatively low binding affinities. Upon 

binding iron, these ferri-siderophores are taken up by the bacteria through active transport 

via receptors and inner membrane transport complexes. 

Pathogens often encode numerous iron acquisition systems with a mix of high-

affinity iron transporters, siderophore synthesis, and siderophore utilization systems. 

These systems have been studied for their roles in acquiring iron in host infection models. 

In Yersinia pestis, the siderophore biosynthesis genes were necessary for the effective 

transmission of disease from fleas to mice (16). Separately, Fetherston et al. (17) 

demonstrated Y. pestis high-affinity iron transporters were crucial to the bubonic form of 

the disease while insignificant for the pneumonic disease. For Klebsiella pneumoniae, the 

production of three different siderophores contributes to infection in the mouse 

pneumonic model and interactions among the different siderophores and host iron-

restriction mechanisms determine the pervasiveness of infection (18).  

While host iron-restriction mechanisms are generally effective in preventing iron 

acquisition by pathogens, some microbes evolved to exploit these mechanisms such as 

Neiserria utilization of transferrin-bound iron (19, 20). Other host mechanisms for 

restricting iron availability during infection include the protein lipocalin which binds 

catechol siderophores and prevents their uptake by bacteria (21). So while some microbes 

produce siderophores to scavenge iron from transferrin, these siderophores may become 

trapped by lipocalin. Strategies to avoid lipocalin-mediated iron-restriction include 

modifications upon catechol siderophores such as the glucosylation of enterobactin (22), 

a catechol siderophore produced by many enteric microbes, or the production of non-

recognized catechol siderophores as is the case for Bacillus anthracis (23). 

The importance of iron in bacterial pathogens is highlighted not only by the 

ongoing evolutionary battle between hosts and pathogens for iron, but also the role that 
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iron-mediated regulation of gene expression cascades play in successful host colonization 

and pathogenesis. The ferric uptake regulator (Fur) is an iron-responsive protein found in 

organisms that colonize a variety of niches within the human host ranging from 

colonization of the gastrointestinal tract by the ulcer-causing Helicobacter pylori (24) to 

the urogenital tract by the sexually transmitted disease agent Neisseria gonorhoeae (25). 

Under intracellular iron-replete conditions (26), Fur is bound by iron. The Fe-Fur 

complex is able to bind to DNA at Fur-binding sites and repress transcription of a variety 

of genes involved in iron acquisition. The importance of this protein and its regulatory 

role in numerous organisms is best exemplified by the colonization defects of fur mutants 

in different pathogens and their respective disease models (27–29). This is not surprising 

as fur mutants fail to respond to iron conditions, including the iron-restricting 

environments of the many host niches. Genes regulated by Fur are not limited to iron 

acquisition and include genes involved in colonization and virulence; in E. coli, Fur 

regulates toxin production (30) while in Salmonella, Fur indirectly controls expression of 

pathogenicity island-encoded genes (31).  

In summary, iron not only plays essential roles within microbes, but also serves as 

an environmental signal for host-pathogen interaction. The delicate balance of iron 

acquisition systems, host iron withholding mechanisms, and the tools gained over 

evolutionary time to counter different methods for evasion and restriction emphasize the 

need to understand how these systems function. 
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3. Iron acquisition in Vibrio cholerae 

V. cholerae exists within a number of environmental niches in ocean and brackish 

water where it exists as planktonic, free-swimming cells or associated with marine 

organisms (1). When ingested by a human host through contaminated food or water, V. 

cholerae establishes a firm hold within the small intestine and replicates to great 

numbers, eventually causing severe diarrhea as a consequence of its toxin. Once expelled 

from the host, V. cholerae may be released to its environmental reservoir or infect 

another host. Given the very diverse environmental conditions V. cholerae encounters 

within this lifestyle and the dynamics of iron availability in each niche, it is not surprising 

that V. cholerae encodes a substantial number of iron transport or transport-related genes 

to maximize scavenging of this limited, yet essential nutrient. Greater than 1% of the V. 

cholerae genome encodes these tools (15, 32, 33) (Fig. 1). These systems are illustrated 

in Fig. 2 and will be discussed in detail. Further, V. cholerae’s absolute iron requirement 

can be observed by its failure to grow under iron-restricted conditions (Fig. 3). 
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Figure 1. Location of gene loci involved in iron acquisition in Vibrio cholerae. 

Map of V. cholerae chromosomes showing locations of known iron transport 

genes. Purple, outer membrane receptor genes; yellow, periplasmic binding protein and 

cytoplasmic membrane transporter genes; green, TonB system genes; blue, cytoplasmic 

protein genes. (15) 
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Figure 2. Iron acquisition in Vibrio cholerae. 

V. cholerae iron transport systems. The cell envelope locations of components of 

the major iron transport systems and the compounds transported through each system are 

shown. (15) 
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Figure 3. Vibrio cholerae requires iron for growth. 

Robust growth of V. cholerae under standard laboratory conditions requires 

access to iron. Growth of V. cholerae after 24 h incubation at 37°C on (A) LB agar plates 

and (B) LB agar plates with iron restriction through the addition of EDDA, an iron 

chelator. 
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3.1 HIGH-AFFINITY IRON ACQUISITION SYSTEMS 

Feo ferrous iron (Fe
2+

) transport  

The Feo ferrous iron transport system was first described in E. coli and has been 

the focus of many studies (34–38). It is thought to be one of the ancestral mechanisms for 

iron acquisition in the anoxic environment of early Earth where ferrous iron was 

predominant. The canonical Feo system is composed of three separate proteins: FeoA, 

FeoB, and FeoC. In some organisms, the Feo system is reported to consist of only FeoA 

and FeoB (38, 39); however, confirmation of iron transport function and the true absence 

of a FeoC gene within each of the respective chromosomes remain to be determined. 

Annotation of the FeoC reading frame is not always accurate due to its small size and, in 

some cases, overlap with the FeoB reading frame. FeoA and FeoC proteins are small (~8 

kD), soluble proteins with unclear function while FeoB is a significantly larger protein 

(~80 kD) with multiple predicted transmembrane-spanning regions (38). FeoB also 

contains an N-terminal GTPase domain which is required for function (40–42). It is 

thought that FeoA and FeoC play mandatory accessory roles in the function of the system 

while FeoB serves as the inner membrane permease through which iron transport is 

directed; despite decades of study, particularly on E. coli Feo (36–38), the exact 

dynamics of iron import through the Feo system remains unclear.  

The V. cholerae feoABC operon was identified through analysis of the genome for 

potential iron transporters (43). Function of the V. cholerae Feo system was demonstrated 

through growth stimulation of a Shigella flexneri iron transport mutant, SM193w. 

Introduction of the feo operon on a plasmid was sufficient to restore growth to the strain. 

Additionally, accumulation of a radioactive iron species (
55

Fe) in an iron uptake assay 

confirmed that V. cholerae feoABC promoted uptake of reduced (Fe
2+

) but not oxidized 

(Fe
3+

) iron. V. cholerae FeoA is a small (8.3 kD) soluble protein with 40% identity to E. 
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coli FeoA; FeoB is a considerably larger protein of roughly 83 kD with 40% identity to 

E. coli FeoB; and FeoC (8.5 kD) only shares 11% amino acid identity with E. coli FeoC. 

All three components are required for function (44). Weaver et al. (44) observed 

interactions between FeoB and FeoC in enzymatic assays and Stevenson et al. (45) 

demonstrated the formation of large protein complexes (> 750 kD) containing FeoA, 

FeoB, and FeoC. To further characterize the interactions among the Feo proteins, 

Stevenson et al. (45) dissected the system through mutagenesis of the different 

components. Mutations in the conserved residues of the FeoB GTPase domain indicated 

that GTPase function was required for the system to function; though, only some of these 

mutations had effects upon complex formation. All tested mutations in FeoA prevented 

function of the system as well as complex formation. Deletion of V. cholerae feoC 

destroyed function of the system and reduced the stability of FeoB, but did not affect 

complex formation. The role of the individual components in complex formation, the 

function of the Feo system, and how this system imports ferrous iron requires continued 

study.  

Fbp ferric iron (Fe
3+

) transport  

The Fbp ferric iron-specific transporter in V. cholerae also was identified in the 

search for V. cholerae iron transporters undertaken by Wyckoff et al. (43). The V. 

cholerae Fbp system consists of three proteins, FbpA, FbpB, and FbpC, which were 

identified based on homology to proteins from the Neisseria species. In N. gonorrhoeae, 

outer membrane receptors release iron from host transferrin and the cytoplasmic 

membrane Fbp system is involved in the subsequent import of the liberated iron into the 

bacterial cytoplasm from the receptor (46). V. cholerae Fbp proteins have high amino 

acid similarity to those of the iron transporter proteins FbpA, FbpB, and FbpC in 
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Mannheimia haemolytica (47). Fbp is a member of the ABC transporter family, FbpC 

binds and hydrolyzes ATP for the active transport of iron into the cytoplasm by the inner 

membrane embedded permease, FbpB. FbpA is a protein of the transferrin family which 

serves to solubilize ferric iron within the periplasmic space (48). Ferric iron transport 

specificity in V. cholerae was determined through radioactive iron transport assays under 

reducing and non-reducing conditions (43). While V. cholerae Fbp, like the Feo system, 

transports iron from the periplasmic space into the cytoplasm, a clear mechanism for iron 

import into the periplasmic space has not been identified. Like Feo, transport of iron into 

the periplasmic space appears to be independent of active transport into the periplasmic 

space by the energy-dependent TonB systems. As such, porins are suspected to bring 

iron, both ferric and ferrous, into the periplasmic space. 

Vibriobactin, V. cholerae’s native siderophore 

V. cholerae encodes the biosynthetic pathway of the catechol siderophore 

vibriobactin and its subsequent uptake. Vibriobactin is assembled from 

dihydroxybenzoate, threonine, and norspermidine by nonribosomal peptide synthesis 

using VibBDEFH (49–52). The disruption of any of these genes which are found at two 

separate gene loci results in the absence of detectable siderophore suggesting that 

vibriobactin is the only siderophore produced by V. cholerae (53–55). Once made and 

released into the environment through an unknown mechanism, vibriobactin binds to iron 

with high affinity. Upon binding of iron by vibriobactin, the ferri-siderophore complex 

binds to the outer membrane receptor ViuA (56, 57). ViuA allows for uptake of the ferri-

siderophore complex and transfer to ViuP or VctP. ViuP and VctP are the periplasmic 

binding proteins of the ViuPDGC (58) and VctPDGC (33) ATP-binding cassette family 

inner membrane transmembrane transporters, respectively. Following transport into the 
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cytoplasm through either inner membrane permease, the iron is released from 

vibriobactin by a process which requires ViuB (59). ViuB is homologous to the E. coli 

YqjH protein (60) which has been demonstrated to release iron from catecholate 

siderophores through reduction, thus reducing the binding affinity of siderophore for its 

iron substrate.  

Vct siderophore mediated transport and siderophore-independent iron transport 

V. cholerae encodes VctPDGC, a periplasmic binding protein dependent system 

for the import of siderophores and the import of an unidentified iron substrate (33). VctP 

is the periplasmic binding protein component which is known to associate with the 

siderophores enterobactin and vibriobactin (33, 61). VctD and VctG form the inner 

membrane transmembrane channel for transport of the iron complexes and VctC has 

predicted ATPase activity for driving import. While the VctPDGC system was 

demonstrated to transport ferri-siderophores (58), vctPDGC was later shown to stimulate 

growth of the iron transport deficient S. flexneri strain SM193w (33). With this 

observation, it was determined that transport of iron must occur in the absence of a 

siderophore, as the genes for siderophore biosynthesis in SM193w were deleted and 

secretion of iron-binding molecules by the strain was not detected in biochemical assays. 

Further, while a V. cholerae strain deficient in vibriobactin synthesis and the high-affinity 

iron transporters Feo and Fbp was still able to grow on standard laboratory medium, the 

additional mutation of vctP prevented growth, suggesting that the Vct system was indeed 

transporting an iron ligand. The Vct system still functioned to stimulate growth despite 

the absence of TonB which is required for the transport of ferri-siderophore complexes 

through the outer membrane, suggesting that Vct iron-transport was independent of any 

siderophore. Mutation of a conserved residue within VctP (Y310F) resulted in the 
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disruption of siderophore-independent but not siderophore-dependent growth stimulation 

of SM193w (33). It remains unclear what non-siderophore iron substrate is transported in 

V. cholerae, and how this system and its substrate diversity is important in the V. 

cholerae lifecycle. 

3.2 UTILIZATION OF XENOSIDEROPHORES AND COMPLEXED IRON 

While vibriobactin is the only siderophore synthesized by V. cholerae, a variety of 

siderophores synthesized by other bacteria, or xenosiderophores, are used by V. cholerae 

(15, 32). The ability to use xenosiderophores may provide an advantage for V. cholerae 

in one or more of its replicative niches. Like many pathogenic bacteria, V. cholerae is 

also able to import and utilize heme from its environment as an iron source (62). 

Utilization of enterobactin – IrgA, VctA, and ViuA 

V. cholerae uses the inner membrane periplasmic binding protein dependent 

systems ViuPDGC and VctPDGC for the active import of ferri-siderophore into the 

cytoplasm for subsequent reduction and release of the iron (15, 32). These systems are 

not specific to vibriobactin; V. cholerae can use other catechol siderophores including the 

linear forms of enterobactin and fluvibactin. Mey et al. (63) identified VctA and IrgA as 

outer membrane receptors for enterobactin. Wyckoff et al. (64) further dissected the 

genetic basis for siderophore utilization through the outer membrane receptors ViuA, 

VctA, and IrgA by introducing mutations into all three receptors and reintroducing 

individual receptors using a plasmid system. The study revealed that V. cholerae does not 

actually use the cyclized form of enterobactin, but instead uses the linear form and its 

breakdown products, the dihydroxybenzoylserine (DBS) monomer, dimer, or trimer. 

While ViuA allowed use of the DBS trimer, the monomer and dimer did not appear to be 

transported through ViuA. All three forms of DBS could, however, be transported 
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through VctA and IrgA. Because the other iron transporters including Feo and Fbp were 

present in the strains tested, iron chelator, deferrated ethylene diamine 

diorthohydroxyphenyl acetic acid (EDDA), was added to growth media to study 

utilization of the different siderophores. Studies of siderophores and import receptors 

often employ chelating agents to visualize phenotypes; while effective, these approaches 

may have limitations when comparing the relative binding affinity of the chelators and 

siderophores for iron. 

Utilization of ferrichrome – FhuA and FhuBCD 

A number of studies have demonstrated the capacity of V. cholerae to use the 

hydroxamate siderophore, ferrichrome, as an iron source (64–69). Ferrichrome was first 

isolated from fungi (70) and systems for transport of this siderophore have been 

identified in a number of bacteria. Use of this siderophore, like all other siderophores, 

requires a TonB-dependent outer membrane receptor, FhuA (66), and the periplasmic 

binding protein dependent permease FhuBCD. While modification of the siderophore 

through acylation is thought to remove the iron from ferrichrome in other organisms (71, 

72), it is not known how iron release in mediated in V. cholerae.  

Utilization of heme – Has and Hut 

V. cholerae is able to use heme as an iron source (73). Three independent outer 

membrane receptors appear to function in the uptake of heme. The genetic requirements 

for heme use by V. cholerae were first assessed by testing plasmids in an E. coli strain 

which cannot use heme. hutA and hutB were isolated from this screen and identified to be 

an outer membrane receptor and an inner membrane protein, respectively (74). However, 

a V. cholerae hutA mutant was still able to grow effectively on heme and two additional 

outer membrane heme receptors, HutR and HasR, were later identified (75). Deletion of 
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all three heme receptors HutA, HutR, and HasR prevented growth on heme as an iron 

source, suggesting that all outer membrane receptors for heme uptake have been 

identified. HutB, HutC, and HutD were identified as the periplasmic binding protein and 

inner membrane permeases, respectively, for the import of heme into the cell cytoplasm 

(68). Disruptions in hutB, hutC, and hutD resulted in only a modest defect when grown 

on media with heme as the sole iron source, suggesting that while they support heme 

utilization, alternative strategies for the use of heme exist in V. cholerae. Once heme is 

imported into the cell cytoplasm, the iron must be released for it to be used as an iron 

source. HutX (76) is believed to transport heme within the cytoplasm for degradation by 

HutZ which has been recently characterized as a heme oxygenase (77). HutZ and HutX 

are encoded in an operon with HutW (Fig. 1). The function of HutW in the transport or 

use of heme as an iron source remains to be determined. 

3.3 ACCESSORY PROTEINS INVOLVED IN IRON ACQUISITION 

TonB, energy transduction to outer membrane receptors 

In order for the outer membrane receptors to function, TonB and accessory 

proteins are necessary for the translocation of energy from the inner membrane (78). 

TonB is anchored in the inner membrane alongside ExbB and ExbD where it is believed 

to use the energy of the proton motive force to transduce energy from the inner 

membrane to the outer membrane receptors through an unknown mechanism (79). While 

numerous models have been proposed, there is not conclusive evidence to support how 

TonB energizes transport at the outer membrane. It is clear, though, that TonB interacts 

directly with a number of outer membrane receptors and is required for uptake of ferri-

siderophores (80–85).  
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Interestingly, V. cholerae encodes two separate TonB systems (86): TonB1 and 

TonB2. The TonB1 system consists of tonB1 exbB1 exbD1, and TonB2 consists of tonB2 

exbB2 exbD2 ttpC (87). These TonB systems appear to have overlapping as well as 

separate roles, as only one of the two TonB loci, specifically TonB2, was able to 

complement an E. coli tonB mutant (88). Manipulation of the C-terminal TonB1 

sequence allowed for interactions with receptors previously unrecognized by TonB1, 

suggesting specificity in the interaction between the receptor and the C-terminus of 

TonB1 (89). Both TonB-ExbB-ExbD systems function in the use of vibriobactin, 

ferrichrome, and heme (68) while TonB2 is required for transport of enterobactin through 

VctA or IrgA (69) and HasR-mediated heme uptake (75). ViuA (vibriobactin), FhuA 

(ferrichrome), HutR and HutA (heme) receptors appear to function through either system  

(69, 75), though changes in osmotic conditions altered the functionality of these receptors 

and their interactions with the TonB proteins (69).  

VciB, an inner membrane accessory protein with uncharacterized function 

V. cholerae vciB was identified in a screen for V. cholerae genes capable of 

stimulating growth of a siderophore biosynthesis E. coli mutant (67). By screening a 

cosmid library in E. coli, the operon vciAB was identified after sequencing isolated 

clones. BLAST (90) and Pfam (91) analysis suggest that the upstream gene product, 

VciA, functions as a TonB-dependent ligand-gated outer membrane receptor protein of 

an unidentified iron-siderophore complex. However, vciB function was separated from 

vciA as the growth stimulation of the E. coli siderophore mutant required vciB and not 

vciA (67). vciB was not sufficient to stimulate the growth of the iron transport deficient S. 

flexneri strain SM193w, even with the presence of vciA, indicating that this operon does 

not encode an iron transport system but instead serves an accessory role in transport. In 
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E. coli, growth stimulation by vciB was not observed with the interruption of the feoB 

locus and a number of plasmid-encoded high-affinity iron transport systems were tested 

in conjunction with vciB to explore vciB function. Interestingly, the stimulatory effect of 

vciB was only observed in the presence of ferrous-iron specific transporters (E. coli Feo, 

V. cholerae Feo, and S. flexneri Sit) and no stimulation was observed when vciB was 

tested in strains expressing only ferric-iron specific transporters (Haemophilus influenzae 

Hit and V. cholerae Fbp). VciB stimulated iron transport in S. flexneri in a Feo-dependent 

manner. These observations led to the proposed model of VciB ferric iron reductase 

activity, whereby ferric iron within the periplasmic space is reduced by VciB to the 

ferrous state for subsequent transport into the cell cytoplasm. VciB belongs to a family of 

proteins with unknown function (90, 91) distributed throughout Vibrio, Aeromonas, 

Burkholderia, other environmental isolates.  

The initial characterization of vciB was done in E. coli and the role of VciB in 

stimulating iron transport through Feo was assessed in S. flexneri. In V. cholerae, no clear 

phenotypes were observed for a V. cholerae vciB mutant in growth or the infant mouse 

colonization model (67). However, the absence of a phenotype likely stems from the 

presence of the Vct system which was not discovered to transport a siderophore-

independent iron ligand until later (33). The role of vciB in V. cholerae iron acquisition 

and its functional roles remain unknown. 
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4. Purpose of this research 

While the iron acquisition systems capable of sustaining V. cholerae growth in the 

laboratory have been identified, a significant amount of information regarding how these 

systems function and where they are necessary in V. cholerae’s lifecycle, in particular 

which systems are required for successful colonization of the host, remain unknown. 

Additionally, the role of VciB, which appears to be an accessory protein for ferrous iron 

acquisition, is unknown. Understanding the dynamics of iron acquisition for V. cholerae 

in the host and in its environmental reservoirs may provide insights for better control of 

this pathogen. 
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II. MATERIALS AND METHODS 

1. Media and growth conditions 

The bacterial strains and plasmids used in this study are listed in Table 1. Strains 

were maintained at -80°C in tryptic soy broth with 20% glycerol. Strains were routinely 

grown in Luria-Bertani (LB) broth (1% tryptone, 0.5% yeast extract, and 1% sodium 

chloride) or on LB agar (1.5% agar) at 37°C. Hemin (5 µM) was used for the routine 

growth of iron transport deficient strains. Antibiotics were used as follows for V. 

cholerae strains: 75 µg/mL streptomycin, 50 µg/mL kanamycin, 100 µg/mL ampicillin, 5 

µg/mL chloramphenicol, 5 µg/mL gentamicin, and 1 µg/mL streptonigrin. For E. coli 

strains, 50 µg/mL kanamycin, 100 µg/mL ampicillin, and 25 μg/mL chloramphenicol 

were used. 

The iron content of the LB broth was determined by a FerroZine-based assay. Iron 

sulfate was added to LB broth at final concentrations of 0, 5, 10, and 20 μM. The 

reducing agent ascorbate was added to a final concentration of 10 mM to reduce total iron 

in the samples to the ferrous state. Total iron was then quantified by the addition of 1 mM 

(final) FerroZine (Sigma), vortexed, and incubated at room temperature for 5 minutes 

prior to measuring the absorbance at 562 nm. This assay was performed on three separate 

LB broth samples prepared on separate days. Linear regression was used (GraphPad 

Prism) and the molar extinction coefficient of Fe-FerroZine (27.9 mM
-1

 cm
-1

 at 562 nm) 

was used to calculate iron in LB broth with no added iron. 

