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ABSTRACT 
 

COORDINATION OF VIBRIO CHOLERAE EARLY COLONIZATION PHENOTYPES  

IN RESPONSE TO HOST INTESTINAL FACTORS  

Amanda Hay 

Jun Zhu 

Vibrio cholerae causes human infection through ingestion of contaminated food and 

water, leading to the diarrheal disease, cholera. In aquatic environments this bacterium 

displays an expression profile that is distinct from that observed during infection. It can 

also form matrix-encased aggregates known as biofilms, typically on chitinous surfaces, 

which can be important for transmission and infectivity. Upon entry into the host, a tightly 

regulated circuit coordinates induction of two major virulence factors: cholera toxin (CT) 

and a toxin co-regulated pilus (TCP). This study finds that bile components present in 

the host intestine can affect both of these processes. Certain bile salts, including 

taurocholate (TC), serve as host signals to activate V. cholerae virulence through 

inducing the activity of a transmembrane virulence regulator TcpP. In this study we show 

that Ca2+, an abundant metal ion in the gut, enhances bile salt-dependent virulence 

activation. Induction of TCP by murine intestinal contents is counteracted when Ca2+ is 

depleted by the high affinity calcium chelator EGTA, suggesting that calcium present in 

the gut is a relevant signal for V. cholerae virulence induction in vivo. We further show 

that in conjunction with TC, Ca2+ affects dimerization and membrane diffusion of TcpP as 

analyzed by bacterial two-hybrid and fluorescence recovery following photobleaching 

assays. When applied to mature biofilms, TC induces an increase in number of detached 

cells with a concomitant decrease in biofilm mass. Inhibition of protein synthesis did not 

alter rates of detachment, suggesting that V. cholerae undergoes a passive dispersal. 



	
	

v	

Scanning electron microscopy micrographs of biofilms exposed to taurocholate revealed 

an altered, perhaps degraded, appearance of the biofilm matrix and cell-free media 

contains a higher amount of free polysaccharide with TC, suggesting an abiotic 

degradation of biofilm matrix by taurocholate.  Furthermore, V. cholerae induces 

virulence in response to taurocholate only after exiting from the biofilm. Our data 

suggests a model in which V. cholerae ingested as a biofilm has co-opted the host-

derived bile salt signal to sequentially detach from the biofilm and go on to activate 

virulence, which is further promoted by the synergistic effects of physiological levels of 

Ca2+. 
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CHAPTER 1: INTRODUCTION 

 

Vibrio cholerae and cholera 

The diarrheal disease cholera is an important and ongoing health risk. The World 

Health Organization estimates that there are 3-5 million cases annually, with the majority 

of these being unreported1. The disease affects countries in which it is endemic, but also 

occurs in outbreaks, particularly following natural and humanitarian crises. The rapid 

spread and disease onset can quickly overburden health systems. This has been 

highlighted the case of Haiti. Following a devastating earthquake in 2010, an outbreak of 

cholera sickened 300,000 in the first ten months and has been an ongoing source of 

disease in subsequent years2. The bacteria responsible for cholera can cause disease 

following ingestion of contaminated food or water, and is transmitted via the fecal-oral 

route3. After an incubation period of as little as 18 hours, cholera patients experience 

vomiting and diarrhea, resulting in rapid dehydration and death if rehydration is not 

provided3. If a cholera patient resolves the disease, they may be temporarily protected, 

but re-infection is possible within five years.  Various cholera vaccines are available, but 

do not meet global demand due to sub-optimal efficacy, insufficient production, or 

difficulty of administration in resource-poor settings4. 

The disease cholera likely dates back to pre-history; seven pandemic strains of 

the causative V. cholerae bacteria have been responsible for disease in the past two 

hundred years5. The seventh and current pandemic is dominated by the El Tor biotype, 

which may cause a more severe form of disease than past strains. As such, V. cholerae 

is sometimes considered a re-emerging disease5. Pathology during cholera is mediated 
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predominantly by cholera toxin (CT), which is sufficient to promote the hallmark “rice 

water stool” associated with the disease3. CT is produced by V. cholerae and then 

delivered to intestinal epithelial cells by a type 3 secretion system. CT is an oligomeric 

enterotoxin that consists of a single enzymatic Subunit A encased by a ring of five 

Subunit B proteins. Subunit B facilitates binding to epithelial cells. After the toxin is 

endocytosed, Subunit A goes on to initiate cellular processes resulting in host efflux of 

chloride and subsequent secretion of other salts and water6. The resulting diarrhea can 

lead to a fluid loss of up to several liters per day3.  The second major virulence 

determinant is the toxin co-regulated pilus (TCP), which is essential for colonization in 

animal models and human volunteer studies7. This type IV pilus is important for bacteria-

bacteria interactions and microcolony formation in the small intestine, although its full 

repertoire of functions is still under active investigation8–10.  

 

Vibrio cholerae regulation of virulence 

 To achieve the diarrheal disease cholera, V. cholerae coordinates regulation of 

major virulence factors CT and TCP, depicted in Fig. 1.111. The genes encoding proteins 

that make up the toxin (ctxAB) and pilus (tcpA-F) are directly activated by the cytosolic 

transcription factor, ToxT12. Two integral membrane regulators contribute to induction of 

ToxT. These regulators, ToxR and TcpP, in conjunction with helper proteins ToxS and 

TcpH, respectively, bind upstream of the toxT coding sequence13. An additional level of 

regulation occurs at the point of TcpP induction. AphA, AphB, and OhrR transcription 

factors work together to activate TcpP in response to environmental stimuli including low 

oxygen tension14–17. AphA also links quorum sensing and virulence regulation in V. 

cholerae18,19.  
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V. cholerae can persist in brackish environments, and there are many strains of 

V. cholerae that are not considered pathogenic. Typically, only those strains possessing 

the two major virulence determinants are considered to cause endemic disease20.  The 

genes encoding CT, ctxAB, are encoded from a lysogenic bacteriophage, CTXΦ, which 

uses TCP as a receptor and exists as an integrated prophage21. Genes encoding TCP 

structural proteins, ToxT, TcpPH, and accessory colonization factors (ACFs) are found 

on a pathogenicity island that was likely acquired through horizontal gene transfer22. 

Another major regulator, ToxR, is encoded on the ancestral genome, and as such plays 

a role in regulation of additional non-virulence related processes23–25. Various virulence 

associated genes and proteins comprise a tightly controlled regulatory cascade that can 

sense and respond to environmental conditions and signals11.   