For growth assays, iron sulfate (FeSO4) and hemin were added where indicated to 

a final concentration of 40 µM and 10 µM, respectively. LB medium at pH 6.5, 7.5, and 

8.5 was buffered with 50 mM of piperazine-N,N’-bis(2-ethanesulfonic acid) (PIPES), 4-

(2-hydroxyetyhl)-1-piperazineethanesulfonic acid (HEPES), or N-(2-Hydroxy-1,1-
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bis(hydroxymethyl)ethyl)glycine (Tricine), respectively. Deferrated ethylene diamine 

diorthohydroxyphenyl acetic acid (EDDA) (92) was used at a final concentration of 20 

μg/mL to induce iron starvation. Micro-aerobic environments were generated using the 

GasPak EZ Campy container system (BD Biosciences); anaerobic environments were 

generated using AnaeroGen 2.5L (Thermo Scientific). Sucrose supplementation was used 

at a final concentration of 0.4% w/v for inductively coupled plasma mass spectrometry 

sample preparation. Ascorbate was added to growth media at final concentrations of 4 

mM for agar and 1 mM for liquid growth. For experiments comparing the wild-type V. 

cholerae O395 and Δnqr strain, a modified LB (1% tryptone, 0.5% yeast extract, 1% 

sodium chloride, 0.4% sucrose, and 100 mM Tris, pH 7.5) was used. 

M9 minimal medium was used as described by Pardee et al. (93). A final 

concentration of 0.2% (w/v) sucrose and 10 μM FeSO4 were added. A modified T 

medium was also used for the growth of V. cholerae in minimal medium with adjusted 

pH (94). PIPES was used to substitute tris(hydroxymethyl)aminomethane at a final 

concentration of 100 mM. The medium was adjusted to pH 6.5 using NaOH and HCl. 

Sucrose and FeSO4 were provided at 0.2% (w/v) and 10 μM final concentrations, 

respectively.  
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2. DNA manipulation 

2.1 ISOLATION OF BACTERIAL DNA 

a. Chromosomal DNA 

Chromosomal DNA was isolated from overnight cultures of relevant species. One 

mL of overnight culture was pelleted and processed using the Invitrogen PureLink 

Genomic DNA kit. DNA was eluted from columns using DEPC-treated ddH2O and 

stored at -20°C prior to use. 

b. Plasmid DNA 

Plasmid DNA was isolated from overnight cultures of bacteria grown in LB 

supplemented with antibiotics as appropriate. The GenElute Plasmid Miniprep Kit 

(Sigma-Aldrich) was used to isolate plasmid DNA. DNA was eluted from columns using 

DEPC-treated ddH2O and stored at -20°C. 

2.2 POLYMERASE CHAIN REACTION 

a. Standard amplification protocol 

Polymerase amplification was carried out using KOD DNA polymerase 

(Novagen). Components in standard reactions were as follows: 0.2 mM dNTPs, 0.2 μM 

each of the forward and reverse primers, 1.5 mM MgSO4, 1X KOD Hot Start DNA 

Polymerase Buffer, 0.02 U/μL KOD Hot Start DNA Polymerase, and template DNA. 

Reactions were initiated by polymerase activation at 95°C for 2 minutes followed by 33 

cycles of 15 seconds at 95°C, 30 seconds at 60°C, and 30 seconds per 1 kb of amplicon at 

temperatures ranging from 68°C to 72°C. After completion of cycles, a final extension at 

68°C to 72°C was run for 5 minutes.  
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b. Screening of bacterial colonies 

For routine screening of clones by PCR, Taq DNA Polymerase (New England 

Biolabs) reactions consisted of the following: 0.2 mM dNTPs, 0.2 μM each of the 

forward and reverse primers, 1X Thermopol DNA Polymerase buffer, template DNA, 

and 0.02 U/μL Taq DNA Polymerase. Reactions were initiated by polymerase activation 

at 95°C for 2 minutes followed by 33 cycles of 15 seconds at 95°C, 30 seconds at 60°C, 

and 1 minute per 1 kb of amplicon at temperatures ranging from 68°C to 72°C. After 

completion of cycles, a final extension at 68°C to 72°C was run for 5 minutes. 

c. Site-directed mutagenesis 

Site-directed mutagenesis of plasmid DNA was carried out using the QuikChange 

protocol (Aligent Technologies, Inc.) or back-to-back primer amplification protocol. For 

the QuikChange protocol, overlapping primers introducing single to triple base 

substitutions were used for PCR amplification. Polymerase chain reaction was carried out 

using the KOD DNA polymerase protocol with modifications. Reactions were initiated 

by polymerase activation at 95°C for 2 minutes followed by 16 cycles of 15 seconds at 

95°C, 30 seconds at 50°C to 60°C, and 30 seconds per 1 kb of amplicon at 72°C. After 

completion of cycles, a final extension at 72°C was run for 5 minutes. PCR products were 

treated with DpnI and subsequently transformed into E. coli DH5α chemically competent 

cells.  

For the back-to-back primer amplification protocol, primers were designed such 

that ligation of PCR products would introduce the desired mutation in the correct frame. 

Reactions were initiated by polymerase activation at 95°C for 2 minutes followed by 16 

cycles of 15 seconds at 95°C, 30 seconds at 50°C to 60°C, and 30 seconds per 1 kb of 

amplicon at 72°C. After completion of cycles, a final extension at 72°C was run for 5 

minutes. PCR products were incubated at 16°C overnight with T4 DNA ligase 



 25 

(Promega), DpnI (New England Biolabs), and T4 Polynucleotide Kinase. Reactions were 

transformed into transformed into E. coli DH5α chemically competent cells. 

2.3 PLASMID CONSTRUCTION 

The sequence of plasmid inserts and all mutations were confirmed through DNA 

sequencing at the University of Texas Institute for Cellular and Molecular Biology DNA 

core sequencing facility. 

pSfeoΔ::kan 

The replacement of the feoABC locus with the kan
R
 cassette was introduced using 

pSfeoΔ::kan. Primers feo1-sal – feo2-sma and feo3-sma – feo4-RV were used to amplify 

V. cholerae (N16961) sequence. Splice overlap PCR was performed to join these 

fragments together and the resulting product was ligated into the SmaI site of pWKS30. 

Primers were designed to introduce a SmaI site at the junction of the splice overlap PCR 

product, and the SmaI site was used to introduce the kan cassette from pUC4K 

(Amersham). This construct was moved into pHM5 using SalI and EcoRV restriction 

sites to generate pSfeoΔ::kan. 

pSΔfeo  

The unmarked deletion of feoABC was created using pSΔfeo. Primers Feo.650.for 

– Feo.1731.rev and Feo.clean.KO.for – Feo.5650.rev were used to amplify V. cholerae 

(O395) sequence. Splice overlap PCR was performed to join the resulting fragments 

together and the resulting product was ligated into the SmaI site of pCVD442N to 

generate pSΔfeo. 
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pSΔviuA  

Deletion of viuA was achieved using pSΔviuA. Regions up- and down- stream of 

viuA (VC2211) were amplified from V. cholerae O395 using PCR with primers 

ViuA.776 – ViuA.1817.rev and ViuA.3912.SO – ViuA.4941.rev. Splice overlap PCR 

was performed to join these fragments together and the resultant product was ligated into 

the SmaI site of pCVD442N to generate pSΔviuA. 

pSΔirgA 

The unmarked deletion of irgA was created using pSΔirgA. Primers irgA.681.for 

– irgA.1973.rev and irgA.3950.for – irgA.5132.rev were used to amplify V. cholerae 

(O395) sequence. Splice overlap PCR was performed to join the resulting fragments 

together and the resulting product was ligated into the SmaI site of pCVD442N to 

generate pSΔirgA. 

pSΔvctA 

The unmarked deletion of vctA was created using pSΔvctA. Primers vctA.877.for 

– vctA.2000.rev and vctA.3980.for – vctA.5074.rev were used to join these fragments 

together and the resultant product was ligated into the SmaI site of pCVD442N to 

generate pSΔvctA. 

pSΔhemA 

Mutation of hemA (VC2180) was generated using pSΔhemA. PCR fragments 

were amplified from V. cholerae O395 using primers HemA.234 – HemA.1233.rev and 

HemA.2134.SO – HemA.3133.rev. Splice overlap PCR was used to join these fragments 

together and the resultant product was ligated into the SmaI site of pCVD442N to 

generate pSΔhemA. 
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pHemA  

The V. cholerae O395 hemA gene locus was amplified using primers HemA.934 – 

HemA.2493.rev by PCR. The blunt product was ligated into the SmaI site of pWKS30 to 

generate the plasmid pHemA. 

pKPfeoAB 

Klebsiella pneumoniae feoAB was amplified using primers Kp.feo.for and 

Kp.feoB.XbaI.rev. PCR products were digested using XbaI and ligated into pWKS30 

digested with SmaI and XbaI.  

pKPfeoABC 

Klebsiella pneumoniae feoABC was amplified using primers Kp.feo.for and 

Kp.feoC.XbaI.rev. PCR products were digested using XbaI and ligated into pWKS30 

digested with SmaI and XbaI. 

pYEfeoAB 

Yersinia enterocolitica feoAB was amplified from genomic DNA isolated from 

strain ATCC 23715 using primers Ye.feo.EcoRI.for and Ye.feoB.rev. PCR products were 

digested using EcoRI and ligated into pWKS30 digested with SmaI and EcoRI. 

pYEfeoABC 

Yersinia enterocolitica feoABC was amplified from genomic DNA isolated from 

strain ATCC 23715 using primers Ye.feo.EcoRI.for and Ye.feoC.rev. PCR products were 

digested using EcoRI and ligated into pWKS30 digested with SmaI and EcoRI. 

pECfeoAB 

Escherichia coli feoAB was amplified from genomic DNA isolated from 

ECL5331 (E. coli MC4100 arcA::kan) using primers Ec.feo.EcoRI.for and Ec.feoB.rev. 



 28 

PCR products were digested using EcoRI and ligated into pWKS30 digested with SmaI 

and EcoRI. 

pECfeoABC 

Escherichia coli feoABC was amplified from genomic DNA isolated from 

ECL5331 (E. coli MC4100 arcA::kan) using primers Ec.feo.EcoRI.for and Ec.feoC.rev. 

PCR products were digested using EcoRI and ligated into pWKS30 digested with SmaI 

and EcoRI. 

pSΔvciB 

The unmarked deletion of vciB was introduced using the plasmid pSΔvciB. 

Regions flanking vciB were amplified from V. cholerae O395 genomic DNA using 

primers VciB.2659.for-VciB.3658.rev and VciB.4337.SO.for-VciB.5336.rev. The PCR 

products were joined using splice overlap PCR and cloned into the SmaI site of the 

suicide vector pCVD442N. 

pSΔvciA  

The unmarked deletion of vciA was introduced using the plasmid pSΔvciA. 

Regions flanking vciA were amplified from V. cholerae O395 genomic DNA using 

primers VciA.596.for-VciA.1596.rev and VciA.3639.SO.for-VciA4638.rev. The PCR 

products were joined using splice overlap PCR and cloned into the SmaI site of the 

suicide vector pCVD442N. 

pSΔnapC 

To generate the deletion construct for napC (VCA0680), regions were amplified 

from V. cholerae O395 genomic DNA by PCR using primer pairs NapC.369.for – 
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NapC.1268.SO.rev and NapC.3731.for – NapC.4630.rev. The PCR products were joined 

using splice overlap PCR and cloned into the SmaI site of the suicide vector pCVD442N. 

pSΔnqr 

To generate the deletion construct for the nqrA-F locus (VC2295-2290), regions 

were amplified from V. cholerae O395 genomic DNA by PCR using primer pairs 

Nqr.1045.for – Nqr.2250.SO.rev and Nqr.7328.for – Nqr.8338.rev. Splice overlap PCR 

was used to join the individual fragments together and the resulting product was 

subsequently cloned into the SmaI site of the suicide vector pCVD442N. The nqr 

deletion generated by this plasmid has endpoints identical to that described in Barquera et 

al. (95). 

pSΔviuPDGC::kan 

The replacement of the chromosomal viuPDGC locus with a kan
R
 cassette was 

achieved by using pSΔviuPDGC::kan. V. cholerae (O395) sequence was amplified using 

primers ViuPDGC.174.for – ViuPDGC.1455.rev and ViuPDGC.5191.for – 

ViuPDGC.6349.rev. The kan
R
 cassette from pKD13 was amplified using primers 

pKD13.Wanner.fwd – pKD13.Wanner.rev. All three PCR products were joined using 

splice overlap PCR and the resulting product was ligated into the SmaI site of 

pCVD442N to generate pSΔviuPDGC::kan. 

pSΔVCA1099 

The unmarked deletion of VCA1099 was introduced using pSΔVCA1099. 

Primers VCA1099.224.for – VCA1099.1236.rev and VCA1099.clean.KO – 

VCA1099.6972.rev were used to join these fragments together and the resultant product 

was ligated into the SmaI site of pCVD442N to generate pSΔVCA1099. 
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pSΔVCA0976::kan 

The replacement of the chromosomal VCA0976 locus with a kan
R
 cassette was 

achieved using pSΔVCA0976::kan. V. cholerae (O395) sequence was amplified using 

primers VCA0976.176.for – VCA0976.1321.rev and VCA0976.3473.for – 

VCA0976.4628.rev. The Kan
R
 cassette from pKD13 was amplified using primers 

pKD13.Wanner.fwd – pKD13.Wanner.rev. All three PCR products were joined using 

splice overlap PCR and the resulting product was ligated into the SmaI site of 

pCVD442N to generate pSΔVCA0976::kan. 

pSΔVC1264::kan  

The replacement of the chromosomal VC1264 locus with a kan
R
 cassette was 

achieved using pSΔVC1264::kan. V. cholerae (O395) sequence was amplified using 

primers VC1264.118.for – VC1264.1162.rev and VC1264.6230.for – VC1264.7296.rev. 

The kan
R
 cassette from pKD13 was amplified using primers pKD13.Wanner.fwd – 

pKD13.Wanner.rev. All three PCR products were joined using splice overlap PCR and 

the resulting product was ligated into the SmaI site of pCVD442N to generate 

pSΔVC1264::kan. 

pSΔVC1688::kan 

The replacement of the chromosomal VC1688 locus with a kan
R
 cassette was 

achieved using pSΔVC1688::kan. V. cholerae (O395) sequence was amplified using 

primers VC1688.486.for – VC1688.1534.rev and VC1688.2800.for – VC1688.3858.rev. 

The kan
R
 cassette from pKD13 was amplified using primers pKD13.Wanner.fwd – 

pKD13.Wanner.rev. All three PCR products were joined using splice overlap PCR and 

the resulting product was ligated into the SmaI site of pCVD442N to generate 

pSΔVC1688::kan. 
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pSΔVC0880::kan 

The replacement of the chromosomal VC0880 locus with a kan
R
 cassette was 

achieved using pSΔVC0880::kan. V. cholerae (O395) sequence was amplfied using 

primers VC0880.1000.for – VC0880.2000.rev and VC0880.3606.for – VC0880.4605.rev. 

The kan
R
 cassette from pKD13 was amplified using primers pKD13.Wanner.fwd – 

pKD13.Wanner.rev. All three PCR products were joined using splice overlap PCR and 

the resulting product was ligated into the SmaI site of pCVD442N to generate 

pSΔVC0880::kan. 

pVCvciB  

V. cholerae vciB with 322 bp of upstream region was amplified from O395 

genomic DNA using primers VciB.3337.EcoRI and VciB.4336.rev.XbaI. The product 

was digested with EcoRI and XbaI and cloned into pUC18 digested with the respective 

enzymes to generate pVCvciB. 

pAHvciB 

A. hydrophila vciB with 262 bp of upstream region was amplified from BG-2 

genomic DNA using primers AHvciB.EcoRI.for and AHvciB.rev. The product was 

digested with EcoRI and cloned into EcoRI/SmaI digested pUC18 to generate pAHvciB. 

pBTvciB 

B. thailandensis vciB with 150 bp of upstream region was amplified from ATCC 

700388 genomic DNA using primers BTvciB.EcoRI.for and BTvciB.rev. The product 

was digested with EcoRI and cloned into EcoRI/SmaI digested pUC18 to generate 

pBTvciB. 
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pBMvciB 

B. mallei vciB with 200 bp of upstream region was amplified from ATCC 23344 

genomic DNA using primers BMvciB.EcoRI.1578.for and BMvciB.2524.rev. The 

product was digested with EcoRI and cloned into EcoRI/SmaI digested pUC18 to 

generate pBMvciB. 

pV5vciB and mutant derivatives 

V. cholerae vciB was amplified from O395 genomic DNA using primers 

VciB.V5.for.EcoRI and VciB.4336.rev.XbaI which introduced an N-terminal V5 epitope 

tag. The resultant product was ligated into EcoRI/XbaI digested pWKS30. Primers 

VciB.V5fix.for.EcoRV and VciB.V5fix.rev.EcoRV were used to remove additional 

plasmid sequence while ensuring transcription from the native pWKS30 promoter. The 

product was digested with EcoRV and self-ligated to generate pV5vciB. Site-directed 

mutant derivatives of pV5vciB were generated using the QuikChange (Aligent 

Technologies, Inc.) protocol or back-to-back primer amplification protocol.  

pH8vciB 

V. cholerae vciB was amplified from O395 genomic DNA using primers 

pET16b.vciB.NdeI.for and pET16b.vciB.XhoI.rev. The PCR product was digested using 

NdeI and XhoI and ligated into the respective sites in pET16b. The vciB locus and N-

terminal 8xHis tag was amplified using primers H8.for and VciB.4336.rev and cloned 

into the EcoRV restriction site in pACYC184. The 8xHis-VciB construct interrupts and 

runs antiparallel to the tet
R
 gene encoded by pACYC184. 

pSΔfbp 

The unmarked deletion of the V. cholerae fbpABC locus was generated using the 

plasmid pSΔfbp. Primers Fbp.205.for – Fbp.1204.rev and Fbp.5004.SO.for – 
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Fbp.6003.rev were used to amplify V. cholerae C6076 DNA sequence. The resulting 

PCR products were joined using splice overlap PCR and ligated into the SmaI site of 

pCVD442N to generate pSΔfbp. 

pSΔvct 

The unmarked deletion of the V. cholerae vctPDGC locus was generated using 

the plasmid pSΔvct. Primers Vct.266.for – Vct.1265.rev and Vct.4966.SO.for – 

Vct.5965.rev were used to amplify V. cholerae C6076 DNA sequence. The resulting PCR 

products were joined using splice overlap PCR and ligated into the SmaI site of 

pCVD442N to generate pSΔvct. 
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Table 1. Primers for cloning 

Primer Sequence (5’ – 3’) 

feo1-sal CAAAGTCGACAAACTGATTGAGC 

feo2-sma CGTTGCCAACACCCGGGAGAACGCC 

feo3-sma GGCGTTCTCCCGGGTGTTGGGAACG 

feo4-RV TGGATATCAATGAGCTAACAGGC 

ViuA.776 ATGCGCGGCCAATAGGGC 

ViuA.1817.rev CTCTAAATTAACCACTACACTGCG 

ViuA.3912.SO CGCAGTGTAGTGGTTAATTTAGAGGGACTGAAACAAA

ACAACGCT 

ViuA.4941.rev AATGGCGTAAATCTTATCTCTTGC 

HemA.234 TGCCATCGCGGCTTTGTAAATC 

HemA.1233.rev CTATAGAGGATTCTCAGATATGTG 

HemA.2134.SO CACATATCTGAGAATCCTCTATAGTTGCAGTCGATTGT

CGATAGC 

HemA.3133.rev GTACAAGCGGACGTGTGGAT 

HemA.934 ATTGATAATGTTGAATTTGTTCTAGAG 

HemA.2493.rev TTAGTTCAGATCGTCAAGACCTA 

Feo.650.for ATCGATGAGGTGGAGAAGGAG 

Feo.1731.rev GGTAACTTTGAAAAGGAAGTGTT 

Feo.clean.KO.for AACACTTCCTTTTCAAAGTTACCCAACTTGAAGGTGCC

GCG 

Feo.5650.rev TACCGCGCCTTACATGCAGT 

irgA.681.for CCGTGAAGCCGTTCTGCC 

irgA.1973.rev CTTAATTTCAGAAGCGGATTATTCA 

irgA.3950.for TGAATAATCCGCTTCTGAAATTAAGCGCCTTCTAATTG

CTAGAGGTT 

irgA.5132.rev TGCGTGGCCTGCATTGCC 

vctA.877.for GCTTGGCCAGAATCATGGCA 

vctA.2000.rev ACTGACTCAATTCCTCAAAAATACAA 

vctA.3980.for TTGTATTTTTGAGGAATTGAGTCAGTTCATTCTTACTCT

ATTTAAGCCCG 

vctA.5074.rev AGGCGGTATCGAACACAGC 

Kp.feo.for GATAAAAACCATTCTCATTATCATC 

Kp.feoB.XbaI.rev GATCTCTAGATTAGTGGCAATCGCCAGCC 

Kp.feoC.XbaI.rev GATCTCTAGATCATCGCAGCGCCCACCA 

Ye.feo.EcoRI.for GATCGAATTCGGTAAAACAAGCGCAAATAGAAATC 

Ye.feoB.rev TTAATGNCAGTCNTTACCAGAACTT 

Ye.feoC.rev TTAACGATGNTTTTTTAACTGNTAAATCA 

Ec.feo.EcoRI.for GATCGAATTCAGCCACATCAACATTGAGTCAG 

Ec.feoB.rev TTAATGGCAATCACCGGTGGTG 
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Table 1 (continued). 
 

Ec.feoC.rev TTAACGCAGCGCCCACCAC 

VciB.2659.for AAGAGCGCTCGCCGAAACTG 

VciB.3658.rev GCCAAATGGGGATCAATCGTTT 

VciB.4337.SO.for ACGATTGATCCCCATTTGGCTTGACTCCCCACGCGGC 

VciB.5336.rev GTCACGGTTAATTGGCGAGTAA 

VciA.596.for GGTGCTACTGTGCTTTCACAC 

VciA.1596.rev GAAGGATTAACTCTATTTATTATTGACG 

VciA.3639.SO.for CGTCAATAATAAATAGAGTTAATCCTTCACGATTGATC

CCCATTTGGCAT 

VciA.4638.rev ACGGATTGAGAGGTAGCGCA 

VciB.3337.EcoRI ATCGGAATTCCCAACGTATCGCGCCTCAAT 

VciB.4336.rev.XbaI ATGCTCTAGATTAACCAAAGATAGCGAACAGTG 

BTvciB.EcoRI.for GATCGAATTCTCGGAGCCTTGCGGCGC 

BTvciB.rev TCAGGTCAACCCCGCCG 

BMvciB.EcoRI.157

8.for 

GATCGAATTCAGCGGTGAGCGCCTGATG 

BMvciB.2524.rev TCAGGTCAGCCCGGCCG 

AHvciB.EcoRI.for GATGGAATTCGATCGCTTCGCCGACAACG 

AHvciB.rev CTAGAGCAGGGCCACCAG 

VciB.V5.for.EcoRI TTACGAATTCAGGCAAGCCCATCCCCAACCCCTTGCTT

GGCTTGGACTCCACCGCCGCAATGCAGCGGCAAGTCAA

AGG 

VciB.V5fix.for.Eco

RV 

TATGGATATCGGCAAGCCCATCCCCAAC 

VciB.fix.rev.EcoRV GGTGGATATCCATAGCTGTTTCCTGTGTGAAATT 

Nqr.1045.for GGAACACCATCACGGTTCAGT 

Nqr.2250.SO.rev CAATTAGCCAGTTTGAATCGCGAAAGACACGGATGCA 

Nqr.7328.for TCGCGATTCAAACTGGCTAATTG 

Nqr.8338.rev GCCGGCCTGCGTCCTG 

NapC.369.for GGAATATGGCAGGTTGTGAAC 

NapC.1268.SO.rev 

 

GCCCAGTGCAATCAGGGTTACAAACGCACGTCTGGTCA

TTTT 

NapC.3731.for TAACCCTGATTGCACTGGGC 

NapC.4630.rev GTGCGCGGCGTGCTTGG 

pET16b.vciB.NdeI.f

or 

GTACCATATGCAGCGGCAAGTCAAAGGG 

pET16b.vciB.XhoI.r

ev 

GATCCTCGAGTTAACCAAAGATAGCGAACAGTG 

H8.for GGAATTGTGAGCGGATAACAATTC 

VciB.4336.rev TTAACCAAAGATAGCGAACAGTGT 



 36 

Table 1 (continued). 
 