 

Composition and production of 

bile in the human gut 

Following ingestion, V. 

cholerae will experience changing 

conditions as they will transit to the 

small intestines, which is the main 

site of colonization. Oxygen tension 

decreases and passage through the 

stomach exposes the bacteria to 

highly acidic conditions. In the 

intestines, the bacteria encounter 

various compounds such as bile and 

Figure 1.1 Schematic of virulence regulation in V. 
cholerae. AphA and AphB promote expression of TcpPH, 
which acts coordinately with ToxRS to induce ToxT and 
activate major virulence factors, cholera toxin (CT) and the 
toxin co-regulated pilus (TCP) 

AphAB	

ToxRS	TcpPH	

ToxT	

CT					TCP	

OM	
		

IM	
	
Cyto	
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bicarbonate, as well as an array of other immune defenses including mucin, 

antimicrobial peptides, and antibodies26–28 At this interface, the intestinal epithelium is 

covered in a thick mucous layer overlaid by a second mucous layer that decreases in 

density as it extend toward the lumen27. Bile exists at high concentrations in the lumen, 

where its antimicrobial activity helps provide a barrier against bacterial outgrowth29. To 

successfully colonize the intestinal tract, V. cholerae and other enteric bacteria must 

adapt to the stress of bile. 

As stomach contents are released the small intestine, bile is also deposited to aid 

Cholate Chenocholate

LithocholateDeoxycholate

Taurocholate GlycocholateDeconjugation

Dehydroxylation

Figure 1.2 Structure of select bile salts. Primary bile salts cholate (cholic acid) and chenodeoxycholate 
(chenodeoxycholic acid) are synthesized in the liver, differing only by hydroxylation status at the 12C position. 
Before being stored in the gallbladder for use in digestion, primary bile salts are conjugated to a taurine or glycine 
group with an amide bond. Cholate conjugated to glycine forms glychocholate (glychocholic acid) and with 
taurine form taurocholic acid. Deconjutation by gut bacteria can return bile acids to cholate and 
chenodeoycholate. Once deonjugated, dehydroxylation by gut bacteria can occur at the 7C position. 
Dehydroxylation of cholate and chenodeoxycholate result in deoxycholate and lithocholate, respectively. 
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in digestion. Bile is a complex mixture composed of bile acids, bilirubin, cholesterol, 

phospholipids, fatty acids (both saturated and unsaturated) and ions such as Ca2+, Na+ 

and Cl- 30. Bile salts in particular exert toxic effects on many bacteria, and are an 

important host signal for V. cholerae. A mixture of bile salts is synthesized in the liver 

from cholesterol precursors, with different bile having the potential to differentially affect 

bacterial physiology. The two main bile salts synthesized are cholic acid and chenocholic 

acid, and are termed primary bile acids (Fig. 1.2). They share a common sterol core, 

differentiated by the presence of a hydroxyl group at the C12 position. Secondary bile 

acids lack the C7 hydroxyl group (Fig. 1.2). Any of these bile acids may be conjugated 

with glycine or taurine amino groups.  Before being released from the liver for storage in 

the gallbladder, primary bile acids are conjugated with a taurine or glycine group, to form 

taurocholate or glychocholate, respectively 31. Following a meal, bile is released into the 

duodenum from the gallbladder where it is stored. Bicarbonate is also released, resulting 

in an increase of pH after deposition of acidic stomach juices32.  

 

Vibrio cholerae responses to bile 

Bile salts have antimicrobial properties that can affect the physiology of V. 

cholerae and other enteric bacteria33. Several responses to bile have been described for 

V. cholerae that contribute to survival and pathogenesis. Gram negative bacteria such 

as V. cholerae display some inherent resistance to bile compared to gram positive 

bacteria. This is due in part to the semi-permeable outer membrane that limits bile entry 

into gram negative cells34. Gram negative bacteria also efficiently pump bile salts and 

other toxic compounds out of the cell by use of the resistance–nodulation–division 

(RND) family of transporters. These three-member pumps traverse the inner membrane, 

periplasm, and outer membrane. In conjunction with TolC, an outer membrane 
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embedded pore complex,  substrates are extruded from the cytoplasm into the 

environment35. The first and most well studied member, AcrAB, was discovered in E. 

coli36. AcrAB-TolC in E. coli can export a wide variety of substrates, and as such is 

considered a multidrug efflux pump37. This transporter family is generally known for its 

wide substrate specificity, but certain members do have higher affinity for specific 

compounds. For example, V. cholerae possesses RND pumps that when deleted, render 

bacteria broadly sensitive noxious compounds. However, V. cholerae mutants lacking 

the efflux pump VexCD have increased sensitivity to deoxycholate, but not to other 

compounds tested, suggesting substrate specificity to bile salt for this particular pump38. 

Efflux pumps such as AcrAB are constitutively expressed in many bacteria, but bile and 

other insults can either increase their expression or promote induction of axillary pumps 

with higher substrate specificity for bile39. V. cholerae efflux pumps VexAB and VexCD 

are both induced by 0.2% bile and VexCD (also named BreAB) was shown specifically 

to be induced by regulator BreR in response to deoxycholate38,40,41. Both efflux pumps 

were also induced in rabbit ileal loop model, indicating that these genes may play a role 

during infection in vivo 42.  AcrAB  homologues are typically encoded as an operon, with 

TolC being encoded elsewhere on the chromosome, and often pairing with multiple 

pumps35,43. In V. cholerae, multiple RND family pumps are thought to pair with the same 

TolC, as deletion of this outer membrane protein renders the bacteria acutely sensitive 

to bile salts, while mutation of other putative TolC homologues does not44.   

When exposed to bile, many gram negative bacteria will attempt to exclude bile 

from entering the cell. To do this, many alter the expression of outer membrane porins 

that bile salts may pass through. Porins are comprised of beta barrel proteins that make 

up aqueous-filled channels. They are ubiquitous among gram negative bacteria and 

allow passive diffusion of molecules with little substrate specificity45. For V. cholerae, 
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OmpT is one of the primary porins, expressed under normal growth conditions46. OmpT 

is a “large” diameter porin in that it can accommodate diffusion of bile salt-sized 

substrates. Upon bile exposure, V. cholerae will instead express a “small” diameter 

porin, OmpU, which is thought to limit diffusion of bile salts and larger molecules. ToxR 

directly regulates expression of these two porins in the presence of bile by repressing 

the “large” diameter OmpT and activating the “small” OmpU porin47. When ompT and 

ompU promoters were swapped, resulting in ToxR-dependent bile activation of OmpT, 

these mutant cells displayed decreased bile resistance and greatly diminished 

colonization48. Further exploration of these two porins showed that wild type cells 

expressing the bile-induced OmpU had decreased outer membrane permeability and 

were better able to restrict anionic flux, supporting their proposed roles in bile resistance 

47,49. 

 

Conclusions 

The work included in this dissertation adds to our knowledge of how V. cholerae 

responds to bile and its component parts. In Chapter 2, the response of V. cholerae 

grown in biofilms to conditions similar to those encountered in vivo is explored. Because 

V. cholerae biofilms likely represent a natural route of infection, we tested the responses 

of these biofilms to individual bile salts that would be encountered in the intestine. We 

found that taurine-containing bile salts such as TC can promote dispersal from mature 

biofilms, likely through physical disruption of the biofilm matrix components. We also 

found that virulence induction by the same bile salt, TC, occurred only following egress 

from biofilms.  In further attempt to characterize the response of V. cholerae to intestinal 

conditions, we sought intestinal factors that contribute to induction of virulence 

associated genes. Building on previous identification of TC as a host promoted virulence 
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activating factor (VAF), Chapter 3 characterizes the contribution of calcium to this bile 

salt activation of major virulence determinant TcpA.  We found that calcium acts in 

conjunction with TC to promote regulator activity and downstream activation of virulence 

genes. Calcium and TC affect TcpP-TcpP interaction and movement within the 

membrane, suggesting that the signals affecting bacterial induction of virulence may be 

more complex than previously appreciated. Taken together, we have proposed a model 

in which V. cholerae ingested as either a biofilm or as planktonic cells will respond to 

host signals to coordinate biofilm egress as well as timing and magnitude of virulence 

factor induction (See Figure 4.2). A better understanding of these early steps of infection 

may be informative for optimizing treatment and prevention strategies to combat the 

burden of cholera. 
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CHAPTER 2: HOST INTESTINAL SIGNAL-PROMOTED BIOFILM DISPERSAL 

INDUCES VIBRIO CHOLERAE COLONIZATION 

 

Introduction 

In its natural aquatic environment, V. cholerae is often associated with chintinous 

surfaces in a matrix-encased biofilm50,51. V. cholerae may be more infectious when 

ingested in this natural biofilm state, as a lower infectious dose is necessary to cause 

disease with biofilms compared to free-living planktonic cells. Additionally, incidence of 

cholera can be greatly reduced by simple filtration of contaminated water 52, suggesting 

that selective removal of bacterial biofilms is sufficient to reduce infection. Evidence also 

suggests that biofilm-like aggregates from rice water stool persist in the environment53. 

Efficacy of biofilm-initiated infection has been attributed to a concentrated infectious 

dose as well as protection during gastric passage54. However, even when biofilms are 

disrupted prior to infection, biofilm-derived V. cholerae cells out-compete their free-living 

planktonic counterparts55.  This observation highlights the importance of understanding 

the early steps of infection in a more natural, biofilm route, especially taking into 

consideration the physiologic state of those biofilm-resident cells during this process.  

Like most bacteria, V. cholerae can grow as a biofilm, or community of bacteria 

encased in a matrix. Entrance into a biofilm state of growth is a is a multistep 

developmental process bacteria can initiate when under stressful conditions such as 

nutrient limitation50,51,56. When V. cholerae encounters bile or other biofilm-inducing 

conditions it expresses a set of Vibrio Polysaccharide (VPS) synthetic genes (vpsA-Q) 

that result in production of an exopolysaccharide to encases the bacterial aggregate57. In 

addition to this major biofilm matrix component, V. cholerae also produces several 
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proteins that stabilize the matrix58. This induction is regulated by the major regulators 

VpsT and VpsR59,60, which in turn are regulated by quorum sensing54,61. This pathway 

can be exogenously activated by signals such as starvation and bile62.  

Once they have entered a biofilm state of development, bacteria may employ 

methods to actively exit from a biofilm. Strategies may include egress by enhanced 

motility or repressed adherence, and targeting of matrix components for degradation by 

bacterially produced enzymes or small molecules63.  Often, these systems involve 

complex genetic regulatory mechanisms that cue dispersal in response to internal and 

external cues such as quorum sensing and nutrient availability, respectively. For 

example, Escherichia coli K-12 dispersion is controlled by the global regulator, CsrA, 

which modulates carbon utilization and can drive the bacteria into a biofilm-repressive 

state64. For Staphylococcus aureus, glucose limitation promotes expression of the arg 

system, the activation of which leads to extracellular protease production and ultimately 

dispersion65. The opportunistic pathogen Pseudomonas aeruginossa can affect it own 

 dispersal through production of surfactants that non-specifically disrupt cell-cell and cell-

biofilm interactions, as well as a more explosive seeding dispersal in which hollowed out 

biofilm structures burst open to release highly motile planktonic cells66,67. P. aeruginosa 

detached planktonic cells utilize a distinct regulatory profile compared to biofilm or free-

living planktonic cells, displaying enhanced virulence induction67, once again highlighting 

the notion that biofilm resident or previously biofilm resident cells are physiologically 

distinct from their free-living planktonic counterparts. In this study, we find that V. 

cholerae biofilm dispersal may impact infection, and attempt to characterize this bile-salt 

promoted exit from biofilms. 
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Results 

 The bile salt taurocholate (TC) decreases 

biofilm formation. To better understand the 

interplay between V. cholerae biofilms and the 

host signal bile salts, we incubated V. cholerae 

in biofilm-inducing conditions in the presence of 

various bile salts. As previously reported, V. 

cholerae formed thicker biofilms in the 

presence of the bile salts deoxycholate (DC) 

and cholate (CC) (Fig. 2.1 A)62. Surprisingly, 

biofilm formation was reduced in the presence 

of taurocholate (TC) (Fig. 2.1 A). Biofilm 

formation was not significantly altered when 

grown in the presence of another conjugated 

bile salt, glychocholate (GC) (Fig. 2.1 A). In the 

presence of DC and CC, V. cholerae biofilm 

formation is enhanced via increased production 

of VPS62. Therefore, we measured vpsA 

expression  during biofilm formation in the 

presence of other bile salts. At 18 hours, vpsA 

expression was increased when grown in the 

presence of DC, but unaltered in the presence 

of TC (Fig. 2.1 B), suggesting that decreased 

VPS production was not the cause of lower 
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Figure 2.1 Effect of bile salts on biofilm 
formation. A. V. cholerae was inoculated into 
glass tubes and allowed to form biofilms for 
24 hours at 22ºC. Biofilms of cultures grown 
in the presence of deoxycholate (DC), cholate 
(CC), glychocholate (GC) or taurocholate 
(TC) were quantified with crystal violet 
staining and data are presented in OD570 
values.  B.  Expression of vpsA during 
formation of WT V. cholerae biofilms in the 
presence of 1 mM DC and TC for 18 hrs, as 
measured by the β-galactosidase assay. C. 
Biofilm formation of WT and ∆hapR mutant 
strains in the presence of TC or DC as 
quantified by CV staining. Data are means 
and s.d. of three independent experiments. 
Statistical significance reported as NS: no 
significance; *: P< 0.05; **: P < 0.005; **: P< 
0.0005; ****: P< 0.0001. 
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biofilm formation in the presence of TC. Quorum sensing control over biofilm formation is 

executed through HapR, therefore ∆hapR mutant V. cholerae  grow thicker biofilms than 

WT54. When grown in the presence of TC, ∆hapR mutants also show decreased biofilm 

formation (Fig. 2.1 C), suggesting that TC does not affect quorum sensing-regulation of 

biofilm formation.  

 

The bile salt taurocholate (TC) promotes detachment of mature biofilms in vitro. 