ViuPDGC.174.for CTGGGGTGAGCCACGAAAG 

ViuPDGC.1455.rev GGTCGACGGATCCCCGGAATACTATCGCTCATCAATCA

TCTTAG 

ViuPDGC.5191.for GAAGCAGCTCCAGCCTACACACGCCGTATTTACTGCTT

GATG 

ViuPDGC.6349.rev ACTCACCGCTGCGGAAGTC 

pKD13.Wanner.for ATTCCGGGGATCCGTCGAC 

pKD13.Wanner.rev TGTGTAGGCTGGAGCTGCTT 

VCA1099.224.for TGAGAAGGATCCAGTTGCAAC 

VCA1099.1236.rev GCATGAGAATAAAAATCATGTCTATAT 

VCA1099.clean.KO ATATAGACATGATTTTTATTCTCATGCGACGAGTCTTGT

CATTCATGG 

VCA1099.6972 ACGCGGATAACCCAAGTATTG 

VCA0976.176.for CAGCATTGCGGCTAACCAG 

VCA0976.1321.rev GGTCGACGGATCCCCGGAATGGTCCATTCTCCCCGCCA 

VCA0976.3473.for GAAGCAGCTCCAGCCTACACAAACTTCACGAATGACGT

CTACAC 

VCA0976.4628.rev CCATTCGCAGTCATCGATTCG 

VC1264.118.for GGACAATTCGGTTGTTACCCA 

VC1264.1162.rev GGTCGACGGATCCCCGGAATACATGCGATATTATCGGC

AGC 

VC1264.6230.for GAAGCAGCTCCAGCCTACACACATAACCCTCCTACTTG

ATGTG 

VC1264.7296.rev GGCAAGGCGCTCAGTTACG 

VC1688.486.for CCGCGAAGTGGCAATCAAG 

VC1688.1534.rev GGTCGACGGATCCCCGGAATCGCAATTTCAAGCGAGTT

GTTG 

VC1688.2800.for GAAGCAGCTCCAGCCTACACAGATAGCCATACTCATAC

TCTAAAC 

VC1688.3858.rev CGATTCCAATACAGTCAGAAGG 

VC0880.1000.for CTGACATGCCAATTCCATTAGG 

VC0880.2000.rev GGTCGACGGATCCCCGGAATGATTCCTATGCATTTGTG

ACAGA 

VC0880.3606.for GAAGCAGCTCCAGCCTACACATGTTTGTTCTGCATACG

AAAAAGC 

VC0880.4605.rev TAAGCCCCCAAACCCAACC 

Fbp.205.for TGTTTGTGGCGACCGCGAT 

Fbp.1204.rev TGTATTATAGGAATGTTCAATAAGAAAAC 

Fbp.5004.SO.for GTTTTCTTATTGAACATTCCTATAATACATGCTCTCACC

AAGCGTCTTG 
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Table 1 (continued). 
 

Fbp.6003.rev CGAGTGTTGATCGACCCGA 

Vct.266.for AGTTCACCAAAGTCTGGAAGC 

Vct.1265.rev CTTGGCAATGCAACTGTGTGA 

Vct.4966.SO.for TCACACAGTTGCATTGCCAAGGGCAGCAGTACAAGTAG

GG 

Vct.5965.rev CGGCGCACGCCAAACGG 
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Table 2. Primers for mutagenesis 

Primer Sequence (5’ – 3’) 

SCAM mutagenesis  

VciB.C41S.for GCCGCCTTCATGCATGGTCCGGCTTCTTTACCCTACTC 

VciB.C41S.rev GAGTAGGGTAAAGAAGCCGGACCATGCATGAAGGCGG

C 

VciB.S18C.for CGTTGCATAATCAAGCAGGCCGTTAGGCCAGC 

VciB.S18C.rev GCTGGCCTAACGGCCTGCTTGATTATGCAACG 

VciB.I34C.for TGCCGCCGCCTTCATGCATG 

VciB.I34C.rev CCATTTATTGTTGTGTAGAGGCA 

VciB.S60C.for AGCGCGGTGACATAACCAAAGGCCAGTGAG 

VciB.S60C.rev CTCACTGGCCTTTGGTTATGTCACCGCGCT 

VciB.S73C.for GCCATTCACTTTTGCAGGTGTGTGGCCCGG 

VciB.S73C.rev CCGGGCCACACACCTGCAAAAGTGAATGGC 

VciB.S75C.for CGGGCCACACACCAGCAAATGTGAATGGCAACTCTCGC

TCAC 

VciB.S75C.rev GTGAGCGAGAGTTGCCATTCACATTTGCTGGTGTGTGG

CCCG 

VciB.I106C.for GGCGAACATGAGTGGACGTGTCGCGAAATCGCCGCGC 

VciB.I106C.rev GCGCGGCGATTTCGCGACACGTCCACTCATGTTCGCC 

VciB.A110C.for TGCGCGCAGCAGTTGCCCA 

VciB.A110C.rev GATTTCGCGTATCGTCCACTC 

VciB.S139C.for GTATTGGGCGCAAAAGGTATCGGTCACGCTGG 

VciB.S139C.rev CCAGCGTGACCGATACCTTTTGCGCCCAATAC 

VciB.A160C.for GCAAGCGGTTAAGCACACAGGCCCAGTTGGCTTTTT 

VciB.A160C.rev AAAAAGCCAACTGGGCCTGTGTGCTTAACCGCTTGC 

VciB.T171C.for TGCCAGCCAAGACCGCATCCCATTCCGCGATGC 

VciB.T171C.rev GCATCGCGGAATGGGATGCGGTCTTGGCTGGCA 

VciB.L181C.for CATGGCAACCGCCGCACAGTCGGAAAACAACTGC 

VciB.L181C.rev GCAGTTGTTTTCCGACTGTGCGGCGGTTGCCATG 

VciB.S203C.for TCGTTTCGGGCAGCCGTGGAGTTTGGTCC 

VciB.S203C.rev GGACCAAACTCCACGGCTGCCCGAAACGA 

VciB.S215C.for GTGTGGTCGCGACACAGCCACCTATCAATAG 

VciB.S215C.rev CTATTGATAGGTGGCTGTGTCGCGACCACAC 

VciB.G225C.for GGCCGCTCTAGATTAACAAAAGATAGCGAACAGTG 

VciB.G225C.rev CACTGTTCGCTATCTTTTGTTAATCTAGAGCGGCC 
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Table 2 (continued). 
 

Conserved residue mutagenesis 

VciB.H38N.for AATAAATGGATCCGCCGCCTTAATGCATGGTGCGGCTT

CTTTAC 

VciB.H38N.rev GTAAAGAAGCCGCACCATGCATTAAGGCGGCGGATCC

ATTTATT 

VciB.H61N.for AACCGCGCTGTCTGGCCA 

VciB.H61N.rev AGATAACCAAAGGCCAGTGAG 

VciB.H166N.for AATCGCGGAATGGGAACGGG 

VciB.H166N.rev CAAGCGGTTAAGCACAGCG 

VciB.W33Y.for CCTGCCTCTACACAACAATAAATATATCCGCCGCCTTC

ATGCAT 

VciB.W33Y.rev ATGCATGAAGGCGGCGGATATATTTATTGTTGTGTAGA

GGCAGG 

VciB.W127Y.for ATGAAGCGCGCGCCACCAG 

VciB.W127Y.rev AGCGGGCTGGGATCAATAAC 

VciB.W197Y.for CCCTGACCAGTTTACTGATGTATACCAAACTCCACGGC

TCCC 

VciB.W197Y.rev GGGAGCCGTGGAGTTTGGTATACATCAGTAAACTGGTC

AGGG 

VciB.Y142W.for CGATACCTTTAGCGCCCAATGGGTGCCCGGTACCTTAG

TCA 

VciB.Y142W.rev TGACTAAGGTACCGGGCACCCATTGGGCGCTAAAGGTA

TCG 

VciB.D180N.for AACCTTGCGGCGGTTGCC 

VciB.D180N.rev GGAAAACAACTGCCAGCCAAG 
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Table 3. Plasmids used in this study 

Plasmid Description Source or 

Reference 

pWKS30 Cloning vector (96) 

pHM5 Suicide vector pGP704 carrying sacB (97) 

pCVD442N pCVD442 with a NotI adapter inserted in the 

SacI site 

(43) 

pUC18 Cloning vector (98) 

pACYC184 Cloning vector (99) 

pSC189 mariner-based transposon (100) 

B. Davies 

pSfeoΔ::kan pCVD442N with V. cholerae sequences for 

feoABC::kan  

This study 

pSfbpA::cam pCVD442N with V. cholerae sequences for 

fbpA::cam 

(43) 

pSvibBΔ pCVD442N with V. cholerae sequences for 

deleting vibB 

(43) 

pCGM120 pCVD442N with V. cholerae sequences for 

vctP::gent 

This study 

pSΔfeo pCVD442N with V. cholerae sequences for the 

unmarked deletion of feoABC 

This study 

pSΔviuA pCVD442N with V. cholerae sequences for 

deleting viuA 

This study 

pSΔirgA pCVD442N with V. cholerae sequences for 

deleting irgA 

This study 

pSΔvctA pCVD442N with V. cholerae sequences for 

deleting vctA 

This study 

pHemA V. cholerae hemA cloned into pWKS30 This study 

pSΔhemA pCVD442N with V. cholerae sequences for 

deleting hemA 

This study 

pKPfeoAB K. pneumoniae feoAB cloned into pWKS30 This study 

pKPfeoABC K. pneumoniae feoABC cloned into pWKS30 This study 

pYEfeoAB Y. enterocolitica feoAB cloned into pWKS30 This study 

pYEfeoABC Y. enterocolitica feoABC cloned into pWKS30 This study 

pECfeoAB E. coli feoAB cloned into pWKS30 This study 

pECfeoABC E. coli feoABC cloned into pWKS30 This study 

pAMS23 pHM5 carrying vciB::kan (67) 

pSΔvciB pCVD442N carrying sequences for the deletion 

of the vciB locus 

This study 

pSΔvciA pCVD442N carrying sequences for the deletion 

of the vciA locus 

This study 
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Table 3 (continued). 
 

pSΔnapC pCVD442N carrying sequences for the deletion 

of napC 

This study 

pSΔnqr pCVD442N carrying sequences for the deletion 

of the nqr operon 

This study 

pSΔviuPDGC::kan pCVD442N carrying sequences for replacement 

of the V. cholerae viuPDGC operon with kan
R
 

This study 

pSΔVCA1099 pCVD442N carrying sequences for the deletion 

of VCA1099 

This study 

pSΔVCA0976::kan pCVD442N carrying sequences for the 

replacement of V. cholerae VCA0976 with kan
R
 

This study 

pSΔVC1264::kan pCVD442N carrying sequences for the 

replacement of V. cholerae VC1264 with kan
R
 

This study 

pSΔVC1688::kan pCVD442N carrying sequences for the 

replacement of V. cholerae VC1688 with kan
R
 

This study 

pSΔVC0880::kan pCVD442N carrying sequences for the 

replacement of V. cholerae VC0880 with kan
R
 

This study 

pVCvciB V. cholerae vciB cloned into pUC18 This study 

pAHvciB A. hydrophila vciB cloned into pUC18 This study 

pBTvciB B. thailandensis vciB cloned into pUC18 This study 

pBMvciB B. mallei vciB cloned into pUC18 This study 

pV5vciB V. cholerae vciB fused to an N-terminal V5-

epitope tag cloned into pWKS30 

This study 

pV5vciBC41S Derivative of pV5vciB in which vciB Cys41 is 

mutagenized to Ser 

This study 

pV5vciB*
S18C

 Derivative of pV5vciBC41S with a single 

cysteine substitution at S18 

This study 

pV5vciB*
I34C

 Derivative of pV5vciBC41S with a single 

cysteine substitution at N31 

This study 

pV5vciB*
S60C

 Derivative of pV5vciBC41S with a single 

cysteine substitution at S60 

This study 

pV5vciB*
S73C

 Derivative of pV5vciBC41S with a single 

cysteine substitution at S73 

This study 

pV5vciB*
S75C

 Derivative of pV5vciBC41S with a single 

cysteine substitution at S89 

This study 

pV5vciB*
I106C

 Derivative of pV5vciBC41S with a single 

cysteine substitution at I106 

This study 

pV5vciB*
A110C

 Derivative of pV5vciBC41S with a single 

cysteine substitution at L114 

This study 

pV5vciB*
S139C

 Derivative of pV5vciBC41S with a single 

cysteine substitution at S139 

This study 
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Table 3 (continued). 
 

pV5vciB*
A160C

 Derivative of pV5vciBC41S with a single 

cysteine substitution at A160 

This study 

pV5vciB*
T171C

 Derivative of pV5vciBC41S with a single 

cysteine substitution at T171 

This study 

pV5vciB*
L181C

 Derivative of pV5vciBC41S with a single 

cysteine substitution at L181 

This study 

pV5vciB*
S203C

 Derivative of pV5vciBC41S with a single 

cysteine substitution at S203 

This study 

pV5vciB*
S215C

 Derivative of pV5vciBC41S with a single 

cysteine substitution at S215 

This study 

pV5vciB*
G225C

 Derivative of pV5vciBC41S with a single 

cysteine substitution at G225 

This study 

pV5vciB
H38N

 Derivative of pV5vciB with a H38N substitution This study 

pV5vciB
H61N

 Derivative of pV5vciB with a H61N substitution This study 

pV5vciB
H166N

 Derivative of pV5vciB with a H166N 

substitution 

This study 

pV5vciB
W33Y

 Derivative of pV5vciB with a W33Y 

substitution 

This study 

pV5vciB
W127Y

 Derivative of pV5vciB with a W127Y 

substitution  

This study 

pV5vciB
W197Y

 Derivative of pV5vciB with a W197Y 

substitution  

This study 

pV5vciB
Y142W

 Derivative of pV5vciB with a Y142W 

substitution  

This study 

pV5vciB
D180N

 Derivative of pV5vciB with a D180N 

substitution  

This study 

pH8vciB V. cholerae vciB fused to an N-terminal 8xHis 

epitope tag cloned into pACYC184 

This study 
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3. RNA manipulation 

3.1 ISOLATION OF RNA FROM VIBRIO CHOLERAE 

Overnight cultures of V. cholerae O395 were diluted 1:200 into 25 mL LB 

buffered at pH 6.5, 7.5, or 8.5 and grown to mid-logarithmic phase. EDDA was then 

added to induce iron starvation. Fifteen minutes after the addition of EDDA, cells were 

pelleted and resuspended in RNA-Bee (Tel-Test, Inc.). 1:4 volume of chloroform was 

added to each sample and vortexed briefly to mix. Samples were incubated on ice for 10 

minutes and centrifuged at maximum speed for 15 minutes at 4°C. The top phase was 

isolated and isopropanol was added to precipitate the RNA. RNA was pelleted at 

maximum speed for 15 minutes at 4°C and washed twice with 70% pre-chilled ethanol. 

RNA pellets were allowed to dry at room temperature and resuspended on ice in DEPC-

treated water. RNA was then treated with DNase I (Invitrogen) for 15 minutes at room 

temperature and precipitated using sodium acetate and ethanol. RNA was incubated at -

80°C for at least 1 hour to facilitate precipitation. RNA samples were then brought to 4°C 

and pelleted at maximum speed for 15 minutes at 4°C. A final wash with 70% pre-chilled 

ethanol was used and samples were resuspended in DEPC-treated water on ice for 1 hour. 

RNA was stored at -80°C prior to use, samples were not freeze-thawed more than twice. 

3.2 AMPLIFICATION OF CDNA 

RNA concentrations were determined using the NanoDrop 1000 

Spectrophotometer after thawing and prior to use each time. RNA was diluted to 200 

ng/μL for cDNA synthesis using the High-Capacity cDNA Reverse Transcription Kit 

(Applied Biosciences). Reaction conditions were as follows: 1X RT Buffer, 1X RT 

Random Primers, 4 mM dNTPs, 2.5 U/μL MultiScribe Reverse Transcriptase, and 100 

ng/μL purified RNA. All materials were prepared on ice. Reactions were run for 10 
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minutes at 25°C followed by 2 hours at 37°C, and terminated by 5 minutes at 85°C. All 

cDNA synthesis reactions were brought to 4°C following completion and used 

immediately for quantitative PCR or stored at -20°C.  

3.3 QUANTITATIVE  PCR 

SYBR Green chemistry was used to assess relative cDNA levels for genes of 

interest. Probes for amplification were designed using Primer3 (101) and are listed in 

Table 4. A 25 μL reaction contained 1X Power SYBR Green PCR Master Mix, 0.55 nM 

of each probe, and cDNA from the amplification reaction diluted 1:10. Reactions were 

run using a 7300 Real Time PCR System (Applied Biosciences) and the data were 

analyzed using the ΔΔCT approach. 
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Table 4. Primers for quantitative PCR 

Primer Sequence (5’ – 3’) 

feoB_RTFor ACGATTTGCTGGCGAGTTTG 

feoB_RTRev TTCTTGCTCTTGCGCAACAG 

fbpA_RTFor AAACGCGCAGAAACTGATGG 

fbpA_RTRev TCCACCAATGCAGAACGTTG 

vctP_RTFor TGCGGTCGAAGCCAAAATTG 

vctP_RTRev TTGGCACCAAAAGTCGTCAG 

vibB_RTFor AAGCTTGCGAACCATGCAAC 

vibB_RTRev ACAACTGAATCGCGCGAATC 

rpoZ_RTFor TCTGCGCGAAATCGAAGAAG 

rpoZ_RTRev AACGGTTGTGCATGATGCTG 
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4. Bacterial strain construction 

4.1 CONSTRUCTION OF VIBRIO CHOLERAE STRAINS 

V. cholerae strains were generated by mobilizing suicide plasmids from E. coli 

SM10 λpir into target V. cholerae strains. Chromosomal integration of the suicide 

plasmid and selection against donor strains was carried out with appropriate antibiotics. 

The suicide plasmid sequence encodes sacB which confers sucrose sensitivity. Selection 

for sucrose resistant clones was carried out with 10% sucrose and appropriate antibiotics 

on LB agar. Verification of chromosomal deletions and insertions were assessed by PCR 

amplification of the gene loci using primers external to the boundaries of the introduced 

construct where possible. 

EPV6 

O395 ΔvibB feoABC::kan vctP::gent fbpA::cam. The kan
R
 cassette was used to 

replace the chromosomal feoABC locus of V. cholerae strain ARM592 to generate EPV6. 

Growth of EPV6 requires supplementation with heme or ferrichrome; this strain is able to 

utilize vibriobactin produced from a VibB
+
 strain. 

EPV102 (null) 

O395 ΔviuA ΔvibB feoABC::kan vctP::gent fbpA::cam. An unmarked deletion of 

the vibriobactin receptor encoded by viuA was introduced into V. cholerae EPV6 to 

generate EPV102. Growth of EPV102 requires supplementation with heme or 

ferrichrome; this strain is able to utilize vibriobactin produced from a VibB
+
 strain after 

extended incubation. 

EPV103 (vVct) 

O395 ΔviuA ΔvibB feoABC::kan fbpA::cam. An unmarked deletion of the 

vibriobactin receptor encoded by viuA was introduced into V. cholerae strain CFV1 to 
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generate EPV103. This strain retains the VctPDGC system, but grows poorly in 

unsupplemented LB media. 

EPV104 (vFeo) 

O395 ΔviuA ΔvibB vctP::gent fbpA::cam. An unmarked deletion of the 

vibriobactin receptor encoded by viuA was introduced into V. cholerae ARM592 to 

generated EPV104. This strain retains the FeoABC system. 

EPV115 (vFbp) 

O395 ΔviuA ΔvibB feoABC::kan vctP::gent. An unmarked deletion of the 

vibriobactin receptor encoded by viuA was introduced into V. cholerae strain ALV101 to 

create EPV105. The gent
R
 cassette was then used to disrupt vctP to create EPV113. 

Finally, the feoABC locus was replaced with the kan
R
 cassette to generate EPV115. This 

strain retains the FbpABC system.  

EPV126 (vVib) 

O395 feoABC::kan vctP::gent fbpA::cam. The kan
R
 cassette was used to replace 

the feoABC locus of V. cholerae wild-type O395 to generate EPV111. Next, the gent
R
 

cassette was used to disrupt vctP to create EPV114. Finally, the cam
R
 cassette was used 

to disrupt fbpA to generate EPV126. 

EPV128 (Kan
S
 null) and transposon mutagenesis 

O395 ΔviuA ΔvibB feoABC vctP::gent fbpA::cam. The unmarked deletion of the 

feoABC locus was introduced into the previously generated feoABC::kan locus of 

EPV102 to generate the Kan
S
 iron transport deficient strain, EPV128. 

pSC189 (100) carrying the mariner-derived transposon was introduced into this 

strain through mating with SM10 λpir. Overnight LB cultures of EPV128 and SM10 
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λpir/pSC189 were pelleted and resuspended together at high cell density. The suspension 

of two strains was dropped on LB agar plates supplemented with heme; the conjugation 

process was allowed to proceed for 4 hours. Multiple conjugation reactions were done in 

parallel. After 4 hours, cells were washed from the LB agar surfaces and all conjugation 

reactions were combined. The reactions were then diluted and plated on LB agar with 

appropriate antibiotics and heme. Plates were incubated at 30°C for 24 hours; bacteria 

were washed from the plates using TSB with 20% glycerol. The fractions isolated from 

different plates were combined, briefly vortexed, and flash frozen using 70% ethanol and 

dry ice. 