We next considered whether cells were less capable of residing in the biofilm, perhaps 

detaching at a more rapid rate than attaching or growing. To test this possibility, we 

performed detachment assays to determine whether bile salts affect the rate at which 

cells exit the biofilm. After 24 hours of growth, V. cholerae forms robust biofilms that 

Figure 2.2 Effect of 
taurocholate (TC) on 
detachment of mature V. 
cholerae biofilms.  A. 
Remaining biofilm mass 
after detachment for 
indicated time in the 
presence of 1mM 
taurocholate (TC) or 1mM 
deoxycholate (DC), 
presented as fold change 
of OD570 over no bile salts 
added for the same 
incubation period. B.  
Biofilm-derived planktonic 
cells when incubated in the 
presence of 1mM TC or 
1mM DC presented as fold 
change of CFU/mL over no 
bile salts added for the 
same incubation period.  C, 
and D. Remaining biofilm 
mass (OD570) and detached 
cells (CFU/mL), 
respectively,  following 2 
hour exposure to TC, DC, 
cholate (CC), glychocholate 
(GC), and 0.1% Triton X 
(TX) All bile salts are at 1 
mM final concentration. 
Data are means and s.d. of 
three independent 
experiments. Statistical 
significance reported as 
NS: no significance; ****: 
P< 0.0001. 
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Figure 2.2 Effect of taurocholate 
(TC) on detachment of mature V. 
cholerae biofilms.  A. Remaining 
biofilm mass after detachment for 
indicated time in the presence of 
1mM taurocholate (TC) or 1mM 
deoxycholate (DC), presented as 
fold change of OD570 over no bile 
salts added for the same 
incubation period. B.  Biofilm-
derived planktonic cells when 
incubated in the presence of 1mM 
TC or 1mM DC presented as fold 
change of CFU/mL over no bile 
salts added for the same 
incubation period.  C, and D. 
Remaining biofilm mass (OD570) 
and detached cells (CFU/mL), 
respectively, following 2 hour 
exposure to TC, DC, cholate (CC), 
glychocholate (GC), and 0.1% 
Triton X (TX) All bile salts are at 1 
mM final concentration. Data are 
means and s.d. of three 
independent experiments. 
Statistical significance reported as 
NS: no significance; ****: P< 
0.0001. 
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display a characteristic pillar and tunnel architecture56,68. After washing away free-living 

planktonic cells, V. cholerae biofilms were incubated with fresh media supplemented 

with various bile salts. When biofilms were exposed to physiologic levels of TC28, we 

found that there was a decrease in biofilm mass compared to biofilms incubated either 

with DC, or without bile salts (Fig. 2.2 A). Over this same time, we also observed an 

increase in the number of biofilm-derived planktonic cells in the samples incubated with 

TC (Fig. 2.2 B). This enhanced dispersal was not observed with CC, which shares 

structure with TC, but lacks a conjugated taurine group. Nor was it observed with 

another conjugated bile salt, 

GC, or with the detergent 

Triton X100 (TX) (Fig. 2.2 C, 

D) indicating the specificity of 

the bile salt taurocholate to 

promote detachment.  

 

Taurocholate alters V. 

cholerae biofilm matrix 

structure. To further 

understand the nature of TC-

enhanced dispersal, V. 

cholerae biofilms were 

imaged using scanning 

electron microscopy following 

incubation with or without TC 
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Figure	 2.3.	 Visualization	 of	 TC-treated	 biofilms	 Representative	
images	 of	 V.	 cholerae	 biofilms	 imaged	 using	 scanning	 electron	
microscopy	 after	 24	 hours	 of	 growth	 on	 a	 55x55	 mm	 glass	
coverslip	followed	by	1	hour	exposure	to	1mM	TC	(B,	C,	F)	 	or	no	
TC	(A,	C,	E).	 Images	at	250x	(A,	B)	are	zoomed	in	to	2000x	(C,	D)	
and	8000x	magnification	(E,	F).	
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for one hour (Fig. 2.3). At 2000x and 8000x magnification, individual cells within the 

biofilm matrix are clearly visible, as well as a sheet like-substance (Fig. 2C-F). Based on 

comparison to other previously published SEM images of biofilms, the sheets seen in the 

images are likely biofilm matrix69–71. Visual analysis suggests that TC-exposed biofilms 

have an altered appearance compared to unexposed biofilms in that there is less visible 

matrix and cells are less densely clustered. This initial assessment supports our 

hypothesis that TC enhances dispersal of biofilms. We thus considered that if the biofilm 

matrix was disturbed and there were fewer biofilm-resident cells, one of these 

phenomenon might proceed and cause the other.  

 

V. cholerae TC-induced biofilm dispersal is passive. To understand how 

taurocholate affects V. cholerae biofilm matrix, we first tested whether V. cholerae 

actively promotes its own dispersal from the biofilm in response to bile salts, possibly 

disrupting the biofilm matrix during this process. To examine whether TC enhances 

detachment of V. cholerae biofilms through altered production of VPS, we found that 

vpsA expression was not significantly altered in detached cells or biofilms exposed to TC 

or DC as compared to unexposed cells (Fig. 2.4 A). We then tested whether TC 

promotes detachment through quorum sensing pathways involving HapR54. However, 

the ∆hapR mutant strain displayed TC-enhanced detachment at levels similar to wild 

type (Fig. 2.4 B,C). To test whether V. cholerae induces other proteins to promote its 

own detachment in response to TC, we repeated detachment experiments in the 

presence of the protein synthesis inhibitor, chloramphenicol. At low levels, 

chloramphenicol can inhibit growth without causing cell death. Because biofilms may 

display enhanced resistance to antibiotics, we confirmed that chloramphenicol is able to 

inhibit protein synthesis in biofilm-resident cells68. When biofilms of wild-type V. cholerae 
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harboring an arabinose-inducible 

green fluorescent protein (GFP) 

construct (pBAD-gfp) were treated 

with arabinose and chloramphenicol 

for 2 hours, fluorescence induction 

was blocked compared to treatment 

with arabinose only (Fig 2.4 E). We 

then found that V. cholerae 

detachment was not significantly 

altered by the addition of 

chloramphenicol in the presence or 

absence of TC (Fig 2.4 F), suggesting 

that dispersal is not dependent on V. 

cholerae proteins induced in response 

to TC. Taken together, these data 

suggest that V. cholerae undergoes a 

passive dispersal.  
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Figure 2.4. V. cholerae responses during bile salt detachment A. Level of expression of vpsA in biofilm-
resident and detached cells, as measured with the β-galactosidase assay. Cells were collected following two 
hours of detachment. TC and DC were supplemented to final concentrations 1 mM. B. Following growth for 24 
hours in biofilm inducing conditions wild type V. cholerae biofilms were incubated with the protein-synthesis 
inhibitor chloramphenicol (Cm) and TC for two hours. Biofilm remaining was quantified with CV staining. C. 
Control for efficacy of Cm to block protein translation in which pBAD-GFP harboring biofilms were assessed for 
synthesis of GFP and normalized by OD600. D. Biofilm-derived planktonic cells when incubated in the presence 
of 1mM TC, DC or GC E. Detachment of WT and ∆hapR mutant strains in the presence of 1mM TC, DC, or GC 
in which remaining biofilm mass is quantified by CV staining. As ∆hapR strains form thicker biofilms, data are 
presented as fold change over the no supplement condition. Data are means and s.d. of three independent 
experiments. Statistical significance reported as NS: no significance; **: P < 0.005.  
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Polysaccharide content is released during taurocholate and taurodeoxycholate 

treatment of biofilms. We considered the possibility of abiotic degradation, either 

directly or indirectly resulting from 

TC exposure, and sought to find a 

possible mechanism for such 

degradation.  Calcium and other 

divalent cations stabilize the 

exopolysaccharide, and their 

removal can cause collapse of the 

biofilm 72. Because TC can bind to 

and chelate Ca2+ we questioned 

whether removal of stabilizing 

calcium by TC can lead to biofilm 

matrix disruption and therefore 

release of cells. We repeated 

experiments to quantify biofilm 

detachment in the presence of TC, 

Ca2+, or both, yet supplemental 

calcium did not affect TC-

enhanced detachment (Fig. 2.6). 

We next investigated the main 

component of this matrix, VPS, for 

disruption by TC. Using the 
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Figure 2.5. Carbohydrate content released from V. 
cholerae biofilms during incubation with bile salts and 
taurine-containing compounds A. To reduce growth and 
background from rich media, biofilms were incubated in M9 
minimal media with 0.2% glycerol for 2 hours. Media was filter 
sterilized before carbohydrate content was estimated by 
phenol-sulfuric acid method and % carbohydrate values were 
calculated by fitting to a standard glucose curve. For bile salts 
and taurine (TR), final concentration is 1 mM. B and C. 
Detached cells and remaining biofilm mass when mature 
biofilms were incubated in the presence of 1mM 
taurodeoxycholate (TDC), 1mM TR or 10 mM TR for two hours. 
Data are means and s.d. of three independent experiments. 
Data are means and s.d. of three independent experiments. 
Statistical significance reported as NS: no significance; **: P < 
0.005; ***: P < 0.0005. 
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phenol-sulfuric acid method, we estimated the polysaccharide content released during 

detachment. Cell-free filtered supernatants from biofilms exposed to TC contain a 

greater amount of carbohydrates than those exposed to DC or unexposed (Fig. 2.6 A). 

Due to the specificity of the detachment phenomenon to TC, we looked more closely at 

the taurine side group of this bile salt. Taurine alone is insufficient to enhance dispersal. 

(Fig. 2.5 B,C).  We repeated experiments with another bile acid taurodeoxycholate 

(TDC), which is also conjugated  to a taurine group. When incubated with TDC, V. 

cholerae displayed an enhanced rate of detachment, similar to TC (Fig. 2.5 B,C). 

Likewise, TDC-exposed biofilms have a greater polysaccharide content released from 

them compared to unexposed, while no difference is seen for those biofilms exposed to 

taurine alone (Fig. 2.5 A).  

 

Detachment precedes induction of virulence program. It is likely that biofilms or 

biofilm-like particles, not just cells in a planktonic state, serve as transmission agents for 

human infection by V. cholerae53. Presumably, cells must exit from these biofilms before 

they can swim to sites of infection at the intestinal epithelium, as highlighted by the 

importance of motility during infection73. Because TC may be the cue for this in vivo 

detachment, and is also a host-derived virulence inducer54,74, we investigated the 
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Figure 2.6. The effects of Ca2+ 
on V. cholerae mature biofilm 
dispersal. V. cholerae was 
inoculated into glass tubes and 
allowed to form biofilms for 24 
hours at 22ºC. Biofilms were 
washed and incubated with media 
containing 1mM TC, and CaCl2 at 
the indicated concentration. After 
two hours, remaining biofilm mass 
was quantified by crystal violet 
staning and reported as OD570. 
Data are means and s.d. of three 
independent experiments. 
Statistical significance reported as 
NS: no significance; ****: P < 
0.0001. 
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relationship between biofilm dispersal and virulence induction upon exposure to 

taurocholate.  We tested whether detachment and expression of the virulence program 

were related by measuring detachment in a ∆toxT mutant strain of V. cholerae, in which 

major virulence gene expression is abolished75. Virulence gene expression is not 

required for detachment, as the detachment rate of the ∆toxT mutant biofilms did not 

differ significantly from wild type when exposed to TC (Fig. 2.7 A). To test whether 

dispersal affects virulence induction, we tested the response to virulence inducing 

conditions by cells that had either detached from or remained resident in a biofilm. We 

first used a luminescence reporter to test overall population level expression of the major 

virulence determinant TcpA.  Fig. 2.7 B shows that tcpA expression was low in non-

inducing conditions for biofilm resident cells and for detached cells, as was expected. 

Following incubation with inducer TC, TcpA was robustly induced in cells that had 

detached from biofilms, but low expression persisted in in those cells remaining biofilm-

resident (Fig. 2.7 B).  We then used a tcpA-gfp reporter paired with flow cytometry to 

assess individual cell levels of virulence gene expression (Fig. 2.7 C). To track live cells, 

this strain also harbors a constitutive ptet-mCherry construct. As seen in Fig. 2.6 C (i. 

and iii), tcpA expression is uniformly low in non-inducing conditions (top right quadrant), 

with very few outliers. In TC-exposed samples, a majority of the detached cell population 

induces tcpA at least an order of magnitude above background levels (Fig. 2.6 C iv). In 

agreement with population level experiments, TC-exposed biofilm resident cells do not 

induce tcpA (Fig. 2.6 C ii). Interestingly, lack of induction in this population was also 

uniform; that is, robust tcpA induction was observed in very few of the biofilm resident 

cells. To ensure that there was not a sub-population of TcpA- expressing cells at the 

liquid-biofilm interface, we used fluorescence microscopy to visually analyze biofilms of 
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Figure 2.7. Contribution of biofilm dispersal to colonization and virulence A. Remaining biofilm mass (OD570) following 
2 hour exposure to TC for WT and ∆toxT mutant V. cholerae. Expression of major virulence factor tcpA in biofilm resident 
cells and detached cells as shown by B. tcpA promoter-luciferase reporter fusion (PtcpA-lux). Data are means and s.d. of 
three independent experiments. Statistical significance reported as ****: P< 0.0001. C. Flow cytometry plot of V. cholerae 
harboring a plasmid with constitutive mCherry (Ptet-mCherry) and PtcpA-gfp, in which mCherry indicates cells and GFP 
indicates tcpA expression. Average % of GFP cells from three independent experiments are listed in each graph. D. TC-
promoted induction of TcpA as measured by ptcpA-lux. Cells were grown in either liquid cultures or  biofilms  that were 
manually dispersed. Cells were washed and added to fresh media containing TC. Data reported as fold change over 0mM. 
Statistical significance reported as NS: no significance; ***: P < 0.0005; ****: P < 0.0001. 
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the same strain harboring both ptcpA-gfp and ptet-mCherry plasmids. When incubated 

with TC, biofilm resident cells throughout the structure were found to express mCherry. 

Cells on the surface of the biofilm did not appear to have different levels of GFP than 

those internal to the biofilm (data not shown). These results suggest that although biofilm 

resident cells are exposed to TC, they are unable to fully promote expression of their 

virulence program until they have exited the biofilm environment. It is unclear whether 

detachment enhances the expression of virulence factors, or merely enables it. 