EPV134 (ΔhemA) 

O395 ΔhemA. An unmarked deletion of the hemA locus was introduced into wild-

type V. cholerae O395 to generate EPV134. 

EPV123 (vFeo VciB
-
) 

O395 ΔviuA ΔvibB vctP::gent fbpA::cam vciB::kan. The kan
R
 cassette was used 

to disrupt the vciB locus in EPV104 to generate EPV123.  

EPV131 (null VciB
-
) 

O395 ΔviuA ΔvibB feoABC::kan vctP::gent fbpA::cam vciB::kan. The kan
R
 

cassette was used to disrupt the vciB locus in EPV102 to generate EPV131. 

EPV133 (vVct VciB
-
) 

O395 ΔviuA ΔvibB feoABC::kan fbpA::cam vciB::kan. The kan
R
 cassette was 

used to disrupt the vciB locus in EPV103 to generate EPV133. 
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EPV136 (vVib VciB
-
) 

O395 feoABC::kan vctP::gent fbpA::cam vciB::kan. The kan
R
 cassette was used 

to disrupt the vciB locus in EPV126 to generate EPV136. 

EPV137 (vFbp VciB
-
) 

O395 ΔviuA ΔvibB feoABC::kan vctP::gent vciB::kan. The kan
R
 cassette was 

used to disrupt the vciB locus in EPV115 to generate EPV137. 

EPV139 (null ViuPDGC
-
) 

O395 ΔviuA ΔvibB feoABC::kan vctP::gent fbpA::cam viuPDGC::kan. The 

viuPDGC locus in EPV102 was replaced using a kan
R
 cassette to generate EPV139. 

EPV149 (null IrgA
+
) 

O395 ΔviuA ΔvctA ΔvibB feoABC::kan vctP::gent fbpA::cam. The unmarked 

deletion of vctA was introduced into V. cholerae EPV102 to generate EPV149. 

EPV150 (null VctA
+
) 

O395 ΔirgA ΔviuA ΔvibB feoABC::kan vctP::gent fbpA::cam. The unmarked 

deletion of irgA was introduced into V. cholerae EPV102 to generate EPV150. 

EPV151 (null ViuA
+
) 

O395 ΔirgA ΔvctA ΔvibB feoABC::kan vctP::gent fbpA::cam. The unmarked 

deletion of vctA was introduced into V. cholerae EPV6 to generated EPV148. 

Subsequently, the unmarked deletion of irgA was introduced into EPV148 to generate 

EPV151. 

EPV152 (null Receptor
-
) 

O395 ΔviuA ΔirgA ΔvctA ΔvibB feoABC::kan vctP::gent fbpA::cam. The 

unmarked deletion of irgA was introduced into V. cholerae EPV149 to generate EPV152.  
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EPV153 (vFeo ΔvciB) 

O395 ΔviuA ΔvibB vctP::gent fbpA::cam ΔvciB. An unmarked deletion of vciB 

was introduced into V. cholerae EPV104 to generate EPV153. 

EPV154 (vFeo ΔvciA) 

O395 ΔviuA ΔvibB vctP::gent fbpA::cam ΔvciA. An unmarked deletion of vciA 

was introduced into V. cholerae EPV104 to generate EPV154. 

EPV162 (Δnqr) 

O395 Δnqr. An unmarked deletion of nqr was introduced into wild-type V. 

cholerae O395 to generate EPV162. 

EPV164 (ΔvciB) 

O395 ΔvciB. An unmarked deletion of vciB was introduced into wild-type V. 

cholerae O395 to generate EPV164. 

EPV165 (ΔvciB ΔnapC) 

O395 ΔvciB ΔnapC. An unmarked deletion of napC was introduced into V. 

cholerae EPV164 to generate EPV165. 

EPV144 

O395 VCA0976::kan viuA vibB fbpA::cam feoABC vctP::gent. The kan
R
 cassette 

was used to replace the gene locus for VCA0976 in EPV128 to generate EPV144.  

EPV145 

O395 VC1264::kan viuA vibB fbpA::cam feoABC vctP::gent. The kan
R
 cassette 

was used to replace the gene locus for VC1264 in EPV128 to generate EPV145.  
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EPV146 

O395 VC1688::kan viuA vibB fbpA::cam feoABC vctP::gent. The kan
R
 cassette 

was used to replace the gene locus for VC1688 in EPV128 to generate EPV146.  

EPV161 

O395 VC0880::kan viuA vibB fbpA::cam feoABC vctP::gent. The kan
R
 cassette 

was used to replace the gene locus for VC0880 in EPV128 to generate EPV161. 

EPC008 (C6706 null) and transposon mutagenesis 

C6706 str
R
 lacZ

-
 ΔfbpABC ΔvctPDGC ΔviuA ΔvibB ΔfeoABC.  The unmarked 

deletion of feoABC was introduced into C6706 str
R
 lacZ

-
 (the parent strain of the defined 

transposon mutant library (102)) to generate EPC001. Next, the unmarked deletion of the 

vibB locus was introduced to create EPC002. The viuA locus was then deleted to create 

EPC004. The vctPDGC locus was then deleted to create EPC007. Finally, the fbpABC 

locus was replaced to generate EPC008. EPC008 does not have any of the known iron 

transporters and no drug resistance markers were used in the construction of these 

mutations.  

Transposon mutagenesis of EPC008 was carried out similarly to mutagenesis of 

EPV128. pSC189 (100) carrying the mariner-derived transposon was introduced into this 

strain through mating with SM10 λpir. Overnight LB cultures of EPC008 and SM10 

λpir/pSC189 were pelleted and resuspended together at high cell density. The suspension 

of two strains was dropped on LB agar plates supplemented with heme; the conjugation 

process was allowed to proceed for 4 hours. Multiple conjugation reactions were done in 

parallel. After 4 hours, cells were washed from the LB agar surfaces and all conjugation 

reactions were combined. The reactions were then diluted and plated on LB agar with 

appropriate antibiotics and heme. Plates were incubated at 30°C for 24 hours; bacteria 
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were washed from the plates using TSB with 20% glycerol. The fractions isolated from 

different plates were combined, briefly vortexed, and flash frozen using 70% ethanol and 

dry ice. 
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Table 5. Vibrio cholerae strains used in this study 

Strain Description Reference or 

source 

O395 Classical biotype (103) 

C6706 El Tor biotype str
R
 lacZ

-
 (102) 

ARM591 O395 ΔvibB fbpA::cam (43) 

ARM592 O395 ΔvibB fbpA::cam vctP::gent (104) 

ALV101 O395 ΔvibB (43) 

CFV1 O395 feoB::tmp ΔvibB fbpA::cam (43) 

EPV6 O395 ΔvibB fbpA::cam vctP::gent feoABC::kan (104) 

EPV102 (null) O395 ΔvibB fbpA::cam vctP::gent feoABC::kan 

ΔviuA 

(104) 

EPV103 (vVct) O395 feoB::tmp ΔvibB fbpA::cam ΔviuA (104) 

EPV104 (vFeo) O395 ΔvibB fbpA::cam vctP::gent viuA (104) 

EPV105 O395 ΔvibB ΔviuA (104) 

EPV111 O395 feoABC::kan (104) 

EPV113 O395 ΔvibB ΔviuA vctP::gent (104) 

EPV114 O395 feoABC::kan vctP::gent (104) 

EPV115 (vFbp) O395 ΔvibB ΔviuA vctP::gent feoABC::kan (104) 

EPV123 (vFeo 

vciB::kan) 

O395 ΔvibB fbpA::cam vctP::gent viuA vciB::kan This study 

EPV126 (vVib) O395 feoABC::kan vctP::gent fbpA::cam (104) 

EPV128 (null 

kan
S
) 

O395 ΔvibB fbpA::cam vctP::gent ΔfeoABC ΔviuA This study 

EPV131 (null 

vciB::kan) 

O395 ΔvibB fbpA::cam vctP::gent feoABC::kan 

ΔviuA vciB::kan 

This study 

EPV133 (vVct 

vciB::kan) 

O395 feoB::tmp ΔvibB fbpA::cam ΔviuA vciB::kan This study 

EPV134 O395 ΔhemA (104) 

EPV136 (vVib 

vciB::kan) 

O395 feoABC::kan vctP::gent fbpA::cam vciB::kan This study 

EPV137 (vFbp 

vciB::kan) 

O395 ΔvibB ΔviuA vctP::gent feoABC::kan vciB::kan This study 

EPV139 O395 ΔviuA ΔvibB feoABC::kan vctP::gent 

fbpA::cam viuPDGC::kan 

This study 

EPV144 O395 VCA0976::kan viuA vibB fbpA::cam feoABC 

vctP::gent 

This study 

EPV145 O395 VC1264::kan viuA vibB fbpA::cam feoABC 

vctP::gent 

This study 

EPV146 O395 VC1688::kan viuA vibB fbpA::cam feoABC 

vctP::gent 

This study 
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Table 5 (continued). 
 

EPV148 O395 ΔvctA ΔvibB feoABC::kan vctP::gent 

fbpA::cam 

This study 

EPV149 O395 ΔviuA ΔvctA ΔvibB feoABC::kan vctP::gent 

fbpA::cam 

This study 

EPV150 O395 ΔirgA ΔviuA ΔvibB feoABC::kan vctP::gent 

fbpA::cam 

This study 

EPV151 O395 ΔirgA ΔvctA ΔvibB feoABC::kan vctP::gent 

fbpA::cam 

This study 

EPV152 O395 ΔviuA ΔirgA ΔvctA ΔvibB feoABC::kan 

vctP::gent fbpA::cam 

This study 

EPV153 (vFeo 

ΔvciB) 

O395 ΔvibB fbpA::cam vctP::gent viuA ΔvciB This study 

EPV154 (vFeo 

ΔvciA) 

O395 ΔvibB fbpA::cam vctP::gent viuA ΔvciA This study 

EPV156 (null 

ΔvciB) 

O395 ΔvibB fbpA::cam vctP::gent feoABC::kan 

ΔviuA ΔvciB 

This study 

EPV161 O395 VC0880::kan viuA vibB fbpA::cam feoABC 

vctP::gent 

This study 

EPV162 O395 Δnqr This study 

EPV164 O395 ΔvciB This study 

EPV165 O395 ΔvciB ΔnapC This study 

EPC001 C6706 str
R
 lacZ

-
 ΔfeoABC This study 

EPC002 C6706 str
R
 lacZ

-
 ΔvibB ΔfeoABC This study 

EPC004 C6706 str
R
 lacZ

-
 ΔviuA ΔvibB ΔfeoABC This study 

EPC007 C6706 str
R
 lacZ

-
 ΔvctPDGC ΔviuA ΔvibB ΔfeoABC This study 

EPC008  

(C6706 null) 

C6706 str
R
 lacZ

-
 ΔfbpABC ΔvctPDGC ΔviuA ΔvibB 

ΔfeoABC 

This study 
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Table 6. Other bacterial strains used in this study 

Strain Description Reference or 

Source 

Escherichia coli strains   

DH5α Cloning strain (105) 

DH5α λpir Cloning strain (105) 

SM10 λpir Conjugation strain (106) 

ECL5331 MC4100 arcA::kan, source of genomic DNA 

for cloning 

(107) 

   

Other bacterial strains   

Yersinia enterocolitica 

ATCC 23715 

Source of genomic DNA for cloning (108) 

Klebsiella pneumoniae Source of genomic DNA for cloning Microbiology 

Culture 

Collection 

Burkholderia 

thailandensis 

ATCC 700388 

Source of genomic DNA for cloning A. Torres 

Burkholderia mallei 

ATCC 23344 

Source of genomic DNA for cloning A. Torres 

Aeromonas hydrophila 

BG-2 

Source of genomic DNA for cloning Texas Dept. 

of Health 
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4.2 ELECTROPORATION OF VIBRIO CHOLERAE 

Overnight cultures of V. cholerae were diluted 1:200 into fresh LB media with 

appropriate antibiotics and supplements. At mid-logarithmic phase, cultures were pelleted 

at 6,000x g for 7 minutes at 4°C. Cell pellets were washed twice using 10 mL of cold 

Buffer G (140 mM sucrose, 1 mM HEPES, pH 8.0). Cell pellets were resuspended in 

Buffer G at an approximate density of 2.5 x 10
9
 CFU per mL and a 400 μL volume was 

mixed with purified plasmid DNA. Cells were electroporated (2.4 kV, 25 mF, and 200Ω) 

and added to 1.6 mL LB. Cells recovered at 37°C with aeration for 1 hour prior to plating 

on LB agar with appropriate antibiotics. After overnight incubation at 37°C, isolated 

colonies were restreaked on LB agar with appropriate antibiotics and clones were 

selected for subsequent study. 

4.3 TRANSFORMATION OF ESCHERICHIA COLI 

E. coli cells (DH5α, DH5α λpir, and SM10 λpir) were made chemically 

competent using CaCl2. Overnight cultures of selected strains were diluted 1:200 into 

fresh media and grown to mid-logarithmic phase. Cells were pelleted and washed with 

0.1 M MgCl2. Cell pellets were resuspended and incubated on ice in TG salts (75 mM 

CaCl2, 6 mM MgCl2, and 15% glycerol) for at least 30 minutes. Cells were pelleted, 

resuspended in TG salts, divided into aliquots, and flash frozen using ethanol and dry ice. 

Competent cells were stored at -80°C until use. 

For the transformation of chemically-competent cells, cells were thawed on ice 

and mixed gently with DNA. The DNA/cell suspension was incubated on ice for at least 

30 minutes, heat shocked at 42°C for 45 seconds, and set on ice for at least 2 minutes. For 

transformations of ampicillin resistance-conferring plasmid DNA, 150 μL of LB was 

added to the reaction and cell suspensions were plated immediately on LB agar with the 
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appropriate antibiotic(s). For all other antibiotic resistances, 150 μL of LB was added to 

cells and cells were allowed to recover for 1 hr at 37°C with aeration prior to plating. 

 

5. Growth assessment of bacterial strains 

5.1 LIQUID GROWTH  

Liquid growth assays were carried out in 96 well plates (Corning) with automated 

readings using a Flexstation 3 (Molecular Devices). Cultures were grown overnight in LB 

supplemented with streptomycin and heme and were then diluted 1:200 into fresh LB 

medium with the indicated supplements. Optical density was assessed at 650 nm every 

2.5 minutes over 10 hours at 37°C; a reduced number of data points are depicted in the 

figures herein. All liquid growth assays displayed are the mean of three biological 

replicates. 

5.2 COLONY SIZE  

Colony size assays were performed as described previously (43, 33). Overnight 

cultures of strains grown in LB supplemented with heme and appropriate antibiotics were 

diluted and plated onto LB agar plates with supplements as indicated. Plates were 

incubated at 37°C for 24 hrs and the diameters of 10 well-isolated colonies were 

measured using a reticle. The data shown are the means of single experiments and are 

representative of biological replicates. Micro-aerobic environments were generated using 

the GasPak EZ Campy container system (BD Biosciences). Sodium ascorbate was 

prepared immediately before use and added at the final concentrations indicated. 
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5.3 IRON UTILIZATION   

To assay for the utilization of various iron sources, 20 μL of overnight cultures 

were diluted into 20 mL of molten LB agar (1.5% w/v agar) with EDDA at 

concentrations ranging from 100 to 200 μg/mL. The agar:bacteria suspension was mixed 

by gentle pipetting and poured onto plastic petri dishes. After allowing the agar to 

solidify, plates were dried at room temperature. 5 μL of iron sources were spotted onto 

the plate surface. Alternatively, 5 μL of overnight cultures for bacterial strains producing 

siderophores of interest were spotted on the plate surface. After allowing the spots to dry, 

plates were incubated at 37°C for 24 hours. After 24 hours, plates were removed from the 

incubator and the diameter of growth stimulation surrounding spots was marked and 

measured using a ruler. Experiments for each strain and iron source were repeated in 

biological triplicate.  

5.4 IN VITRO COMPETITION  

To compare the relative fitness of two V. cholerae strains in vitro, overnight 

cultures of indicated strains were diluted 1:200 into fresh media with appropriate 

antibiotics and supplements. At mid-logarithmic growth phase, cells were pelleted, 

washed using saline, and resuspended at 10
5
 CFU per strain in 50 μL saline. 3 mL 

cultures of LB were inoculated with 50 μL of the cell suspension and incubated in the 

indicated condition. The inoculum was also diluted and plated on selective medium to 

enumerate initial bacterial counts for each strain. After 18 hours, the cultures were 

serially diluted, and aliquots were plated on selective medium to enumerate final bacterial 

counts for each strain. The relative fitness of strains in competition was determined by 

calculating the competitive index (CI): CI = (mutant
final

/wild type
final

)/(mutant
intial

/wild 

type
initial

). A CI equal to 1 indicates no fitness defect for the mutant relative to the wild 
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type, while a CI < 1 indicates a fitness defect in the mutant and CI > 1 indicates a fitness 

advantage for the mutant. 

5.5 IN VIVO COMPETITION: V. CHOLERAE INFANT MOUSE MODEL 

The in vivo fitness of V. cholerae strains was determined using the infant mouse 

model as described by Taylor et al. (2) using a protocol approved by the University of 

Texas Institutional Animal Use and Care Committee. Overnight cultures of each strain 

were diluted 1:200 into fresh medium and grown to mid-logarithmic phase. Cells were 

then pelleted, washed using saline, and resuspended at 10
5
 CFU per strain in 50 μL saline 

and 0.02% Evan’s blue dye. A minimum of 5 individual 5-day-old BALB/c mice per 

experiment were inoculated intragastrically with 50 μL aliquots of the inoculum. The 

inoculum was also diluted and plated on selective medium to enumerate initial bacterial 

counts for each strain. The infant mice were placed at 30°C. After 18 hours, mice were 

sacrificed and the total intestine removed. The total intestine was homogenized in saline 

and serially diluted. Dilutions were plated on selective medium to enumerate final 

bacterial counts for each strain. The relative fitness of strains was again quantified by 

calculating the competitive index (CI) as described above. 

 

 

6. Protein manipulation and analysis 

6.1 SUBCELLULAR LOCALIZATION THROUGH ULTRACENTRIFUGATION 

For the isolation of the cytoplasm, inner membrane, and outer membrane, 

overnight cultures of strains bearing the plasmids encoding V5-epitope tagged wild-type 

VciB or point mutants were diluted 1:200 into fresh LB media with appropriate 

antibiotics and supplementation. Cultures were grown to mid-logarithmic growth phase 
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and cells were harvested by centrifugation at 6,000x g for 7 minutes. Cell pellets were 

resuspended in 10 mM Na2HPO4, 5 mM MgSO4 pH 7 and lysed by sonication. The lysate 

was clarified by centrifugation at 12,000x g for 30 minutes at 4°C. A fraction of the 

clarified lysate was removed for subsequent SDS-PAGE and immunoblotting. The 

remaining supernatant was centrifuged at 135,000x g for 45 minutes at 4°C, and the 

supernatant containing the cytoplasmic fraction was collected for subsequent SDS-PAGE 

and immunoblotting. The pellet was then resuspended in ddH2O and centrifuged at 

135,000x g for 45 minutes at 4°C. The pellet was resuspended in 1% (w/v) sodium 

lauroyl sarcosinate in ddH2O and incubated for 2 hours at 4°C to solubilize the inner 

membrane. The sample was centrifuged at 135,000x g for 45 minutes at 4°C. The 

supernatant containing the inner membrane fraction was collected and frozen at -20°C 

following isolation. The pellet was washed once with 1% (w/v) sodium lauroyl 

sarcosinate in ddH2O and the pellet containing the outer membrane fraction was 

resuspended in ddH2O and frozen at -20°C. 

6.2 PURIFICATION OF EPITOPE-TAGGED PROTEINS 

Overnight cultures of cells expressing VciB with an N-terminal 8x His epitope tag 

were diluted into fresh LB medium with antibiotics and grown to mid-logarithmic phase. 

Cells were pelleted at 6,000x g for 7 minutes 4°C, resuspended in modified RIPA buffer 

(50 mM Tris, pH 7.5, 150 mM NaCl, 0.1% sodium dodecyl sulfate, 0.75% (w/v) 

deoxycholate, 1% (v/v) NP-40, and 10 mM imidazole), and lysed by sonication. The 

lysate was centrifuged at 12,000x g for 20 minutes. Separately, Ni-NTA agarose (G-

Biosciences) was washed twice with modified RIPA buffer and was mixed together with 

the clarified lysate. The suspension was incubated with rotation for 90 minutes at 4°C 

then Ni-NTA agarose beads were pelleted and washed repeatedly with 7 mL of modified 
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RIPA buffer. Proteins were eluted from the Ni-NTA by boiling in Laemmli sample buffer 

(2x) for 10 minutes. Elution fractions were separated by SDS-PAGE and proteins 

detected through immunoblotting. 

6.3 SUBSTITUTED CYSTEINE ACCESSIBILITY METHOD (SCAM) 

The protocol for SCAM was adapted from Butler et al. (20). A cysteine-less 

variant of V5vciB was generated through site-directed mutagenesis and functionality 

verified through the ability of the plasmid to complement the chromosomal vciB deletion 

in colony size assays. Site-directed mutagenesis was used to change selected amino acid 

residues to cysteine residues in the cysteine-less background. Function for each 

substitution was verified as described above.  

For labeling and discrimination of amino acid localization relative to the inner 

membrane, overnight cultures were diluted and grown to mid-logarithmic phase. 2.1 x 

10
9
 cells were pelleted and washed once in PBS. Pellets were resuspended in 210 μL PBS 

containing 1 mM phenylmethylsulfonyl fluoride and SIGMAFAST
TM

 Protease Inhibitor 

Cocktail. Cell suspensions were split into four separate treatments. One 50 μL aliquot 

was treated for 1 hour at room temperature with 5 mM N-Ethylmaleimide (NEM) 

(Sigma), a membrane-permeable reagent that forms a covalent bond with exposed 

cysteine residues in both the periplasm and cytoplasm. One 50 μL aliquot was treated for 

1 hour at room temperature with 5 μM Sodium (2-Sulfonatoethyl)methanethiosulfonate 

(MTSES) (Cayman Chemical), an inner-membrane impermeable reagent that reacts only 

with exposed cysteine residues in the periplasm. Two 50 μL aliquots were left untreated 

in the initial labeling, but incubated at room temperature with rotation alongside the 

NEM- and MTSES- treated samples. 
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Samples were then pelleted, washed once in PBS, and resuspended in 50 μL lysis 

buffer (15 mM Tris-HCl, pH 7.4, 1% SDS, 6 M urea). The NEM- and MTSES- treated 

samples were incubated with 5 mM Methoxypolyethylene glycol maleimide (mw 5,000) 

(Mal-PEG) as well as one of the untreated samples for a positive labeling control. The 

remaining aliquot was left untreated as a negative control. Following 1 hour rotation at 

room temperature, 50 μL 2x AB buffer (6.84 mM Na2HPO4, 3.16 mM NaH2PO4, 50 mM 

Tris-HCl, pH 6.8, 6 M urea, 1% β-mercaptoethanol, 3% SDS, 10% (v/v) glycerol, 0.1% 

(w/v) bromophenol blue) was added to all samples and samples boiled for 7 minutes prior 

to SDS-PAGE separation and immunoblotting. 