However, manually disrupted biofilms are able to rapidly induce tcpA in when exposed to 

TC, indicating that these cells are responsive to TC once removed from the biofilm 

environment (Fig. 2.7 D). The sequential nature of these evens highlights the potential 

importance of detachment during natural infection with V. cholerae biofilm particles. 

 

Discussion 

Using the suckling mouse model of infection, the field has learned a great deal 

about the physiologic and regulatory changes that V. cholerae undergoes as it 

transitions from aquatic resident to enteric pathogen. However, a majority of these 

studies have been conducted with planktonic, free swimming bacteria. Less is known 

about the changes that biofilm-resident V. cholerae undergo during this transition and 

while traversing through the gut. Because only certain bile salts enhance detachment of 

V. choelrae biofilms, it is clear that the mechanism of action is not simply detergent or 

surfactant in nature. The specificity of the observed enhanced detachment phenotype to 

taurine-containing bile acids hints at biochemistry at play that is unique to this class of 

molecules. Taurine contains a sulfonic acid, which is relatively rare among naturally 

occurring compounds. Sulfuric acid has long been used to degrade cellulose for 

industrial purposes, with recent studies describing similar properties for other sulfonic 
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acid containing compounds76,77. Work from the Wiredu group showed that out of an array 

of sulfonic acid containing compounds, those with hydrophobic R core groups were the 

most efficient at catalyzing hydrolysis of cellulose76. Because the amphipathic 

taurocholate molecule orients at interfaces, with the sterol group along the interface, this 

hydrophobic side group may be important to enable the acidic group to come in close 

enough proximity with the carbohydrate, and perhaps to position it properly78. These 

observations could explain why taurine is insufficient to promote detachment without a 

hydrophobic R group, and why only TC and TDC can promote detachment. Further work 

is needed to confirm or rule out this possibility, but we speculate that TC and TDC 

enhance V. cholerae detachment through directly promoting hydrolysis of the VPS 

component of the biofilm matrix. The role of a small molecule in disruption of biofilm 

matrix is not unprecedented, as P. aeurginosa produces rhamnolipid, a surfactant that 

when highly expressed can disrupt cell-matrix interactions79.  

For many bacteria, dispersal is a means of accessing new niches during different 

stages of their life cycle or in response to various cues63. P. aeruginosa active dispersal 

is orchestrated and achieved through an explosive release of bacteria from a hollowed 

out shell in the biofilm. Chua. et. al. found that not only do these dispersed cells have a 

distinct gene expression signature compared to both planktonic and biofilm cells, but that 

dispersion can specifically induce a hyperinfectious state that primes the detached 

bacteria for further infection67.  Other studies have highlighted the importance of 

hyperinfectivity gained during host passage and biofilm residence for V. cholerae80. For 

example, V. cholerae strains that produce excess VPS exhibited lower stochastic 

shedding of bacteria from biofilms, likely because cells were more deeply embedded in 

the matrix. These trapped cells were deficient in their ability to establish colonies in new 

locations81. Our findings suggest that the converse occurs as well: reduction of biofilm 
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matrix, perhaps due to TC-mediated degradation, frees cells and enables them to induce 

new genes and colonize locations inaccessible to biofilm aggregates. Thus, we propose 

a model (See Figure 4.2) in which ingested biofilms encounter bile salts in the proximal 

small intestine that degrade the biofilm matrix, perhaps directly through hydrolysis. As 

they are freed, individual cells are able to induce a virulence program in response to TC, 

and go on to their sites of infection. 

 

 

 

  

Chapter 2 was adapted from publication Hay and Zhu, (2014) 82. 
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CHAPTER 3: CALCIUM ENHANCES BILE SALT-DEPENDENT VIRULENCE 

ACTIVATION IN VIBRIO CHOLERAE  

 

Introduction 

A number of environmental conditions such as oxygen concentration and 

bicarbonate have been shown to influence V. cholerae expression of virulence 

genes15,32. Our group recently completed a study to identify additional host compounds 

that induce virulence in vivo74. To accomplish this, V. cholerae was applied to segments 

of murine intestine and was found to activate a ptcpA-lux virulence reporter. Murine 

intestinal extracts were then purified and retention of virulence inducing activity was 

confirmed before extracts were separated by 2D thin layer chromatography (TLC). To 

identify specific activating compounds, the TLC plate was covered with ptcpA-lux 

reporter V. cholerae embedded in a layer of soft agar. Two luminescent spots were 

found, indicating TcpA activation by two discrete compounds. Subsequent fractionation 

and analysis demonstrated that the first Virulence Activating Factor (VAF1) is the bile 

salt taurocholate74. In attempt to identify VAF2, intestinal extracts were fractionated by 

several methods and tested for inducing activity. Two observations were then made: 

VAF2 is only able to induce TcpA in in the presence of VAF1, and VAF2 is a heat stable, 

inorganic, ionic compound. As mammalian gastrointestinal tracts contain complex 

environments, we tested whether known ions found in bile affect virulence gene 

expression. We first examined calcium, and found that it did in fact enhance bile salt 

dependent virulence activation. Calcium is part of the biliary secretion released into the 

proximal intestine following a meal and is abundant in intestine83. The importance of 

calcium signaling and regulation has been well defined in eukaryotic cells84,85. More 

recently, bacterial responses to and regulation of calcium homeostasis have been 
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investigated. Calcium-regulated processes in bacteria include cell division, biofilm 

formation, and pathogenesis86–88. In the gut, calcium is present as free Ca2+, but can also 

be bound to bicarbonate and to bile salts83,89.   

When bile is released into the proximal small intestine, several of its component 

parts may affect virulence in V. cholerae. Bile salts such as taurocholate and 

glycocholate stimulate virulence factor production, while fatty acids inhibit ToxT activity 

by directly binding to the protein74,90,91.  We found that calcium enhances bile salt-

induced virulence gene expression through modulating TcpP protein movement and 

activity. Our study adds to the growing body of work suggesting that calcium signaling is 

as relevant to bacterial physiology as eukaryotic, and further sheds light on the ways in 

which pathogens have co-opted host-resident signals for efficient colonization.  

 

Results 

 

Calcium enhances bile salt-induced virulence. To examine the effect of calcium on V. 

cholerae virulence gene expression, we measured the expression of tcpA, which 

encodes a major virulence determinant10, in the presence calcium and known activator, 

taurocholate (TC). We found that calcium alone did not induce tcpA (Fig. 3.1 A). When 

calcium was supplied with TC, we observed an increase in TcpA expression greater than 

that of TC without added calcium (Fig. 3.1 A). Other ions including K+ and Mg2+ had no 

effect on virulence expression with or without TC (Fig. 3.1 A), suggesting that this 

enhanced virulence induction is not due to a general salt or ion effect, but is specific to 

calcium. We were unable to draw conclusion of the effect of another divalent cation, 

Ba2+, because this ion had a negative effect on growth at relatively low concentrations 

(data not shown). We then tested whether calcium-enhanced virulence is specific for 
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 TC. We have previously shown that the bile salts TC and glychocholate (GC), but not 

deoxycholate (DC), promote virulence induction74. We found that calcium promoted tcpA 

induction only for known inducers TC and GC in a dose-dependent manner (Fig. 3.1 B). 

These data suggest that calcium acts together with the bile salts to promote activation of 

virulence for V. cholerae.  

To confirm that calcium-enhanced virulence gene expression is relevant in the 

gut environment, we tested virulence activation of intestinal extracts that were treated 

with the high affinity calcium chelator EGTA. V. cholerae incubated with intestinal 

extracts expressed high levels of tcpA (Fig. 3.1 C). When cultures were incubated with 
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Figure	 3.1	 Contribution	 of	 Ca2+	
to	 virulence	 gene	 expression	 in	
V.	cholerae	A.	tcpA	expression	in	
the	presence	of	taurocholate	(TC)	
and	 different	 metal	 ions.	 V.	
cholerae	 containing	 PtcpA-
luxCDABE	 plasmids	 were	 grown	
in	 LB	 containing	 10mM	 ion	
without	 or	 with	 0.1	 mM	 TC	 and	
grown	 microaerobically	 until	
mid-log	 (OD600	 ∼0.2).	
Luminescence	was	measured	and	
normalized	 for	 growth	 against	
the	 OD600.	 B.	 Bile	 salt	 effects.	
tcpA	 expression	 was	 measured	
for	cultures	grown	in	0.1	mM	TC,	
0.1	 mM	 glycocholate	 (GC),	 and	
0.1	mM	deoxycholate	(DC)	in	the	
presence	 of	 indicated	 calcium.			
C.	 Intestinal	 extracts.	 tcpA	
expression	 was	 measured	
without	 and	 with	 intestinal	
extract	 or	 intestinal	 extract	
incubated	 with	 EGTA.	 Intestinal	
extracts	 were	 incubated	 for	 12	
hours	with	 or	without	 EGTA	 and	
added	to	cultures	at	a	final	EGTA	
concentration	 of	 0.25mM.	 The	
data	 shown	 are	 from	 three	
independent	 experiments.	 *:	
Student	t-test,	P	<	0.05.		
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EGTA-treated intestinal extracts, virulence expression declined drastically (Fig. 3.1 C).  

This decrease of virulence induction was not due to the EGTA effects on bacterial 

growth as the amount of EGTA added 

in the intestinal extracts did not affect 

V. cholerae growth (data not shown). 

Together these results imply the 

importance of calcium for V. cholerae 

virulence expression in vivo. 

 

Ca2+ promotes TcpP induction of 

ToxT. The regulatory genes and 

proteins that culminate to achieve 

virulence in V. cholerae are well-

described and act in a highly regulated 

process 11 (Fig 1.1). To understand 

how calcium can promote virulence 

expression in V. cholerae, we 

examined if calcium affects the 

expression of the known virulence 

regulators. When incubated with 

calcium alone or calcium with TC, 

expression of aphB, aphA, tcpP, and 

toxR were unaffected, as measured by 

a promoter-luciferase transcriptional 
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Figure	3.2	Effect	of	Ca2+	on	virulence	regulatory	genes	and	
proteins.	A.	Expression	of	toxT,	toxR,	aphB,	aphA,	and	tcpP	
genes.	 Wild	 type	 containing	 indicated	 promoter-lux	
reporters	were	 grown	at	 37°C	microaerobically	 until	mid-
log	 phase	 and	 luminescence	 was	 measured.	 When	
indicated,	10	mM	CaCl2	and	0.1	mM	TC	was	included	in	the	
medium.	B.	 tcpA	 expression	 in	∆toxT	mutant	V.	 cholerae	
containing	 PtcpA-luxCDABE	 and	 pBAD-toxT	 plasmids.	
Cultures	were	grown	in	LB	containing	0.05%	arabinose,	0.1	
mM	TC,	 10mM	CaCl2	 or	 both	 until	mid-log	 (OD600	∼0.2).	
Luminescence	 was	 measured	 and	 normalized	 for	 growth	
against	 the	OD600.	C.	 and	D.	 ToxR	 and	 TcpP	 in	E.	 coli	C.	
Induction	 of	 ctxA	 by	 ToxR	 (pBAD-toxRS)	 in	 E.	 coli	 when	
exposed	 to	 TC,	 CaCl2,	 or	 both	 together.	 D.	 Induction	 of	
toxT	by	TcpP	(pBAD-tcpPH)	 in	E.	coli	when	exposed	to	TC,	
CaCl2,	 or	 both	 together.	 The	 data	 shown	 are	 from	 three	
independent	experiments.	*:	Student	t-test,	P	<	0.05.		

	



	
	

27	

fusion reporters (Fig. 3.2 A). Calcium alone also did not alter the expression of toxT (Fig. 

3.2 A), encoding the master virulence regulator12.  Addition of TC induced toxT, 

consistent with the previous report74. Importantly, addition of both calcium and TC further 

enhanced the expression of toxT (Fig. 3.2A), suggesting that calcium-promoted 

virulence induction acts upstream of ToxT. As toxT is regulated by TcpP and ToxR, it is 

possible that calcium affects the activity of either or both TcpP and ToxR. Alternatively, 

calcium may post-translationally act on the ToxT protein. To test these hypotheses, we 

first examined whether calcium affects ToxT activity independent of expression.  When 

we used a ∆toxT mutant strain with a ToxT expression vector (pBAD-toxT) to control for 

the level of ToxT protein, we found that calcium, TC, or both did not affect tcpA induction 

by ToxT (Fig. 3.2 B), indicating that calcium does not affect ToxT activity. We then tested 
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Figure	3.3.	Calcium effects 
on TcpP induction of 
virulence.		A.	Effect	of	Ca2+	on	
TcpP-mediated	tcpA	
expression.	Expression	of	tcpA	
with	controlled	levels	of	TcpP	
(∆tcpPH;	∆toxR	with	pBAD-
tcpPH)	when	exposed	to	
0.1mM	TC,	10mM	CaCl2,	or	
both	together	in	the	presence	
or	absence	of	the	calcium-
specific	chelator,	EGTA	B.	
Activation	of	ToxT	by	TcpP	
and	its	cysteine	mutant	
derivatives.	Expression	of	toxT	
by	wild	type	TcpP	and	
mutants	with	TcpPC207S	(null	
activity)	or	TcpP218S	
(constitutive	activity)	were	
tested	in	the	presence	of	0.1	
mM	TC,	10	mM	CaCl2,	or	both	
together.	Cells	were	grown	at	
37°C	microaerobically	until	
mid-log	phase	and	
luminescence	was	measured.	
The	data	shown	are	from	
three	independent	
experiments.	*:	Student	t-test,	
P	<	0.05.		
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whether calcium affects ToxR or 

TcpP activity in E. coli. We found 

that calcium alone, TC, and 

TC+Ca2+ did not alter ToxR-

induced ctxA expression (Fig. 

3.2C), whereas addition of calcium 

and TC enhanced TcpP-

dependent toxT expression in E. 

coli (Fig. 3.2 D). These data 

suggest that calcium may 

modulate TcpP activity to enhance 

bile salt-activated virulence gene 

expression.  