Exposed periplasmic residues will be blocked with NEM and MTSES, and Mal-

PEG will not label residues that have already reacted with either reagent. As such, a size 

shift will not be detected in SDS-PAGE and immunoblotting in either treatment. Exposed 

cytoplasmic residues will be blocked with NEM; Mal-PEG will not label cytoplasmic 

residues blocked by NEM. However, MTSES treatment will not block cytoplasmic 

residues and subsequent Mal-PEG labeling will occur. Membrane-embedded residues 

will not be blocked by either NEM or MTSES and will display a size shift in both 

treatments. 

6.4 IN VIVO CROSSLINKING WITH FORMALDEHYDE 

Crosslinking of proteins was carried out using formaldehyde ranges from 1.5 to 

2% (v/v). Briefly, overnight cultures of strains harboring plasmids were diluted 1:200 

into fresh LB media containing antibiotics. At mid-logarithmic phase (A650 = 0.4-0.7), 

cells were pelleted, washed once in PBS, and resuspended in PBS containing 

formaldehyde. The cell suspension was incubated at room temperature for 10 to 15 

minutes, cells were pelleted, and the reaction quenched by resuspending the cells in PBS 
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with 1.25M glycine. Cells were pelleted and resuspended in sample buffer for further 

analysis. 

6.5 PROTEIN ANALYSIS 

a. SDS-PAGE  

Samples for SDS-PAGE were prepared in Laemmli sample buffer (4% SDS, 20% 

(v/v) glycerol, 120 mM Tris-Cl, pH 6.8) (109). Sodium dodecyl sulfate polyacrylamide 

gel electrophoresis was carried out using either 12% or 15% acrylamide resolving gels. 

The stacking gels consisted of 5% acrylamide. Running buffer was composed of 25 mM 

Tris-base, 192 mM glycine, and 1% sodium dodecyl sulfate.  

b. Immunoblotting 

SDS-PAGE gels were transferred to nitrocellulose membranes using a BioRad 

Wet transfer system overnight at 4°C. Transfer buffer was composed of 25 mM Tris-

base, 192 mM glycine, 0.75% sodium dodecyl sulfate, and 20% methanol. Membranes 

were blocked using 5% milk in TBST (50 mM Tris-Base, 150 mM NaCl, and 0.1% tween 

20, pH 7.4) at room temperature for at least 15 minutes. Rabbit polyclonal antiserum 

against the V5 epitope (Santa Cruz Biotechnology) was used at a 1:5,000 dilution. Mouse 

monoclonal antiserum against the poly-His epitope (Millipore) was used at a 1:2,000 

dilution. Rabbit polyclonal serum generated against the N-terminus of FeoB (UT644) was 

used at a 1:200 dilution following pre-absorption with lysate generated from Feo
-
 V. 

cholerae strains. Secondary antibodies conjugated to horse-radish peroxidase (Bio-Rad 

Laboratories) were used at a 1:3,000 dilution. All antibody dilutions were done into 5% 

milk in TBST. All incubations with antibodies were incubated for at least 2 hours at room 

temperature. Membranes were washed at least 4 times with TBST between primary and 



 64 

secondary antibody incubations and after secondary antibody incubation. Signal was 

detected using ECL blotting substrate (ThermoFisher).  

 

7. Inductively coupled plasma mass spectrometry (ICP-MS)  

In order to quantify the amount of intracellular metal ions, V. cholerae strains 

were prepared for analysis by ICP-MS. Overnight cultures of O395 (wild type) or 

EPV102 (null) were diluted in LB and plated for isolated colonies on LB agar 

supplemented with sucrose. Cells were washed from plates with sterile saline after 24 

hours incubation aerobically or anaerobically at 37°C, and 2.5-5 x 10
9
 cells (determined 

by A650) were pelleted and washed with saline. Cell pellets were then resuspended in 1 

mL of 35% v/v trace-metal grade nitric acid (Fisher Scientific). Cell suspensions were 

transferred to 5 mL Savillex vials, sealed, and heated at 80°C for 3-6 hours. Vials were 

cooled and allowed to evaporate to dryness at 60°C overnight. The residue was 

resuspended in 1 mL of 2% v/v nitric acid and incubated at 60°C overnight. Metal 

content was measured using the Agilent 7500ce Inductively Coupled Plasma Mass 

Spectrometer and analyzed against defined standards at the Quadrupole ICP-MS 

laboratory in the Jackson School of Geosciences at the University of Texas at Austin. 

Samples were prepared in biological triplicate and compared against the metal ion 

content of processing blanks of non-inoculated LB agar plates. 

 

8. Whole-cell iron reductase assay  

The assay to detect the reduction of iron from the ferric state to the ferrous state 

by whole cells was adapted from Small et al. (23). Strains bearing indicated plasmids 
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grown on LB agar plates were used to inoculate overnight LB cultures with appropriate 

antibiotics. Overnight cultures were pelleted and the cells were washed once in PBS (137 

NaCl, 2.7 mM KCl, 10 mM Na2HPO4, 1.8 mM KH2PO4). Cell pellets were resuspended 

in assay buffer (100 mM Tris, pH 7.5, 137 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4, 

1.8 mM KH2PO4, 0.2 mM FeCl3, 0.2% succinate, 0.25 mM FerroZine (Sigma)) on ice at 

a final density of 4-7 x 10
9
 bacteria as determined by optical density (A650). Once all 

samples were resuspended in assay buffer, samples were incubated at 37°C with aeration 

and aliquots of the suspension were harvested at 10 minute intervals for 1 hour. Aliquots 

were centrifuged to pellet bacterial cells and the supernatant was collected in a 96 well 

plate. The absorbance at 562 nm was measured by blanking against assay buffer and 

A562 values were normalized against the bacterial cell count determined initially. 

Absorbance at 562 nm is indicative of the ferrous-FerroZine species (30). Experiments 

were repeated three separate times (biological replicates). 

To assay for the importance of the proton motive force and ATPase activity in the 

observed iron reduction, the proton ionophore carbonyl cyanide-m-

chlorophenylhydrazone (CCCP) and ATPase inhibitor sodium orthovanadate (Na3VO4) 

were used. The assay was initiated as described above and 100 μM CCCP (in DMSO), 

100 μM Na3VO4, or DMSO were added after 20 minutes incubation at 37°C. An 

untreated sample was also run in parallel.  
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III. RESULTS 

Chapter 1: Nonredundant roles of iron acquisition in Vibrio cholerae 

The majority of the following work and interpretation of data are published in 

Infection and Immunity (104) by the American Society for Microbiology. E. Peng 

designed and carried out all experiments described herein with assistance from co-

authors.  

CHARACTERIZATION OF THE ROLES OF INDIVIDUAL V. CHOLERAE IRON TRANSPORT 

SYSTEMS. 

We previously demonstrated that mutation of four iron acquisition systems, feo, 

fbp, vct, and vib, in a single V. cholerae strain background eliminated growth on LB 

medium (33). The amount of iron in LB medium as determined by FerroZine assay is 5.5 

± 0.2 µM, which is sufficient to support growth of the wild-type strain. Failure of the 

mutant to grow in this medium indicates that even where iron is abundant, at least one of 

these iron transporters is needed. To investigate the roles of each system, we constructed 

a series of isogenic strains in which only one of these four systems is functional. viuA, 

which encodes the vibriobactin receptor, was also deleted from vibriobactin biosynthesis 

mutant (vibB) strains to eliminate cross-feeding when the vibB mutants were co-cultured 

with a vibriobactin-producing strain in competition assays. The strain with all four 

systems disrupted is denoted as the null, and strains retaining only a single functional 

system are denoted vFeo, vFbp, vVct, and vVib for their respective functional system 

(Fig. 4). As expected, the wild-type strain carrying the full complement of iron 

acquisition genes displayed robust growth on LB agar while the null strain failed to grow 

(Fig. 4A). The strains with individual systems varied in growth density on LB agar. 

Neither vFeo nor vVct appeared to grow as densely as the wild type, vFbp, or vVib in 
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this assay, suggesting differences in the ability of these transport systems to acquire iron 

under this condition. All of these strains, including the null strain, retain the ability to 

acquire and use heme as an iron source, allowing strains to be routinely maintained on 

medium with heme. Growth was observed for the null strain on LB agar supplemented 

with heme, and differences in growth density among the other strains were reduced (Fig. 

4B). 
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Figure 4. Single-system mutants and null growth on LB agar plates. 

Overnight cultures of wild type (O395), null (EPV102), vFeo (EPV104), vFbp 

(EPV115), vVct (EPV103), and vVib (EPV126) were streaked on (A) unsupplemented 

LB agar plates or (B) LB agar plates supplemented with heme. Plates were incubated 

overnight at 37°C. 
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DIFFERENTIAL GROWTH OF SINGLE-SYSTEM STRAINS ON SOLID OR IN LIQUID MEDIUM. 

Because the initial screening LB on agar suggested that the single-systems strains 

differed in their growth, quantitative assays were used to compare the strains. Colony 

sizes were determined for each strain growing on LB agar as described previously (33), 

and growth in liquid culture was used to measure differences in both final cell density 

and growth rate. The wild type grew well on solid medium and in liquid broth culture and 

there was no significant difference between growth on unsupplemented medium and in 

the medium containing additional iron (Fig. 5A). The null strain formed micro-colonies 

on LB agar in the absence of heme, and the colony size was not stimulated by the 

addition of ferric iron to the medium (Fig. 5A). In LB broth, the null strain underwent 3-4 

doublings, most likely the result of iron stores acquired during overnight growth in heme 

(Fig. 5B). As observed with the colony size assay, supplementation of the broth medium 

with iron did not cause a significant increase in growth, suggesting there is at most 

minimal iron acquisition during the course of the experiment. Supplementation with the 

usable iron source, heme, allowed the null mutant to grow to the same final density as the 

wild type.  

All of the single systems strains grew to near wild-type levels when grown in 

medium containing heme in both assays (Fig. 5A, C), but there were distinct differences 

in their growth in unsupplemented or iron-supplemented media (Fig. 5A, B). vFeo 

formed small colonies on LB agar (Fig. 5A). While the amount of iron found in LB agar 

was sufficient for robust growth of the wild-type strain, supplemental iron was necessary 

for the vFeo strain to achieve wild-type colony sizes, suggesting that ferrous iron is 

limiting. In contrast, growth of vFeo in liquid medium was similar to wild type, 

independent of supplementation. This may be due to differences in the oxidation state of 
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iron in these media due to aeration, increased access to iron ligands due to greater 

diffusion in liquid than solid media, or differences in expression of iron transport genes. 

vFbp showed the most robust growth on LB agar of any of the single system 

strains (Fig. 5A). This was most evident in growth on unsupplemented agar, although the 

colony size for vFbp was still smaller than wild type, even with iron supplementation. In 

liquid medium, vFbp grew similarly to the wild type (Fig. 5A, B). 

vVct had the poorest growth of the single system strains in both assays (Fig. 5A, 

B). Although larger than the null mutant, the colonies were small on unsupplemented 

agar and were significantly smaller than wild type, even in the presence of supplemental 

iron. The poor growth of vVct was most evident in liquid medium. In the absence of iron 

supplementation, its growth was not significantly better than the null mutant (Fig. 5B). 

However, unlike the null mutant, its growth was significantly stimulated by supplemental 

iron (Fig. 5A). The reason for the poor growth in liquid medium is not known, but it may 

reflect availability of this transporter’s ligand, which has not been identified. 

 vVib produced small colonies and had a slow growth rate in the absence of heme 

(Fig. 5A, B). This was unexpected, given the high iron-binding affinity of the 

vibriobactin system (65). The reduced growth and absence of stimulation by FeSO4 in 

either solid or broth media suggests that vibriobactin, and not iron, is the limiting factor 

for the growth of this strain. In the absence of siderophore-independent systems, growth 

of vVib may be constrained until significant vibriobactin accumulates in the medium. 

These data show that these iron transport systems, Feo, Fbp, Vct and Vib, differ in 

their ability to support growth in complex media. To characterize these differences in 

more detail, the single-system strains were grown under specific conditions to determine 

environmental effects on the ability of each system to provide iron for growth. 
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Figure 5. Differential growth of single-system strains on solid or in liquid medium. 
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Figure 5 (legend). (A) For colony size assays (left), the diameters of 10 well-

isolated colonies were measured using a reticle after 24 hours of incubation at 37°C on 

unsupplemented LB agar, or agar supplemented with FeSO4 or heme. The data indicate 

the mean and standard deviation and are representative of biological replicates. For 

monitoring growth in liquid (right), overnight cultures of strains were diluted 1:100 into 

LB with supplements as indicated. The values are the means and standard deviations of 

optical density values (A650) measured after 10 hours of growth for three independent 

experiments. The strains assessed in each panel are: O395 (wild type), EPV102 (null), 

EPV104 (vFeo), EPV115 (vFbp), EPV103 (vVct), and EPV126 (vVib). In both assays, *, 

**, and *** indicate significance as determined by 2way ANOVA, Holm-Sidak’s 

multiple comparisons test, P value < 0.05, 0.01 and 0.0001, respectively. The growth of 

the individual strains was assayed through the measurement of A650 over time in (B) LB 

medium and (C) LB medium with heme supplementation. The mean of three independent 

experiments is represented in both assays. 
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PH AFFECTS THE FUNCTION OF THE V. CHOLERAE IRON ACQUISITION SYSTEMS. 

Because pH can affect the relative amounts of available ferrous and ferric iron, we 

wanted to test the function of these systems in differing pH conditions. V. cholerae 

encounters a wide range of pH in infection of the human small intestine (pH 6.4 – 7.5) 

(110) and in marine environments (pH 7.5 – 8.4) (6). Growth of the single-system strains 

was assayed in LB buffered at pH 6.5, 7.5, or 8.5 (Fig. 6). While the wild type maintained 

robust growth at all three pH conditions (Fig. 3A), the null strain grew poorly in each of 

the tested conditions (Fig. 6B), indicating that at least one of the four systems is needed 

for growth at each pH. vFeo grew robustly in pH 6.5 and 7.5, but had the same phenotype 

as the null strain at pH 8.5 (Fig. 6C). This is consistent with the ligand for the Feo 

system, ferrous iron, being less abundant in more alkaline conditions. Conversely, the 

strain with only the ferric iron transporter Fbp grew robustly in pH 7.5 and 8.5, 

conditions where most of the iron would be in the ferric form, and grew poorly at pH 6.5 

(Fig. 6D). vVct grew best at pH 7.5. It is not known what non-siderophore iron substrate 

the VctPDGC system transports, but given the poor growth at pH 6.5, it is unlikely that 

VctPDGC transports free ferrous iron (Fig. 6E). vVib grew best at pH 7.5 and 

intermediate phenotypes were observed at both pH 6.5 and 8.5. Even at pH 7.5, vVib 

grew more slowly than the wild type. This is consistent with the levels of vibriobactin 

synthesis or transport, rather than the amount or state of available iron, being the growth-

limiting factor for this strain. 
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Figure 6. pH affects growth of single-system strains. 

The growth of strains was assessed under different pH conditions. Overnight 

cultures of strains were diluted 1:200 into LB media buffered at pH 6.5, 7.5, and 8.5. 

Growth of strains was assessed over 10 hours at 37°C. The strains assessed in each panel 

are: (A) O395 (wild type), (B) EPV102 (null), (C) EPV104 (vFeo), (D) EPV115 (vFbp), 

(E) EPV103 (vVct), and (F) EPV126 (vVib). The data represent the mean of three 

biological replicates. 
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EFFECTS OF PH ON GROWTH ARE NOT SOLELY DUE TO CHANGES IN EXPRESSION OF 

IRON ACQUISITION GENES. 

Differences in growth at different pH may reflect not only the relative abundance 

of ferric and ferrous iron, but it may also be attributable to the effects of pH on 

expression of the genes encoding the transport systems. The transcriptional regulator, 

Fur, is known to repress each of these systems in high-iron conditions (27). Binding of 

iron to Fur allows Fur to repress transcription of genes with the Fur-box motif (27, 111, 

112). However, it is not known whether expression of these genes is also controlled by 

regulators that respond to environmental pH. To assess regulatory effects on the 

expression of iron acquisition genes under the different pH conditions, wild type O395 

was grown in LB buffered at pH 6.5, 7.5, or 8.5, and iron starvation was induced by the 

addition of the iron chelator EDDA. RNA was isolated, and quantitative PCR was used to 

assess the relative levels of feoB, fbpA, vctP, and vibB mRNA. In each case, the level of 

mRNA was compared to the level in cells grown at pH 7.5. For vibB, the mRNA levels 

were nearly equivalent at all three pHs (Fig. 4), suggesting that the difference in growth 

as a function of pH was not due to differential expression of vib genes.  

While growth of vFeo was robust at pH 7.5 and poor at pH 8.5 (Fig. 6C), feoB 

expression was not different when comparing pH 7.5 and pH 8.5 (Fig. 7), suggesting that 

the poor growth of vFeo at pH 8.5 was not a consequence of feoB transcriptional 

repression. However, a significant increase in mRNA levels at pH 6.5 was observed when 

compared to levels at pH 8.5. Increased expression of feoB at lower pH may benefit V. 

cholerae, as ferrous iron, the substrate of the Feo system, is expected to be more 

prevalent at acidic pH. 

For vctP, significantly higher expression was observed at pH 8.5 than pH 6.5, 

consistent with better growth of vVct at higher pH (Fig. 6E).  
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fbpA mRNA levels were approximately 2-fold higher at pH 8.5 than at lower pH 

(Fig. 7). While the expression of fbp at higher pH may increase the amount of Fbp 

available for transport of ferric iron under conditions where this form of metal may be 

more abundant, growth at pH 7.5 was not impaired, indicating that Fbp is not rate-

limiting for growth. While the growth of vFbp was reduced at pH 6.5 compared to pH 7.5 

(Fig. 6D), relative expression of fbpA was not significantly different between cells grown 

at the two pH conditions (Fig. 7). Altogether, these data suggest that the differential 

growth of these strains as a function of pH was not solely the result of transcriptional 

repression. 
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Figure 7. mRNA levels of iron transport genes in response to pH changes. 

Quantitative PCR was used to measure relative levels of mRNA isolated from 

wild-type bacteria grown to mid-logarithmic phase and exposed to iron starvation stress 

through the addition of the iron chelator EDDA. The level of feoB, fbpA, vctP, and vibB 

mRNAs was assessed. The data represent the mean and standard deviation of biological 

triplicates. * P < 0.05, ** P < 0.01, and *** P < 0.0001 as determined by 2way ANOVA, 

Holm-Sidak’s multiple comparisons test for ΔCT values. 
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EFFECT OF OXYGEN LEVELS ON IRON ACQUISITION. 

Oxygen oxidizes ferrous iron to ferric iron. Under reduced oxygen (micro-

aerobic) conditions, more ferrous iron is expected to be present; as such, the amount of 

oxygen in an environment is expected to have an impact on the transport of free iron by 

iron transport systems with ferrous and ferric iron substrates. When oxygen is absent 

from an environment, iron is expected to be predominantly in the reduced ferrous form. 

First, we tested the effects of reduced environmental oxygen on the growth of the single-

system strains using the colony size assay by incubating the plates in aerobic or micro-

aerobic conditions. The wild-type strain displayed a modest reduction in colony size 

when oxygen was reduced, while the null strain grew equally poorly under both 

conditions (Fig. 8A). The strains that transport ferric iron, vFbp and vVib, had slightly 

reduced colony sizes, while vFeo, the strain with the ferrous iron transporter, formed 

larger colonies when growing micro-aerobically than aerobically. This is consistent with 

oxygen-limiting conditions increasing the availability of ferrous iron for transport 

through the Feo system while decreasing available ferric iron. vVct formed similar sized 

colonies in both conditions suggesting that its substrate is not significantly affected by 

reduced oxygen. 
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Figure 8. Oxygen level affects colony formation. 

To assess the effect of oxygenation on the growth of strains, overnight cultures 

were diluted and plated for isolated colonies on LB agar with supplements as indicated, 

and colony diameters were measured after 24 hours at 37°C in the indicated oxygen 

condition. (A) Comparison of growth in aerobic and micro-aerobic environments for the 

wild type, null, and the single-system strains. (B) Comparison of growth in aerobic and 

anaerobic environments of the wild type and null strain. (C) Comparison of null strain 

growth in aerobic and anaerobic environments with the iron chelator EDDA (20 μg/mL) 

as indicated. The data are the mean and standard deviation and are representative of 

biological replicates. * indicates significance as determined by 2way ANOVA, Sidak’s 

multiple comparisons test, P value < 0.0001. ** indicates significance as determined by 

1way ANOVA, Holm-Sidak’s multiple comparisons test, P value < 0.0001. 
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We next assessed the growth of these strains in the absence of oxygen. The wild-

type strain growing anaerobically formed smaller colonies compared to either aerobic or 

micro-aerobic growth. In contrast, the null strain grown anaerobically formed colonies 

that were larger than under aerobic or micro-aerobic conditions, and, in fact, were similar 

in size to wild-type colonies (Fig. 8B). Since the wild-type and null strains had nearly 

identical colony sizes when grown in the absence of oxygen, the strains with single 

functional systems were not assessed in this assay.  

The ability of the null strain to form larger colonies in the absence of oxygen may 

indicate that a reduced amount of iron is necessary for anaerobic growth, such that iron 

stored from growth in the presence of heme prior to the start of the assay was sufficient. 

Alternatively, there may be an additional iron acquisition system that specifically 

functions under anaerobic conditions. If the iron requirement anaerobically can be 

fulfilled through iron stores, iron should not be required in the growth medium during the 

assay. To test this, colony sizes of the null strain were measured after anaerobic growth 

with or without the addition of the iron chelator EDDA to the agar (Fig. 8C). The 

addition of iron chelator resulted in a significant reduction in colony size, suggesting that 

the intracellular iron stores are insufficient for growth anaerobically, and thus the growth 

of the null strain is dependent upon acquiring iron from the medium.  

To confirm that the null strain was accumulating iron when grown anaerobically, 

ICP-MS was used to quantify the metal ions in bacterial cells growing aerobically and 

anaerobically. The wild-type and null strain were grown overnight in the presence of 

heme and plated onto LB agar for isolated colonies. After 24 hours of incubation either in 

the presence or absence of atmospheric oxygen, bacterial cells were harvested from the 

plates to assess metal content. While the null strain accumulated only a very low level of 

iron when grown aerobically, a 5-fold higher level of iron was found in cells grown 
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anaerobically (Table 7). This suggests that there is an iron uptake system, separate from 

the four systems deleted from the null strain, that allows the cells to accumulate iron 

when growing in the absence of oxygen. The wild-type strain also showed a modest 

increase in intracellular iron levels when growing anaerobically. This result is distinct 

from observations in E. coli, where differences in intracellular iron levels were not seen 

when comparing cells grown aerobically and anaerobically (113). Zinc content was not 

significantly different among samples, indicating there was not a general impairment of 

metal acquisition in response to iron starvation or oxygen presence.  

The manganese content in null bacteria grown aerobically was significantly 

higher than that found in cells grown anaerobically or in wild-type cells under either 

condition. This is consistent with misregulation of Mn uptake as a consequence of iron 

starvation, as has been found in other bacteria (114, 115). Under iron-replete conditions, 

Fe-Fur represses not only iron acquisition genes, but also a manganese import system 

(VC1688) (116) and the small RNA, RyhB (27). RyhB represses the genes sodB and 

fumC (117), which encode the manganese-containing superoxide dismutase and the non-

iron form of fumarate hydratase. Under low-iron conditions, the expression of VC1688, 

sodB, and fumC increase, suggesting that manganese and manganese-enzymes fulfill 

some of the roles that would otherwise be performed by their iron-containing equivalents. 
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Table 7. Metal content of cells growing aerobically and anaerobically. 

  Iron 

(ng/10
9
 cells  

± S.D. 
a
) 

Manganese 

(ng/10
9
 cells  

± S.D. 
a
) 

Zinc 

(ng/10
9
 cells  

± S.D. 
a
) 

Wild Type 

(O395) 

Aerobic 35.7 ± 5.8 
b 

1.3 ± 0.2 25.1 ± 5.4 
e 

Anaerobic 50.4 ± 3.0 
b 

0.4 ± 0.3 23.1 ± 5.0 
e 

Null 

(EPV102) 

Aerobic 6.2 ± 4.5 
c 

13.6 ± 0.7 
d 

28.2 ± 2.1 
e 

Anaerobic 29.6 ± 8.4 
c 

2.8 ± 0.3 
d 

28.1 ± 4.8 
e 

a 
S.D. Standard deviation. 

b
 The difference in iron concentrations found between indicated sample sets is 

statistically significant as determined by 2-way ANOVA, Holm-Sidak’s multiple 

comparisons test, P value < 0.001. 

c
 The difference in iron concentrations found between indicated sample sets is 

statistically significant as determined by 2-way ANOVA, Holm-Sidak’s multiple 

comparisons test, P value < 0.0001. 

d
 The difference in manganese concentrations found between indicated samples sets is 

statistically significant as determined by 2-way ANOVA, Holm-Sidak’s multiple 

comparisons test, P value < 0.05. 

e
 Differences in zinc concentrations among all samples are not statistically significant as 

determined by 2-way ANOVA, Holm-Sidak’s multiple comparisons test, P value > 0.05. 
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THE VCT SYSTEM FACILITATES IRON TRANSPORT IN THE PRESENCE OF ASCORBATE. 

The differences in growth comparing aerobic and reduced-oxygen conditions for 

the single-system strains suggest substrate availability contributes strongly to growth 

phenotypes. While changes in environmental pH and oxygen affect the ratio of free 

ferrous to ferric iron, these changes may also result in physiological changes in V. 

cholerae that contribute to growth.  To test the impact of directly increasing ferrous iron 

present in the medium, the effect of ascorbate, a reducing agent, on colony formation was 

tested. Ascorbate is used to reduce iron from the ferric to the ferrous state in in vitro 

assays and increases the prevalence of ferrous iron (43). Neither the wild type nor the null 

strain were affected by the addition of ascorbate (Fig. 9). The strain dependent upon the 

Feo ferrous iron transport system was strongly stimulated by the addition of ascorbate, 

likely due to the increased prevalence of its ligand. The strain with the ferric-iron specific 

transporter Fbp was inhibited by the addition of ascorbate while the strain dependent 

upon vibriobactin was unaffected. To our surprise, the strain dependent upon the Vct 

system was strongly stimulated by the addition of ascorbate. In the previous growth 

assays, the addition of excess iron and changes to pH and oxygen failed to stimulate vVct 

growth strongly (Fig. 5). Given changes in growth observed for strains dependent upon 

the characterized ferrous and ferric iron transporters in those differing conditions, these 

data suggest a role for ascorbate in iron transport by the Vct system in a manner separate 

from increasing ferrous iron availability. 
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Figure 9. Ascorbate strongly stimulates growth of the strain dependent upon the Vct 

system on LB agar. 

Strains indicated were diluted from overnight cultures and plated on LB agar with 

no supplementation or 4 mM ascorbate: wild type – O395), null – EPV102, vFeo – 

EPV104, vFbp – EPV115, and vVib – EPV126.  Plates were incubated for 24 h at 37°C 

and the diameters of 10 well-isolated colonies were measured using a reticle. The data are 

the mean and standard deviation of one experiment, and are representative of biological 

replicates. * indicates significance by 2way ANOVA Sidak’s multiple comparisons test, 

p value < 0.0001. 
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To further explore the mechanism of stimulation of vVct by ascorbate, liquid 

growth with ascorbate supplementation was tested (Fig. 10). While vVct grows poorly in 

LB broth even in the presence of iron supplementation (Fig. 5), growth of vVct was 

comparable to wild type when 1 mM ascorbate was added to the growth medium. With 

LB broth being a complex media, it was possible this stimulation by ascorbate required 

components found in LB broth. To test if ascorbate alone was sufficient for stimulation of 

this strain, growth of vVct was also assessed in M9 defined minimal media (Fig. 11). 

While growth of vVct was not stimulated to wild-type levels, stimulation of growth was 

still observed when the media was supplemented with ascorbate, suggesting that 

ascorbate is involved in the transport of iron into cells through the Vct system. It remains 

unclear how the Vct system and ascorbate interact to allow for iron transport and, 

consequently, growth stimulation. Further study is required to understand this interaction.  
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Figure 10. Ascorbate stimulates growth of the strain dependent upon the Vct system 

in LB broth. 

Strains as indicated were diluted into fresh LB broth from overnight culture 

without supplementation or with 1 mM ascorbate as indicated. The optical density (A650) 

was measured over the course of 10 h. The data are the mean and standard deviation of 

biological triplicates. wild type – O395, null – EPV102, vVct – EPV103. Differences in 

terminal optical densities comparing the null with and without treatment are statistically 

significant by 1way ANOVA, p value < 0.001; differences in terminal optical densities 

comparing vVct with and without treatment are statistically significant by 1way 

ANOVA, p value < 0.0001. 
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Figure 11. Ascorbate stimulates growth of the strain dependent upon the Vct system 

in M9 minimal media. 

Strains as indicated were diluted into M9 minimal media with 0.2% sucrose and 

10 μM FeSO4 from overnight cultures without supplementation or with 1 mM ascorbate 

as indicated. The optical density (A650) was measured over the course of 10 h. The data 

are the mean and standard deviation of biological triplicates. wild type – O395, null – 

EPV102, vVct – EPV103. Differences in terminal optical densities comparing vVct with 

and without treatment are statistically significant by 1way ANOVA, p value < 0.05. 
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IRON ACQUISITION BY V. CHOLERAE IN THE INFANT MOUSE.  

Oxygen is low or absent in the intestine, and we hypothesize that a V. cholerae 

iron transport system that supports sufficient iron acquisition for anaerobic growth in 

vitro could allow the bacteria to obtain iron in the intestine. Therefore, we assessed the 

ability of the null mutant to compete with the wild type for colonization and growth in the 

infant mouse intestinal infection model (2, 118). In prior studies, the infant mouse 

infection model has been employed to explore the function of iron acquisition systems in 

vivo, but most of the iron transport mutants tested thus far were only moderately 

attenuated or fully virulent (32). To determine whether the null mutant (vib, viuA, feo, 

fbp, vct) has an iron transport system capable of supporting growth in the host, infant 

mice were inoculated with equal numbers of the null and wild-type strains. The mean 

competitive index of the null strain in this assay was 0.28 (Fig. 12). This equates to a 3-4 

fold loss of fitness relative to the wild type. This is a larger effect than seen with the vib, 

feo, fbp mutant (12), and this may indicate a role for vctP in vivo. However, this decrease 

in fitness is relatively modest compared with the loss of fitness of the null strain grown in 

vitro in the presence of oxygen (mean competitive index = 0.006). In fact, it is more 

consistent with the relative fitness observed in vitro in the absence of oxygen (mean 

competitive index = 0.19), suggesting that V. cholerae growing in the infant mouse 

intestine behave similarly to cells growing anaerobically in vitro. The moderate defect of 

the null strain in the mouse infection model, in addition to the demonstrated anaerobic 

iron accumulation in this strain (Table 7), suggests that there is an iron transport system 

in V. cholerae that functions in the absence of oxygen and supports growth of the bacteria 

in vivo. Identification of this system will be crucial to understanding the interactions of 

this pathogen with its host. 
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Figure 12. in vitro and in vivo competition between null and wild type. 

The competitive index (CI) was calculated by normalizing the output ratio to the 

input ratio of the two competing strains. (A) Relative fitness of the wild-type (O395) and 

null strain (EPV102) were assessed in vitro in the presence of oxygen (atmospheric 

oxygen conditions) and absence of oxygen (anaerobic chamber). Each point represents an 

individual culture. The lines indicate the mean and standard deviation. (B) Relative 

fitness of the wild-type and null strains were assessed in the infant mouse infection 

model. Each circle indicates a separate infant mouse, and horizontal lines indicate the 

mean and standard deviation. A competitive index less than one indicates a fitness defect 

for the null mutant in the condition.  
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HEME IS NOT A SOURCE OF IRON FOR V. CHOLERAE IN THE INFANT MOUSE.  

Because the null mutant retains the ability to use heme as an iron source, it was 

possible that heme could serve as an iron source for V. cholerae in the infant mouse 

intestine. Previous studies indicated that the heme transporters are not essential for 

growth of V. cholerae in the infant mouse intestine, but the presence of additional iron 

transport systems did not allow determination of whether heme is available as a potential 

iron source within the host (75). To determine whether heme is present in the infant 

mouse intestine, a hemA deletion mutant in the wild-type O395 background was 

generated (EPV134). HemA catalyzes the first committed step of heme biosynthesis 

(119, 120). Because the heme transport systems allow V. cholerae to use available heme, 

we reasoned that growth of a hemA mutant could serve as a sensor for the presence of 

heme in the environment. Indeed, EPV134 grew as well as the wild type in LB medium 

supplemented with heme, but poorly in the absence of supplementation (Fig. 13A). 

Supplying the wild-type copy of hemA on a low-copy vector allowed normal growth in 

the absence of heme supplementation (Fig. 13B), confirming the defect in EPV134 is in 

the hemA gene.  
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Figure 13. Growth of the V. cholerae O395 hemA mutant. 

 (A) Overnight cultures of EPV134 (O395 ΔhemA) and wild-type O395 were 

diluted 1:200 in LB or LB supplemented with heme. Growth was determined by 

monitoring A650 over the course of 10 hours. (B) Overnight cultures of EPV134 bearing 

empty vector (pWKS30) or pHemA were diluted 1:200 in LB and growth was monitored 

as above. The data represent the mean of biological triplicates.  
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An in vitro competition assay was used to assess the growth of the hemA mutant 

relative to the wild type at different heme concentrations. The hemA mutant competed 

poorly with the wild type in the absence of heme in vitro, but relative fitness increased in 

the presence of increasing concentrations of supplemental heme (Fig. 14A). Heme 

concentrations ≥ 10 µM eliminated the competitive advantage of the wild type over the 

hemA mutant. This concentration of heme supported growth of the null strain (Fig. 4B). 

Thus, if the hemA mutant is able to acquire sufficient heme for growth in the intestine, the 

level of heme available for growth should also be sufficient to sustain growth of the null 

mutant. 

When in vivo competition of the hemA strain against the wild type was performed, 

few hemA mutants were recovered from the infant mice after 18 hours of infection (Fig. 

14B). Of 23 infected mice, hemA mutants were recovered from only 7 animals (mean 

competitive index = 0.006), while the recovery of hemA mutants was below the level of 

detection in the remaining 16 mice (Fig. 14B). The mean competitive index observed in 

the mice was similar to that observed in the absence of heme in vitro (mean competitive 

index = 0.02) (Fig. 14A). The severe attenuation of the hemA mutant suggests there is 

minimal heme available to V. cholerae in the infant mouse intestine, and growth of V. 

cholerae in this environment must depend on a source of iron other than heme. The null 

strain likely acquires this iron via an uncharacterized system that functions in anoxic 

environments. 
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Figure 14. Heme is not available as an iron source to V. cholerae in the infant mouse 

intestinal tract. 

 (A) Relative fitness of wild-type O395 and EPV134 (O395 ΔhemA) was 

determined in vitro in LB supplemented with the indicated concentrations of heme. Each 

point represents a separate culture; lines indicate the mean and standard deviation. (B) 

Relative fitness of wild-type O395 and EPV134 (O395 ΔhemA) were determined in vivo. 

Each circle indicates a separate infant mouse. Circles indicate the calculated competitive 

index in mice from which EPV134 was isolated (n = 7), EPV134 was not isolated from 

an additional 16 mice (not depicted). The competitive index (CI) was calculated by 

normalizing the output ratio to the input ratio of the two competing strains. Each data 

point represents one mouse, and the mean CI and standard deviation are represented by 

horizontal lines. A competitive index less than one indicates a fitness defect for the hemA 

mutant in the condition. 
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VIUA IS NOT REQUIRED FOR V. CHOLERAE UTILIZATION OF VIBRIOBACTIN 

During the course of our study, we found that the null strain (EPV102) was being 

cross-fed by the wild-type O395 during extended incubation (Fig. 15); this was 

unexpected as the gene encoding the receptor for vibriobactin, viuA, had been deleted in 

this strain. The requirement for ViuA in vibriobactin utilization by V. cholerae has been 

described repeatedly (59, 64). To determine if the cross-feeding was indeed a 

consequence of the null strain using vibriobactin or vibriobactin breakdown products, we 

assessed whether or not cross-feeding of the null strain occurs when grown in the 

presence of a vibB siderophore biosynthesis mutant which cannot catalyze the reactions 

necessary to produce vibriobactin. Consistent with prior studies demonstrating that 

vibriobactin is the sole siderophore produced by V. cholerae (53–55), cross-feeding was 

no longer observed (Fig. 15). Further, a strain (EPV139) with the additional deletion of 

the periplasmic binding protein-dependent inner membrane permease system viuPDGC 

was not stimulated by the vibriobactin-producing wild type. 
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Figure 15. A Vibrio cholerae viuA mutant is able to use vibriobactin or breakdown 

products 

Overnight cultures were streaked on LB agar as indicated and incubated at 37°C. 

Plates were photographed after 48 h incubation. Growth is observed for EPV102 in areas 

adjacent to O395 but not in areas adjacent to ALV101.  
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With the observation that a vibriobactin producing V. cholerae strain could 

stimulate the growth of a strain lacking viuA, we further explored the genetic 

requirements for siderophore utilization by V. cholerae. To test for the utilization of 

different iron sources, strains of interest are embedded in molten LB agar with iron 

chelator. Sources of iron can be spotted on the solidified plate surface and growth 

stimulation around the spot can be observed if the strain is able to use the provided 

source. In addition to spotting purified iron sources, bacterial strains which produce 

siderophores can also be spotted to assess whether the embedded strain is able to use 

secreted products. 

First, we compared the stimulation of the ViuA
+
 null, ViuA

-
 null, and ViuA

-
 

ViuPDGC
-
 null when different sources of iron were spotted on the plate surface: heme or 

vibriobactin secreted from wild-type O395 (Fig. 16A). The VibB
-
 strain, ALV101, which 

cannot produce vibriobactin, was also spotted on the plate surface as a negative control 

for vibriobactin secretion. All strains were stimulated by the presence of heme; however, 

strains were differentially stimulated by the presence of wild-type O395. Consistent with 

previous observations, strains with viuA are able to use vibriobactin produced from O395. 

The null ΔviuA strain and the ΔviuPDGC mutant derivative were also unable to use 

vibriobactin in this experiment. However, these data are not consistent with the cross-

feeding observed when strains are grown side-by-side in the absence of iron chelator 

(Fig. 15). ALV101, which does not produce vibriobactin failed to stimulate any of these 

strains. 

Because the high-affinity iron transport systems are disrupted in EPV6, we 

attempted this assay in the absence of iron chelator (Fig. 16B). Growth of all mutant 

strains was observed in the presence of vibriobactin-producing O395, including the 

viuPDGC mutant. The ViuA
+
 null strain, EPV6, was most strongly stimulated, forming 
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the largest zone of growth around O395 spotted on the agar plate surface. The zone of 

growth of the ViuA
-
 null strain EPV102 was reduced by comparison. Deletion of viuA 

and both inner membrane catechol permeases did not eliminate utilization of vibriobactin 

by V. cholerae; however, growth stimulation by the vibriobactin-producing O395 was 

severely reduced. Again, ALV101, which does not produce vibriobactin failed to 

stimulate any of these strains. 
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Figure 16. Vibriobactin utilization dynamics change in the presence of iron chelator. 

Strains as indicated were embedded in LB agar plates supplemented with iron 

chelator EDDA (A) or unsupplemented (B). Sources of iron or bacterial strains were 

spotted on the agar surface. After 24 h growth, the diameter of growth stimulation by 

each iron source or bacterial strain was marked and measured. * indicates no observed 

growth. The data are the mean and standard deviation of biological triplicates. The wild-

type strain was not included in the assay done in the absence of EDDA because it 

overgrows the plate when no chelator is present.  
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It is unclear if the use of vibriobactin by the ViuA
-
 null strain may account for the 

only modest phenotype observed in competition with the wild-type strain (Fig. 12). To 

determine if cross-feeding of the null strain by the wild type allows for iron use within 

the host, we inoculated infant mice with the wild-type O395 and the ViuA
-
 ViuPDGC

-
 

null strain (EPV139) to compare the relative fitness of these strains.  While this mutant 

appears to retain some capacity to use vibriobactin, stimulation is limited. Thus, if 

vibriobactin cross-feeding did partially account for the growth of EPV102 in the prior 

competition, we expect the fitness defect of this ViuA
-
 ViuPDGC

-
 null to be more severe. 

The average competitive index was 0.308 with a standard deviation of 0.116 (n = 7). The 

average competitive index when the null strain (EPV102) was competed against the wild 

type was 0.276 with a standard deviation of 0.160 (Fig. 10). Given the absence of 

statistical significance between these values, we conclude that the cross-feeding observed 

in vitro does not contribute significantly to the fitness of the null mutant in vivo. 

 If ViuA is not required for vibriobactin use by V. cholerae in the absence of a 

chelator, then an alternative siderophore receptor must allow for transport into the 

periplasm. While prior studies indicate that ViuA is required for vibriobactin use (57, 64), 

it is not clear what effect the presence of an iron chelator has upon receptor-mediated 

ferri-siderophore uptake. To better understand the cross-feeding of ViuA receptor 

mutants, we constructed a series of isogenic mutants for the three known, catechol 

siderophore receptors, ViuA, VctA, and IrgA in the iron transporter deficient 

background, EPV6. These mutants have only one of the three receptors, with the other 

two deleted; as such, any stimulation of growth in the iron utilization assay by 

vibriobactin-producing strains would indicate transport of the siderophore through the 

remaining receptor. We assessed each of these receptors for their ability to bind and 

import vibriobactin (or vibriobactin breakdown products) by assessing growth 
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stimulation in the iron utilization assay by wild-type O395 (Fig. 17). A mutant which 

lacks all three receptors was also tested. Interestingly, any of the three receptors 

permitted growth stimulation in the presence of O395, though to different degrees; the 

mutant retaining ViuA is most strongly stimulated while mutants retaining VctA and 

IrgA are stimulated to a lesser degree. These data may reflect the affinity of the receptor 

for the ferri-siderophore, and the addition of iron chelator in this assay may compete 

against the binding of the siderophore and iron or prevent association of the siderophore 

and receptor. It is also unclear whether stimulation is a result of importing vibriobactin or 

vibriobactin breakdown products which can weakly associate with iron. Additionally, a 

triple receptor mutant is still weakly stimulated by the presence of vibriobactin-producing 

V. cholerae O395 but not the vibB mutant ALV101; it is not clear why this strain, or the 

ViuPDGC
-
 VctPDGC

-
 mutant (EPV139) (Fig. 16), are stimulated by a vibriobactin 

secreting strain. These data may indicate a separate, low-affinity transport mechanism for 

the siderophore. The nature of this stimulation requires further study, and suggests that 

there is still more to be understood in the dynamics of siderophore use by V. cholerae. 
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Figure 17. ViuA, VctA, or IrgA allow vibriobactin utilization. 

Isogenic strains were created in the EPV6 strain background with mutations in the 

catechol siderophore receptors IrgA, VctA, and ViuA. The remaining functional receptor 

is indicated for each strain. Each strain was embedded in LB agar with iron sources or 

bacterial strains spotted on the surface; no iron chelator was added. * indicates no 

observed growth. The data are the mean and standard deviation of biological triplicates. 
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REVISITING THE GENETIC REQUIREMENTS OF THE FEO SYSTEM 

In S. enterica, low levels of ferrous iron transport were still observed in a feoC 

deletion mutant despite reduced levels of FeoB protein (121). Additionally, Hsueh et al. 

(122) demonstrated that K. pneumoniae FeoC coordinates an iron-sulfur cluster which is 

degraded in the presence of oxygen. In S. enterica, Kim et al. (123) further demonstrated 

that rapid degradation of FeoC occurs in high-oxygen conditions and this oxygen-

dependent degradation could be attributed to FeoC iron-sulfur cluster association. 

Together, these data indicate that FeoC functions as an oxygen-responsive protein which 

modulates stability of FeoB through protection from proteolytic degradation. This model 

is not consistent with evidence in V. cholerae demonstrating that feoC is required for 

function of the system (44, 45). Furthermore, while S. enterica (123) and K. pneumoniae 

(122) FeoC are fairly conserved (~71% identity) and possess cysteine residues capable of 

coordinating iron-sulfur clusters, V. cholerae FeoC shares little homology and does not 

have cysteine residues. We wanted to address how these different Feo systems might 

function in V. cholerae using the iron-transport deficient strain EPV6. While evidence 

from Stevenson et al. (45) indicate that, in V. cholerae, the deletion of feoC from the 

feoABC operon expressed from a plasmid results in reduced FeoB levels, and that feoAB 

fails to stimulate growth of EPV6, the relative amount of FeoB from the feoC deletion 

construct and chromosomal expression was not assessed. If FeoC serves only to stabilize 

FeoB for iron transport, then over-expression of FeoB should be sufficient to rescue 

growth of EPV6. We compared V. cholerae FeoB levels by Western blot, comparing 

chromosomal expression of FeoB from V. cholerae ARM592 (FeoABC
+
) and plasmid 

expression in constructs with and without feoC in EPV6 (Fig. 18). Detected levels of 

FeoB from the plasmid-encoded copies exceeded the chromosomal expression, even in 

the absence of feoC. Despite higher levels of FeoB protein than that expressed in 
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ARM592, the plasmid lacking feoC failed to stimulate growth of EPV6 (Fig. 19) while 

ARM592 grows on LB agar with no supplementation. In V. cholerae, FeoC does appear 

to contribute to the stability of FeoB, but these data indicate an additional, required role 

for FeoC in the function of this system.  
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Figure 18. Plasmid-expressed FeoB levels exceed chromosomal expression even in 

the absence of feoC. 

Protein levels of FeoB were assessed by Western-blotting using rabbit polyclonal 

sera against FeoB (UT644). V. cholerae ARM592 which retains the chromosomal 

feoABC locus was compared to EPV6 (null) with either empty vector, pFeoAB, or 

pFeoABC. Two exposure times are shown as indicated (Top panels). An SDS-PAGE run 

in parallel was stained for total protein by Coomassie Blue (Bottom panel). 
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Figure 19. Vibrio cholerae requires feoABC to stimulate growth of the iron-transport 

deficient strain, EPV6. 

The V. cholerae strains assessed for FeoB protein levels were tested for growth on 

LB agar with no supplementation. Plates were inoculated with strains with plasmids as 

indicated and incubated at 37°C overnight. 
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We also assessed function of FeoC in FeoABC orthologs. The data presented by 

Kim et al. (121) suggested that iron transport through the Feo system in S. enterica could 

still function in the absence of feoC, though greatly impaired. Evidence in V. cholerae 

indicated that FeoC is a required component of this system (44, 45), and while FeoC does 

appear to stabilize FeoB levels (Fig. 18), no growth stimulation of the iron-transport 

deficient strain EPV6 is observed in the absence of feoC (Fig. 19). To test if orthologous 

systems could function in the absence of feoC, feoAB and feoABC were cloned from K. 

pneumoniae, Y. enterocolitica, and E. coli. Plasmids were transformed into the iron-

transport deficient strain EPV6 and assessed for their capacity to stimulate growth in the 

absence of heme (Fig. 20). In all cases, growth of the strain on LB agar required all three 

components: feoA, feoB, and feoC. The strain did not grow when transformed with 

constructs encoding only feoAB. Growth of all strains could be restored by 

supplementation of the LB agar with heme (Fig. 21), which EPV6 can use as an iron 

source. Together, these data would suggest that the Feo system from these organisms 

require feoC for function in a role beyond FeoB stabilization. The precise role of FeoC 

interaction with FeoB in transporting ferrous iron through this system remains unclear. 
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Figure 20. Feo orthologs require feoC to function in V. cholerae EPV6 in the absence 

of heme. 

The iron transport deficient strain, EPV6 was transformed with plasmids as 

indicated. vector – pWKS30, V.c. – V. cholerae, Ec – E. coli, Ye – Y. enterocolitica, and 

Kp – K. pneumoniae. Strains were streaked on LB agar with ampicillin and incubated 

overnight at 37°C. 
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Figure 21. EPV6  carrying plasmids encoding feoAB and feoABC orthologs grow in 

the presence of heme. 

The iron transport deficient strain, EPV6 was transformed with plasmids as 

indicated. vector – pWKS30, V.c. – V. cholerae, Ec – E. coli, Ye – Y. enterocolitica, and 

Kp – K. pneumoniae. Strains were streaked on LB agar with ampicillin and heme. Plates 

were incubated overnight at 37°C. 
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ASSESSING ANAEROBIC IRON TRANSPORTER CANDIDATES  

Although the anaerobic growth and metal accumulation data for the null strain 

strongly suggest the presence an additional mechanism of iron acquisition, the identity of 

the system is unknown at this time. With no clear homologues of the characterized 

ferrous iron transporters S. flexneri SitABCD (124), S. flexneri MntH (125), Y. pestis 

YfeABCD (126, 127), E. coli EfeUOB (128), E. coli CorA (129), E. coli FetM (130), E. 

coli FecA (131), or Bordetella spp. FtrABCD (132) within the V. cholerae genome, we 

attempted to identify the system by constructing mutants in genes of unknown function 

that are Fur-regulated (27, 112). From the list of genes found to be upregulated in the 

absence of iron, we used an algorithm (133) to predict the localization and topology of 

these candidates and their operon-associated genes with the assumption that one 

component of an iron transport system must be found embedded within the inner 

membrane to allow for import. Gene loci that fell into this category include VC0880, 

VC1264, VC1688, VCA0976, and VCA1099. VC1688 was of particular interest due to 

its characterization as a putative manganese importer (116). However, disruption of each 

of these genes within a Feo
-
 Fbp

-
 Vct

-
 VibB

-
 background did not reduce anaerobic 

growth, suggesting that these genes are not involved in iron transport. Alternatively, more 

than one low-affinity iron transporter may contribute to the acquisition of iron under 

anaerobic growth.  

In attempts to identify the iron transporter, we discovered that the null strains 

were able to grow not only under anaerobic conditions, but also in minimal defined 

medium at acidic pH with limited aeration. Either M9 or T medium was sufficient; 

however, the buffering systems for each media were changed to PIPES for buffering at 

lower pH. With the ability to grow cells to reasonable density in large volumes, we 

attempted enrichment for a transposon-insertion mutant in the iron transporter. 
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Transposon mutagenesis of EPV128 using a mariner-based transposon was carried out 

(EPV128 Transposon pool). We first tried to passage EPV128Tp through the defined 

minimal media with heme supplementation to reduce the frequency of auxotrophs; 

however, EPV128Tp, and the parental wild-type V. cholerae O395, did not tolerate 

repeated passage through minimal media. To address this, a more robust biotype was 

used.  

Deletion of each known iron transporter was repeated in the El tor biotype, 

C6706; in this incarnation of the iron-transport null mutant, gene loci were removed 

entirely instead of replaced using antibiotic resistance cassettes. This was done 

intentionally to facilitate downstream applications and future use of the strain. 

Transposon mutagenesis was repeated on the C6706 null mutant, EPC008, to generate an 

EPC008 transposon pool. EPC008Tp tolerated repeated passage though minimal media 

with heme supplementation. After enriching against auxotroph mutants, streptonigrin 

treatment of the pool was repeated multiple times. Streptonigrin is an iron-dependent 

antibiotic that results in DNA damage and subsequent death of susceptible cells. The pool 

was grown in the presence of streptonigrin and iron in minimal medium for a number of 

hours, the cells pelleted, washed in fresh medium, and resuspended in minimal medium 

with heme for recovery. Treatment with streptonigrin was repeated multiple times and the 

enriched mutant pool was plated for isolated colonies. Isolated clones were picked and 

assessed for growth in the presence of iron or heme in minimal medium; if clones could 

grow in the presence of heme and not iron salts, then the transposon insertion might have 

inserted into genes involved in iron acquisition. However, isolated clones screened for the 

growth phenotype did not grow well irrespective of heme presence, suggestive of non-

iron related phenotypes. As such, this approach was abandoned. 
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DISCUSSION 

V. cholerae has a large number of iron transport systems (32, 33). These include 

siderophore synthesis (Vib) and transport (Viu), transporters for xenosiderophores (IrgA, 

Vct, Fhu), ferric (Fbp) and ferrous (Feo) iron transporters, and heme uptake systems 

(Hut, Has). Vct can also transport iron in the absence of siderophore (33). The 

maintenance of all these genes within the genome suggests that, while there may be some 

redundancy, each system confers a selective advantage during some stage of the V. 

cholerae lifecycle. Having multiple iron acquisition systems may allow V. cholerae to 

acquire iron efficiently from the diverse sources available in the different environments it 

inhabits. The need for multiple iron transport systems for optimal growth in different 

environments has been noted for other pathogens. In Yersinia pestis, the siderophore 

yersiniabactin is essential for the early stages of bubonic plaque but is not needed for 

septicemic infection (134). Y. pestis has multiple ferrous iron transporters, including Feo, 

Yfe, and Fet. These do not appear to be redundant, as mutations in either feo or yfe, 

resulted in a significant growth defect (17). Similarly, B. pertussis uses different systems 

at different times during infection (135). The alcaligin and enterobactin siderophore 

systems are expressed early in the course of infection, while heme transport is induced 

late, reflecting the availability of different iron sources during the course of infection. 

In V. cholerae, the presence of multiple systems, some with potentially 

overlapping functions, makes it difficult to assess the role of individual systems. To more 

fully characterize the role of each system, we constructed and analyzed strains that have 

only one of the four systems that promote growth in standard, unsupplemented LB 

medium. Our data indicate that the different iron acquisition systems are not functionally 

redundant but are needed to optimize iron acquisition under a variety of conditions. For 

example, the Feo system appears to function best at low pH or reduced oxygen, where its 
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substrate ferrous iron is expected to be present. Conversely, the Fbp system supports 

robust growth at alkaline pH or normal atmospheric oxygen levels where more ferric iron 

is expected. However, when strains with either system are grown in a pH environment 

where its respective substrate is less prevalent, these systems do not appear to capable of 

supporting growth, growing as poorly as the strain deficient in all four of the iron 

transport systems. 

The Vct system of V. cholerae appears to utilize ascorbate to facilitate iron 

import. It is unclear if ascorbate interacts with iron to form weakly associated complexes 

that are recognized by the Vct transporter, or if ascorbate allows for iron transport 

through Vct indirectly. However, the robust stimulation of the strain by ascorbate both on 

LB agar (Fig. 9) and in liquid broth (Fig. 10, 11) indicates an important role. While the 

Vct system is known to import catechol siderophores (33), the non-siderophore mediated 

iron transport has remained elusive. Iron is known to complex with ascorbate in aqueous 

solution (136) and this complex may be recognized by VctP to allow for coordinated 

transport into the cell. The crystal structure of VctP has been resolved (61) and may 

facilitate future studies in how ascorbate contributes to iron acquisition through this 

system. 

Vibriobactin is often considered the most effective iron acquisition system in V. 

cholerae, because of the high affinity of the siderophore for iron. Therefore, it was 

surprising that vVib did relatively poorly in growth assays, especially as individual 

colonies on a solid medium (Fig. 5A), as compared to vFbp which also transports ferric 

iron. While siderophores are often considered the primary iron transport systems, their 

role is generally assessed in assays that are different from those used here (64, 137, 138). 

Usually, assays measure the ability of the siderophore to compete with a soluble chelator, 

such as dipyridyl or EDDA, and frequently there is at least one non-siderophore transport 
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system, such as Feo, in the genetic background of the strain. In the experiments presented 

herein, there is very limited siderophore available at the time the strain is spread on the 

plate or diluted into fresh medium due to dilution at the beginning of the assays. The only 

way for the strain to obtain iron is to produce siderophore such that it would accumulate 

to a threshold concentration in the medium. We speculate that the growth defect is more 

pronounced in the colony size assay (Fig. 5A), since cells can easily use siderophore 

produced by other cells in liquid culture, while on solid medium, this will be limited by 

the rate of diffusion of siderophore in the agar. Further, by deletion of the known non-

siderophore transport systems in V. cholerae, we have identified roles for IrgA and VctA 

in transporting vibriobactin (Fig. 15-17). While it is unclear why iron chelator interferes 

with IrgA and VctA utilization of vibriobactin or how weak stimulation is still observed 

when all three of the receptors are deleted, or alternatively when both inner membrane 

catechol transport systems are disrupted, these data suggest that siderophore transport is 

more complex than previously determined. 

Anaerobic growth of the null mutant in the absence of heme appears to be due to 

the presence of an additional, unidentified iron transport system. Both the null and the 

wild-type strain accumulate iron when grown anaerobically, and growth is significantly 

reduced when an iron chelator is added to the medium. This indicates that the ability of 

the null strain to grow anaerobically is dependent upon its ability to acquire iron. Growth 

of the null strain anaerobically, but not aerobically, suggests that ferrous iron is the likely 

ligand for the system. Feo also transports only ferrous iron, but unlike the null mutant, 

vFeo grows in the presence of oxygen, indicating that ferrous iron is available 

aerobically, possibly due to the presence of the VciB protein, which was proposed to act 

as a ferric iron reductase under aerobic conditions (67). This suggests that it is not a lack 

of ferrous iron that prevents the growth of the null mutant in oxygen. It is more likely that 
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the system is only expressed under specific conditions. V. cholerae has both the Fnr and 

ArcAB oxygen-sensing transcriptional regulators, and regulation of feo expression by the 

presence of oxygen has been reported (139). V. cholerae also has PepA which controls 

gene expression in response to pH (140). One or more of these regulators may control 

expression of iron transport genes. Having oxygen and pH, as well as iron, regulate iron 

uptake systems can prevent iron overload and help protect the cells from oxidative stress 

and damaging radicals associate with Fenton reaction in the presence of iron (141). While 

iron is essential, excess intracellular iron in the presence of oxygen can be lethal (142), 

and the cell may repress some systems in aerobic environments to reduce potential toxic 

effects of iron. An effect of oxygen on expression of V. cholerae iron transport systems is 

suggested by the observation that the wild type accumulated higher levels of iron 

anaerobically than under aerobic conditions.  

It is of particular interest to identify the system(s) that enable V. cholerae to 

acquire iron during colonization of the mammalian intestine. Previous studies using 

single or multiple gene knock-outs failed to identify any one iron transport system as 

critical for in vivo colonization and pathogenesis. Mutants defective in vibriobactin 

synthesis had reduced multiplication, but still caused fluid accumulation in the mouse 

(86, 143) and a vibB, fbpA, feoB triple mutant competed well with its parent (43). The 

most severe defect observed in the mouse model was seen in a mutant in which 

vibriobactin synthesis, as well as the genes encoding both TonB systems, were mutated, 

but interpretation of this is complicated by the fact that TonB may have effects in 

addition to iron transport (86), and toxic peptides may have resulted from the manner in 

which the genes were disrupted. In competition assays, the null strain, lacking Vib, Feo, 

Fbp and Vct, had a small but consistent defect in colonization. This indicates that one or 

more of these systems contributes to wild-type growth in the mouse. However, the null 
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strain competed surprisingly well and could be recovered in relatively high numbers from 

the infected animals. This suggests that the null strain is able to acquire iron in vivo, most 

likely using the same system that allows it to grow and compete with the wild type under 

anaerobic conditions in vitro. Attempts to identify a candidate gene by bioinformatics 

approaches have, thus far, been unsuccessful. We have not excluded the possibility of a 

reduced iron requirement for V. cholerae during growth in vivo. However, the fact that 

the bacteria accumulate iron and are sensitive to an iron chelator when growing 

anaerobically, suggests that iron is needed for growth in conditions that are similar to 

those in the intestine.  

Heme is a potential iron source in the intestine and was reported to be present 

within the cecal fluid of the rabbit intestine (144, 145); however, to our knowledge, this 

has not been assessed in infant mice. Disruption of the three heme receptors in V. 

cholerae, which prevented heme transport, did not result in a loss of fitness during in vivo 

competition with the wild type (75). This indicated that heme transport was not essential 

for V. cholerae virulence, but did not establish whether heme is available to serve as an 

iron source in vivo. The hemA mutant, which cannot synthesize heme but can grow in the 

presence of exogenous heme, was unable to acquire sufficient heme to colonize and 

compete with the wild-type strain, suggesting that little or no heme is available to V. 

cholerae growing in the mouse intestine. This indicates that the system used by the null 

mutant to acquire iron in the infant mouse model is not heme. 

The data presented in this study support a model whereby multiple iron 

acquisition systems contribute to the growth of V. cholerae in different environments. 

These systems have optimal conditions for iron acquisition, but there is overlap, ensuring 

some redundancy for acquiring this essential element. More than one system contributes 

to iron acquisition in vivo. The null strain had a reduction in fitness, indicating that at 
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least one of the four systems missing in this strain contributes to colonization; however, 

the defect was modest, suggesting the presence of an additional system. Identifying this 

system, which is likely the same one supplying iron in anaerobiosis, is important to 

understanding the pathogenicity of this organism. 
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Chapter 2: Vibrio cholerae VciB mediates iron reduction 

VCIB STIMULATES GROWTH OF V. CHOLERAE WHEN FEO IS THE SOLE IRON 

ACQUISITION SYSTEM.  

Previous studies in E. coli suggested VciB stimulated iron acquisition by ferrous 

iron transport systems, but no phenotypes in V. cholerae were identified for a vciB mutant 

in growth or the infant mouse colonization model (67). Since that time, the identification 

of all apparent iron transporters which support growth in laboratory conditions has 

allowed generation of isogenic V. cholerae iron transport mutants in which three of four 

(Feo, Fbp, Vct, and vibriobactin) or all of these known high-affinity iron acquisition 

systems were disrupted, facilitating functional characterization of each individual system 

(104). In this study, vciB was mutated in strains carrying only one functional iron 

transport system. Growth of these individual strains was assessed using a colony size 

assay to measure growth. Consistent with the previous observation with ferric iron 

transporters (67), strains with functional Fbp (vFbp) and vibriobactin (vVib) were 

unaffected by the presence of vciB (Fig. 22). The strain dependent upon the Vct system 

for growth (vVct) was also unaffected by the presence of vciB, further supporting that the 

Vct system does not transport free ferrous iron. The strain dependent upon the Feo 

system for iron acquisition was significantly impacted by the presence of vciB. Diameters 

of colonies formed by Feo
+
 VciB

+
 strain were significantly larger than the Feo

+
 strain 

lacking VciB function. While VciB stimulated ferrous iron transporters, including V. 

cholerae Feo in E. coli (67), this is the first evidence of a role for vciB in V. cholerae iron 

acquisition.  
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Figure 22. VciB stimulates growth of V. cholerae when Feo is the sole iron 

acquisition system. 

The colony size assay was used to assess growth of indicated strains. Diameters of 

colonies formed by the wild type (O395), vFeo (EPV104), vFbp (EPV115), vVct 

(EPV103), vVib (EPV126), and the null strain (EPV102) along with vciB mutant 

derivatives in each background were measured (EPV123, EPV137, EPV133, EPV136, 

and EPV131, respectively). * indicates significance as determined by 1way ANOVA 

(Sidak), P value < 0.0001.  
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vciB is located in a two-gene operon downstream of vciA. Function of VciB in E. 

coli does not require vciA; however, this could be due to the presence of E. coli gene(s) 

that substitute for the absence of vciA. To test the role of vciA in V. cholerae, an 

unmarked deletion of vciA was introduced into the vFeo strain background. Deletion of 

the vciA coding region results in a similar growth defect to the deletion of vciB (Fig. 23), 

but the addition of vciB alone on a plasmid was sufficient to restore colony growth. Thus, 

the growth defect of vciA mutation is due to a polar effect on vciB expression and 

demonstrates, similar to E. coli, that VciA is not required for VciB function in V. 

cholerae. Expression of vciB from the plasmid pVCvciB stimulated growth of the parent 

vFeo strain beyond that of the chromosomally-encoded copy (Fig. 23), suggesting that 

increasing the expression of vciB has a direct correlation to increased growth.  
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Figure 23. Stimulation of growth requires VciB and not VciA. 

The colony size assay was used to assess growth of indicated strains. vFeo (Feo
+
 

VciAB
+
) (EPV104) and separate vciA (EPV154) and vciB (EPV153) mutant derivatives 

were assessed for growth by colony size assay as above with empty vector and plasmid-

encoded vciB.  * indicate significance as determined by multiple T tests, P value < 

0.0001.  
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VCIB IS REQUIRED FOR ROBUST GROWTH OF THE FEO
+
 STRAIN IN FERROUS-IRON 

LIMITED CONDITIONS.  

VciB was proposed to function as a ferric iron reductase due its ability to 

stimulate iron acquisition through a variety of ferrous iron transporters including the V. 

cholerae, E. coli, and S. flexneri Feo systems and the S. flexneri Sit ABC transporter (67). 

If the role of VciB is to reduce ferric iron to ferrous iron, then vciB should have a 

maximal effect under conditions where ferrous iron is limiting. Conversely, the 

requirement for VciB should be reduced under conditions which favor ferrous iron. To 

assess whether increasing ferrous iron would stimulate growth, the reducing agent 

ascorbate was added to the medium to reduce ferric iron to its ferrous form (Fig. 24). The 

presence of supplementary ascorbate strongly stimulates growth of both the Feo
+
 VciB

+
 

and Feo
+
 VciB

-
 strains. In the absence of ascorbate, the presence of vciB caused a 

dramatic increase in colony size, while in the presence of ascorbate, this effect was 

markedly reduced. This shows that VciB has a maximal effect under conditions where 

ferric iron is predominant. In conditions where ferrous iron is expected to be more 

prevalent, the requirement for vciB is reduced. This is consistent with the proposed role 

of iron reduction by VciB to make ferric iron available for ferrous iron transporters. 
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Figure 24. Ascorbate reduces the need for vciB. 

The colony size assay was used to assess growth of indicated strains. Comparison 

of growth of wild type (O395), null strain (EPV102), Feo
+
 VciB

+
 (EPV104), and Feo

+
 

VciB
-
 (EPV123) on unsupplemented LB agar and the addition of 4 mM Na-ascorbate. * 

indicate significance as determined by 2way ANOVA multiple comparison’s test (Sidak), 

P value < 0.0001. 
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VCIB CONFERS INCREASED FERRIC IRON REDUCTASE ACTIVITY TO V. CHOLERAE.  

While a role for ferric iron reduction by VciB was proposed previously, this 

activity was not directly demonstrated (67). To test if VciB supports the reduction of free 

ferric iron, a whole-cell ferric iron reduction assay (146) was adapted for use in V. 

cholerae. This assay takes advantage of the colorimetric reagent FerroZine which binds 

specifically to ferrous iron, and the formation of a Fe
2+

-FerroZine complex results in a 

color change which can be quantified by measuring absorbance at 562 nm (147). Using 

this assay, we tested whether a strain (Feo
+
 VciB

-
) with pVCvciB would stimulate iron 

reduction relative to a strain carrying the empty vector (Fig. 25). A significant increase in 

the amount of reduced iron was observed in cells with pVCvciB, while only a low level 

was observed in cells harboring the empty vector. Additionally, a Feo
-
 VciB

-
 strain with 

pVCvciB displayed a similar capacity to reduce iron, indicating that VciB functions 

independently of the Feo ferrous iron transporter. Thus far, phenotypes and functional 

characterization of VciB have required the presence of a functional ferrous iron transport 

system (67). These data indicate that VciB-mediated iron reduction is independent of the 

iron transport systems and thus a direct interaction between the iron transport system 

proteins and VciB is not necessary for VciB activity. 
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Figure 25. VciB confers increased ferric reductase activity independent of Feo. 

Strains with (EPV153) and without feo (EPV156) carrying either empty vector or 

pVCvciB were assessed for the capacity to reduce iron over time using the whole-cell 

iron reductase assay. A562 is proportional to the amount of Fe
2+

-FerroZine species. The 

data are the mean and standard deviation of three biological replicates. 
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ORTHOLOGS OF VCIB PERFORM A SIMILAR FUNCTION.  

VciB belongs to a family of proteins with undetermined function (COG3295). 

Orthologs of V. cholerae VciB are found in a diverse number of species including 

Burkholderia and Aeromonas. Members of these genera are clinically important since 

select Burkholderia species members cause severe disease with high mortality rates 

(148), while Aeromonas species are opportunistic pathogens that cause gastroenteritis and 

necrotizing fasciitis (149). To assess if orthologs found in these organisms share a similar 

function with V. cholerae VciB, we tested their ability to complement the vciB mutation 

in the Feo
+
 VciB

-
 strain. The vciB homologs were amplified from B. thailandensis, B. 

mallei, and A. hydrophila genomic DNA and cloned into pUC18 (Fig. 26A, B). These 

plasmids were transformed into the V. cholerae Feo
+
 VciB

-
 strain and function assessed 

through the colony size assay. All vciB homologs stimulated growth in this strain, 

although there was some variation in colony size as plasmids encoding the different 

homologs stimulate to varying degrees (Fig. 27). The ability of these orthologs to 

stimulate the growth of V. cholerae also depended upon a functional Feo system (Fig. 

27).These data suggest that VciB homologs share a similar function in reducing iron. 
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Figure 26. VciB orthologs are found within multiple pathogenic bacteria and 

environmental isolates. 
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Figure 26 (legend). (A) Alignment of protein sequences was performed using 

Clustal Omega (150). Vibrio cholerae, Aeromonas hydrophila, Methylobacter 

tundripaludum, Herbaspirillum massiliense, Burkholderia thailandensis, and 

Burkholderia mallei are shown. Arrows indicate residues targeted for mutagenesis, Red 

arrows indicate essential residues (His38 and His166 in V. cholerae). (B) The vciB locus 

of the Aeromonas hydrophila isolate BG-2 obtained from the Texas Department of 

Health was sequenced after cloning.  
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Figure 27. VciB orthologs share function. 

Orthologs cloned from B. mallei (pBMvciB), B. thailandensis (pBTvciB), and A. 

hydrophila (pAHvciB) were tested alongside empty vector (pUC18) and pVCvciB in the 

colony size assay using strain backgrounds Feo
+
 VciB

- 
(EPV153) and Feo

-
 VciB

- 

(EPV156). 10 well-isolated colonies were measured using a reticle after 24 h incubation 

at 37°C; the data are the mean and standard deviation and are representative of biological 

replicates. 
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DELETION OF NQR IMPACTS IRON REDUCTION KINETICS.  

Ferric iron reductases have been studied in Shewanella oneidensis (151–153), 

Geobacter sulfurreducens (154, 155), and E. coli (152) where electrons from the 

oxidation of NADH are passed through the electron transport chain and directed to iron 

as the terminal electron acceptor. V. cholerae uses either the Na
+
-translocating 

NADH:quinone oxidoreductase (Na
+
-NQR) or NADH dehydrogenase (NDH-2) to 

oxidize NADH and initiate the passage of electrons through electron transport chain 

constituents. To assess whether the iron reduction observed by vciB also requires NADH 

oxidation, we deleted the nqr locus which encodes the Na
+
-NQR and tested the ability of 

pVCvciB to stimulate iron reduction in the absence of nqr. If VciB requires electrons 

from the electron transport chain, then the deletion of nqr should reduce or abolish iron 

reductase activity. While the reduction of iron was observed, the kinetics of iron 

reduction was significantly different (Fig. 28). The nqr deletion strain displayed a 

reduced rate of iron reduction, suggesting that changes to the electron transport chain 

affect VciB function, but iron reduction does not depend solely on NQR.  
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Figure 28. Deletion of nqr affects iron reduction kinetics. 

Iron reduction by the wild-type O395 and Δnqr mutant (EPV162) harboring 

empty vector (pUC18) or pVCvciB was tested. * indicates significant differences 

between the respective wild-type and Δnqr time point as determined by 2way ANOVA 

multiple comparisons test (Sidak), P value < 0.05. The data indicate the mean and 

standard deviation of three biological replicates. 
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REDUCTION OF IRON IN V. CHOLERAE DOES NOT REQUIRE NAPC.  

In E. coli, a component of the nitrate reductase complex (NapC) directs electrons 

from the electron transport chain to iron (152). While our data suggest that VciB plays a 

role in iron reduction, it remains unclear whether VciB itself directly passes electrons to 

Fe
3+

 or if VciB is an intermediate in the process. V. cholerae encodes a NapC ortholog 

with 72% identity to E. coli NapC based on BLAST (90). To test if V. cholerae NapC is 

required for VciB function, a napC mutant and parent strain were compared in their 

ability to stimulate iron reduction while harboring empty vector or pVCvciB (Fig. 29). 

The reduction of iron by both parent and napC mutant strains bearing pVCvciB in this 

assay was identical, indicating that NapC is not required for VciB to function. 

Interestingly, the napC mutant and parent strains bearing empty vector were markedly 

different at times 40 minutes and onwards, with the napC mutant evolving less reduced 

iron over the course of this experiment. Together, these data suggest that while NapC 

does not contribute to VciB activity, it does contribute to iron reduction in V. cholerae.  

  



 132 

 

Figure 29. NapC is not required for VciB-mediated iron reduction. 

V. cholerae ΔvciB (EPV164) and ΔvciB ΔnapC (EPV165) mutants were 

compared in the whole-cell iron reductase assay. Iron reduction was measured in cells 

harboring empty vector (pUC18) or pVCvciB. The data are the means and standard 

deviation of three biological replicates. * indicate significant differences between strains 

carrying empty vector at the indicated time points as determined by 2way ANOVA 

multiple comparisons test (Sidak), P value < 0.05. 
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CONFIRMING SUBCELLULAR LOCALIZATION AND MAPPING VCIB MEMBRANE 

TOPOLOGY.  

VciB is predicted to be located in the inner membrane with three transmembrane 

regions with a large periplasmic region and two short cytoplasmic segments (Fig. 34) 

(133). To first confirm the localization of the VciB protein, an N-terminal V5 epitope tag 

was introduced to vciB carried on the low-copy plasmid vector pWKS30 (pV5vciB). 

Function of this protein was retained in the complementation of the growth defect of the 

Feo
+
 VciB

-
 strain (Fig. 30). Subcellular localization of V5vciB was determined through 

the separation of the cytoplasmic, inner, and outer membrane fractions by 

ultracentrifugation and subsequent SDS-PAGE and immunoblotting. V5vciB was located 

in the inner membrane fraction, but not the cytoplasmic or outer membrane fractions 

(Fig. 31), confirming the predicted inner membrane localization.  
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Figure 30. V5vciB complements the vciB deletion.  

The colony size assay was used to assess growth of EPV153 harboring the 

indicated plasmids.  
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Figure 31. V5vciB localizes to the inner membrane. 

Subcellular fractions were collected through ultracentrifugation and detergent 

solubilization. Fractions were subjected to SDS-PAGE separation and immunoblotting 

with a αV5 antibody (Top). A SDS-PAGE gel run in parallel was stained using 

Coomassie (Bottom). 
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To determine the membrane topology of V5vciB, the substituted cysteine 

accessibility method (SCAM) as described in Butler et al. (156) was performed. For this 

approach, the protein of interest must first possess no cysteine residues, but retain 

function. The Cys-less mutant is then systematically mutagenized to replace native 

residues with Cys residues to create a series of mutants possessing one cysteine. Wild-

type VciB has one cysteine (Cys41) which retrained full activity when mutagenized to 

serine and subsequent mutants constructed in the vciB Cys41S background also retained 

function (Fig. 32). Topology of the V5vciB protein was determined through accessibility 

of the introduced cysteine residues to the reagents NEM and MTSES. NEM is a 

membrane-permeable maleimide reagent which will covalently bind cysteine residues. 

MTSES is an inner-membrane impermeable reagent that in whole Gram-negative cells 

will covalently bind cysteine residues accessible on the surface or in the periplasm but 

not in the cytoplasm. Cells treated with one of these reagents are lysed and treated with a 

PEGylated maleimide (MalPEG) which covalently binds cysteines not previously bound, 

and, therefore blocked, by NEM or MTSES. Proteins linked to MalPEG will display a 

size shift in immunoblotting (Fig. 33). Cysteine residues accessible in the periplasmic 

space will be blocked in both NEM and MTSES treatments, preventing MalPEG binding 

and subsequent reduced mobility in SDS-PAGE. Accessible cysteines in the cytoplasm 

will be blocked by the treatment with membrane-permeable NEM, but not membrane-

impermeable MTSES. Retarded gel migration will be observed in the MTSES-treated 

sample, but not the NEM-treated sample. Residues buried within the inner membrane or 

otherwise surface-inaccessible will be blocked by neither NEM nor MTSES, reduced 

migration due to MalPEG binding will result in retarded gel migration following either 

treatment. The results of the SCAM are summarized in Table 8. Our data (Fig. 33) 

support the predicted model for VciB membrane topology (Fig. 34). VciB possesses three 
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transmembrane-spanning regions with a large periplasmic loop. With this topology 

model, we next assessed the role of amino acid residues in the function of VciB. 
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Figure 32. Cysteine substitution mutants in V5vciB-C41S complement the VciB 

deletion. 

The colony size assay was used to assess growth of EPV153 harboring the 

indicated plasmids. 
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Figure 33. SCAM Western analysis 

Mutants generated in the V5-tagged, Cys-less (C41S) background were tested for 

Cysteine accessibility to the solvent using NEM and MTSES reagents. Subsequent 

treatment with MalPEG was used to visualize initial blocking by NEM and MTSES.  – 

indicates the no treatment negative control, + indicates the MalPEG treated positive 

control, N indicates samples pretreated with NEM and M indicates samples pretreated 

with MTSES. 

  



 140 

Table 8. Summary of SCAM results. 

Residue NEM 
a
 MTSES 

a
 Interpretation 

Ser18 Blocked Unblocked Cytoplasm 

Ile34 Blocked Unblocked Cytoplasm 

Cys41 Unblocked Unblocked Membrane 

Ser60 Partial blocking Partial blocking Periplasm (partially exposed) 

Ser73 Blocked Blocked Periplasm 

Ser75 Blocked Blocked Periplasm 

Ile106 Blocked Blocked Periplasm 

Ala110 Blocked Blocked Periplasm 

Leu114 Blocked Blocked Periplasm 

Ser139 Blocked Blocked Periplasm 

Ala160 Blocked Blocked Periplasm 

Thr171 Blocked Blocked Periplasm 

Leu181 Unblocked Unblocked Membrane 

Ser203 Blocked Unblocked Cytoplasm 

Ser215 Unblocked Unblocked Membrane 

Gly225 Blocked Blocked Periplasm 

 

a
 Blocked indicates treatment prevented MalPEG binding, retarded gel migration was not 

observed. Unblocked indicates treatment did not prevent MalPEG binding, retarded gel 

migration was observed. Partial blocking indicates treatment did not completely block the 

residue, both protein species were observed.  
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Figure 34. Supported VciB topology model. 

Supported topology model with V5-epitope tag (dark blue), Cys-mutants (orange 

circles), and point mutations introduced in conserved residues (green squares). 

Transmembrane regions were predicted using TMHMM (133). The topology map was 

generated using the TeXtopo package in the LaTeX program (157). 
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HISTIDINES 38 AND 166 ARE ESSENTIAL FOR VCIB FUNCTION.  

While VciB belongs to a family of proteins (COG3295), the amino acids required 

for function of this family have not been determined. Highly conserved residues 

identified through ClustalO (150) alignment of the first 100 reference proteins identified 

by BLAST (90), excluding Vibrionaceae, were targeted through site-direct mutagenesis: 

His38, His61, His166, Trp33, Trp127, Trp197, Tyr142, and Asp180. Their positions are 

indicated on the topological map (Fig. 34). The residues were mutagenized as indicated 

in the N-terminally V5-tagged VciB plasmid and tested for protein expression. While 

mutants His38N, His61N, His166N, Trp33Y, Trp127Y, Trp197Y, or Asp180N were 

expressed at or near wild-type levels, Tyr142W expression or stability was poor (Fig. 35). 

Next, we tested these mutants, excluding Tyr142W, for the capacity to complement the 

VciB mutation in the colony size assay. Mutations in His38 or His166 resulted in failure 

to complement the growth phenotype (Fig. 36). To ensure that the His38N and His166N 

mutations are not resulting in protein mis-localization, we confirmed inner membrane 

localization of both mutant species (Fig. 37). 
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Figure 35. Analysis of V5vciB mutant expression levels. 

(Top) Total cell lysates from each strain were probed for the V5-epitope. 

(Bottom) Coomassie stained SDS-PAGE gel. 
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Figure 36. Histidine 38N and 166N substitutions do not complement the VciB 

deletion. 

Point mutants generated in the V5-tagged VciB background were tested for the 

ability to complement the colony formation defect of the Feo
+
 VciB

-
 strain (EPV153). 10 

well-isolated colonies were measured using a reticle after 24 h incubation at 37°C. The 

data are the mean and standard deviation and are representative of biological replicates. 
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Figure 37. VciB histidine 38N and 166N substitutions localize to the inner 

membrane. 

Subcellular fractions were collected through ultracentrifugation and detergent 

solubilization. Fractions were analyzed by SDS-PAGE separation and immunoblotting 

with a αV5 antibody. 
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The mutants, excluding Tyr142W, were tested using the whole-cell reductase 

assay to measure their capacity to reduce ferric iron. While these residues are highly 

conserved and display no obvious defects, the whole-cell reductase assay may reveal 

subtle differences among these mutant protein species. Unsurprisingly, all point mutant 

species capable of complementing the growth phenotype of the Feo
+ 

VciB
-
 strain also 

efficiently reduced iron in this assay (Fig. 38). Cells harboring the point mutants His38N 

and His166N, which did not complement the mutant growth phenotype, had only 

background levels of reduction. These data indicate essential roles for His38 and His166 

in the function of VciB. 
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Figure 38. VciB histidine 38N and 166N substitutions do not reduce iron. 

VciB point mutants were tested for the capacity to reduce iron in the whole-cell 

iron reduction assay. Observed reduction of iron by EPV153 (Feo
+
 VciB

-
) bearing 

plasmids with the point mutations -H61N, -W33Y, -W127Y, -W197Y, and -D180N do 

not differ significantly from the wild-type pV5vciB; -H38N and -H166N do not differ 

from the vector control. Significance determined using 2way ANOVA multiple 

comparisons test (Sidak). 
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VCIB FORMS A DIMERIC STRUCTURE.  

Given the diversity of organisms in which VciB function has been observed (67), 

it must either function independently to reduce iron or interact with highly-conserved 

proteins, such as those of the electron transport chain. Since neither the Feo system (Fig. 

25) nor NapC (Fig. 29) are necessary to observe VciB activity, we employed chemical 

crosslinking using formaldehyde to probe for potential interacting partners. Bacterial 

cells expressing V5vciB were treated with formaldehyde, and proteins were analyzed by 

SDS-PAGE separation and immunoblotting. The predicted molecular weight of V5vciB 

is 27.2 kD; however, VciB is highly basic (pI = 10.66) and V5vciB (pI = 10.32) migrates 

at approximately 23 kD. A protein species with migration at roughly twice the size of the 

V5vciB (46 kD) protein was observed after formaldehyde treatment (Fig. 39), suggesting 

VciB may form a homodimeric protein species. To determine if the point mutants 

isolated in our mutagenesis (His38N and His166N) were necessary for this interaction, 

we assessed whether the large protein species was formed in these mutants. Indeed, the 

larger species could be detected in both the His38N and His166N mutants, suggesting 

that the non-function of these mutants is due another aspect of the protein chemistry. 

While the level of the higher molecular weight protein species appears reduced in 

His38N, formaldehyde crosslinking is not quantitative. 
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Figure 39. Formaldehyde treatment reveals higher-order structure formation by 

VciB. 

Formaldehyde treated cells (EPV153) with indicated plasmids were lysed and 

subjected to SDS-PAGE separation and immunoblotting with a αV5 antibody. 

Monomeric and higher molecular weight V5-reactive proteins were detected as indicated 

(arrows). 
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While this larger protein species may be an interaction between VciB and a 

heterologous protein, the size suggested it could be a VciB dimer. To determine whether 

VciB interacts with itself, an 8xHis epitope was introduced on the N-terminus of VciB 

and cloned into the pWKS30-compatible plasmid pACYC184. Function of pH8vciB was 

confirmed using the whole-cell iron reduction assay (Fig. 40). Iron reduction was weak 

relative to previously observed activity in other plasmid systems (Fig. 25 and 38), but 

significantly different from empty vector. pH8vciB and pV5vciB were transformed into 

the vciB deletion mutant to assess for potential interactions between the two protein 

species (Fig. 41). If VciB interacts with itself, then the V5vciB should co-purify upon 

affinity purification of the His-tagged H8vciB. Consistent with VciB-VciB interaction, 

we found V5vciB in elution fractions when His-tagged VciB was purified using Ni-NTA 

under harsh detergent conditions (Fig. 41). Surprisingly, this interaction was maintained 

in the absence of formaldehyde treatment, suggesting a strong interaction. We found that 

the presence of both VciB species resulted in higher protein levels of the 8xHis-tagged 

form. The data from the formaldehyde crosslinking and co-purification together suggest 

dimerization by VciB.  
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Figure 40. His-tagged VciB expressed from pACYC184 stimulates iron reduction. 

An N-terminal 8xHis epitope tagged VciB was introduced into pACYC184; 

function was tested using the whole-cell iron reductase activity. The data are the mean 

and standard deviation of three biological replicates. * Indicate significant differences 

between the vector and pH8vciB samples at respective time points as determined by 

2way ANOVA multiple comparisons (Sidak), P value < 0.05.  
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Figure 41. V5vciB co-purifies with His-tagged vciB. 

Ni-NTA was used to purify His-tagged proteins from lysate generated from 

EPV164 (ΔvciB) with indicated plasmids. Clarified lysate (CL), affinity purification 

flow-through (FT), and elution (E) fractions from cells carrying the indicated plasmids 

were separated using SDS-PAGE. Separate membranes were probed using an αHis and 

αV5 antibody as indicated. 
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DISCUSSION 

Identifying mechanisms of iron acquisition by bacterial pathogens has been a 

focus of many studies through the years (137). In V. cholerae, decades of research have 

focused on the transport of iron through siderophore and iron-compound uptake receptors 

and their respective inner membrane transport systems. The biosynthetic (49–52) and 

utilization (33, 56, 58, 59, 63, 64) pathways for the V. cholerae siderophore, vibriobactin, 

has been dissected both genetically and biochemically. The high-affinity iron transport 

systems Feo, Fbp, and Vct have been studied in detail (33, 43, 45, 104). Here we have 

continued the study of vciB which stimulates iron acquisition in conjunction with ferrous, 

but not ferric iron transporters (67). We demonstrate a role for VciB in supporting the 

ferrous iron transporter Feo in V. cholerae with the most dramatic effects in oxidizing 

environments where ferrous iron is limiting (Fig. 22, 24). Using FerroZine to detect the 

ferrous iron species in solution, we have confirmed a role of VciB in iron reduction. 

While VciB does not require Feo for iron reduction activity, VciB appears to harness 

electrons from the electron transport chain for iron reduction as deletion of the Na
+
-NQR 

complex (nqr) impairs iron reduction kinetics (Fig. 28). However, V. cholerae encodes 

alternative methods for NADH oxidization by other proteins such as NDH-2 (158), and, 

alternatively, other carbon substrates can be oxidized to provide energy to the electron 

transport chain which may explain why iron reduction, while impaired, is not abolished 

in the absence of nqr. We propose a model for VciB function (Fig. 42) in which VciB is 

able to acquire electrons from the electron transport chain (ETC), originating from either 

the Na
+
-NQR, NDH-2, or alternative oxidation pathways within the ETC and pass them 

to ferric iron as the terminal electron acceptor. Reduced iron can subsequently be 

transported through the Feo system. 

  



 154 

 

Figure 42. Proposed model for VciB function. 

Functional VciB forms a dimeric structure in the inner membrane. Electrons from 

the electron transport chain, either from the Na
+
-NQR (shown) or oxidation of other 

energy sources by other electron transport chain (ETC) constituents, are passed from 

VciB to Fe
3+

 to result in reduction to Fe
2+

. It is not clear at this time whether dimerization 

is required for VciB function or if VciB directly mediates iron reduction. 
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E. coli NapC reduces iron (152) and a V. cholerae napC deletion mutant has 

altered iron reductase activity (Fig. 29), suggesting a similar capacity. Interestingly, V. 

cholerae nitrate reductase genes, including napC, are positively regulated by Fur and iron 

(27). Fur is a widely distributed global regulator of genes involved in iron metabolism 

and becomes active in high intracellular iron conditions. In a fur deletion mutant, the 

napC mRNA levels are reduced relative to the wild-type parent (~2-fold) and expression 

of napC is also increased (~3-fold) in the presence of iron supplementation. These data 

suggest that while iron transport into the cell is repressed under iron-replete conditions, 

systems which exploit iron as a terminal electron acceptor for respiration are positively 

regulated by iron, as our data are consistent with a model where V. cholerae nitrate 

reductase complex is able to reduce iron. Despite up-regulation of the nitrate reductase 

complex, vciA is down-regulated by Fur and iron-replete conditions. vciB is in an operon 

with and downstream of vciA. VciA is a predicted outer membrane receptor for an as of 

yet unidentified siderophore or siderophores (67); the role of VciA in the active transport 

of iron into the cell may factor into why vciAB are down-regulated by iron, yet 

napABCDF are positively regulated by iron. 

Our analysis of an epitope-tagged VciB protein confirms inner membrane 

localization with topology consistent with prediction algorithms. A putative PepSY_TM-

like domain is identified through the Pfam database (91). Studies on the PepSY family of 

proteins suggest that these domains serve regulatory roles for the protein itself, or other 

associated proteins (159). A common amino acid sequence shared among family 

members hyd-Asp-hyd-Xaa-Xaa-Gly does not appear to be intact within the V. cholerae 

VciB sequence (SDLAAV, residues 179-184). While mutations (Asp180N and Leu181C) 

in the conserved motif do not appear to impair function of VciB in our assays (Fig. 32, 

36, 38), it remains unclear what purpose, if any, these conserved regions serve for this 
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family of proteins. Using a BLAST search and ClustalO alignment, we identified a 

number of highly conserved residues in orthologous proteins (Fig. 26). His38 and His166 

are each essential for function, as substitution mutations to asparagine do not function in 

both the complementation of vciB deletion (Fig. 36) and whole-cell iron reduction assay 

(Fig. 38). These histidine residues are conserved within A. hydrophila, B. thailandensis, 

and B. mallei orthologs. As these orthologs are able to complement the vciB deletion in a 

Feo-dependent manner and share the highly conserved histidine residues required for V. 

cholerae VciB function, we propose that members of this family of proteins of unknown 

function, COG3295, mediate the reduction of ferric iron to ferrous iron though 

respiration. In V. cholerae, this reduced iron becomes available for transport through the 

ferrous iron specific transporter, Feo. 
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