 

Ca2+ promotes TC-dependent TcpP interaction and activity. To confirm that calcium 

affects the activity of TcpP to induce virulence, we constitutively expressed TcpPH in a 

∆tcpPH/∆toxR mutant strain of V. cholerae and measured tcpA expression with calcium 

and/or EGTA. Calcium alone did not have an effect on tcpA, however, the same 

concentration of calcium did enhance tcpA expression in the presence of TC (Fig 3.3 A). 

To verify that this affect was due to calcium, we added different amounts of EGTA in the 

medium. We found that EGTA could eliminate the enhanced virulence expression (Fig. 

3.3 A). Taken together, these data suggest that calcium affects virulence at the level of 

TcpP in V. cholerae. To further dissect the possible role of calcium on TcpP activity, we 

examined TcpP cysteine mutants. Previously we discovered that two cysteine residues 

in the periplasmic domain of TcpP are critical for TcpP activity74. TcpP homodimerization 
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Figure	3.4.	Effect of Ca2+ and TC on TcpP-TcpP interaction.  
E. coli cells harboring the adenylate cyclase two-hybrid for 
TcpP or ToxR were grown microaerobically until mid-log phase 
and then assessed for β-galactosidease activity, reported in 
Miller Units. A. TcpP interaction in the presence of 1 mM TC, 
10 mM CaCl2, or both and B. ToxR interaction in the presence 
of 1mM TC, 10mM CaCl2, or both together. The data shown are 
from three independent experiments. *: Student t-test, P < 0.05.	
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is required for optimal activation of TcpA. To test whether calcium may affect the activity 

of TcpP cysteine mutants, we compared calcium’s effect on induction of tcpA by TcpPWT, 

TcpPC207S, and TcpP218S. We found that unlike that of wild type, calcium displayed little 

effects on the activity of TcpPC207S (null activity), and TcpP218S (constitutive activity) (Fig. 

3.3 B). As these two cysteine residues are involved in TcpP-TcpP intermolecular 

disulfide bond formation74, these data suggest that calcium may modulate TcpP 

interaction. To further investigate how calcium affects TcpP activity, we examined 

whether calcium alters TcpP interaction using a bacterial two-hybrid system92. We found 

that while calcium alone had little effect, in the presence of TC, calcium greatly 

enhanced TcpP-TcpP interaction (Fig. 3.4 A). To ensure that this calcium effect is not a 

general on any membrane-bound protein, we measured ToxR-ToxR interaction as a 

control.  We found that ToxR-ToxR interaction was unaffected by calcium under all  

conditions tested (Fig. 3.4 B). These data suggest that calcium may act to enhance 

virulence activation in the presence of TC by increasing Tcp-TcpP interaction, which 

may lead to increased induction of downstream virulence factors.  

 

Calcium affects TcpP membrane diffusion. We next sought to elucidate the 

mechanism by which calcium and TC affect TcpP activity. TcpP is membrane-bound 

regulatory protein and the transmembrane domain of this protein is required for virulence 

activation74,93. Bile salts are known to be detergents and to interact with membranes94–96. 

We thus considered the possibility that calcium may affect the interactions between bile 

salts, TcpP proteins, and/or the bacterial inner membrane. In attempt to quantify these 

relationships, we performed fluorescence recovery after photobleaching (FRAP) 

experiments97. We expressed GFP-TcpP in V. cholerae and monitored fluorescence 

recovery on a confocal microscope following bleaching of cell 
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portions with an argon laser. To calculate recovery, an equal area of the bleached (A1) 

and unbleached (A2) portions of the cell were measured and recovery rate was 

calculated98. Representative analysis can be seen in Fig. 3.5. Fluorescent TcpP cells 

grown in the presence of both TC and Ca2+ had a decreased rate of recovery compared 

to controls (Fig. 3.6 A). Those grown with calcium or TC alone did not have significantly 

Figure 3.5 Fluorescence recovery 
following photobleaching (FRAP) of 
fluorescently labeled membrane proteins 
and analysis. Cells were grown to mid-log 
phase in the presence of arabinose with 1 mM 
TC and 10 mM CaCl2 where indicated. 
Following near complete photobleaching with 
an argon laser, fluorescence intensity was 
recorded within two equally sized circular 
regions, one in the middle of the bleached 
compartment A1(t) and the other in the middle 
of the unbleached compartment for a given 
time A1(t) . The fluorescence recovery data 
were normalized to the total remaining 
fluorescence with recovery rate reported as 

Recovery t = 100 ∗ ( ./ 0
./ 0 1.2 0

		) and 

fitted to an exponential association curve. A. 
GFP-TcpP Recovery. B. TatA-GFP recovery. 
C. TcpP in the presence of TC, Ca2+, or both. 
D. Representative timecourse images of 
fluorescence recovery of fluorescently labeled 
TcpP. Cells expressing fluorescently labeled 
TcpP (pBAD-gfp-tcpPH) were grown to mid-
log phase in the presence of arabinose before 
microscopy. Images were captured on ZEN 
2012 software at 2s intervals preceding and 
immediately following bleaching. For this 
representative cell, A1(t) corresponds to the 
upper circle in the bleached compartment and 
A2(t) corresponds to the lower circle in the 
unbleached compartment.  
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different recovery from control (Fig. 3.6C).  FRAP is typically used as a proxy to measure 

membrane fluidity by measuring fluorescent proteins within the membrane99. We 

considered the possibility that membrane fluidity was decreased in the presence of TC 

and Ca2+ together for V. cholerae. To further explore this possibility, we performed FRAP 

on V. cholerae cells harboring fluorescently labeled TatA. TatA is an inner membrane 

protein with homologues in several bacterial species that is commonly used for FRAP 

due to the high tolerance for this protein in the inner membrane97,100. Fluorescent TatA 

showed no difference in recovery between untreated cells and those grown in the 

presence both TC and Ca2+ (Fig. 3.6B). These data imply that TC and Ca2+ may not 

affect overall membrane fluidity, but may instead affect membrane movement of TcpP. 

Ongoing work is underway to better understand the nature of membrane alteration and 

mechanism by which TcpP dimerization is affected by bile salts and calcium.  

 

Discussion 

In order to achieve efficient colonization and cause disease, V. cholerae must 

integrate many signals from the host environment to coordinate proper timing and level 

of expression of virulence genes. To add to our knowledge of the relevant virulence 

regulators and signals that activate them in vitro, we find in this study that physiologically 

relevant levels of calcium promote bile salt-dependent virulence activation85,101. This 

occurs through enhanced interaction of TcpP proteins concurrent with altered TcpP 

protein membrane diffusion. Our data suggest that TcpP may have more complex 

regulation than previously appreciated.  
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Detailed studies have shown that TcpP is the direct activator of ToxT and that ToxR 

facilitates TcpP binding at the toxT promoter11. Both ToxR and TcpP have a membrane 

spanning region, a periplasmic region, and a cytoplasmic region containing a DNA 

binding domain. ToxR cytoplasmic DNA-binding domain is sufficient to induce some 

proteins whose expression TcpP does not participate in25. However, membrane 

localization of ToxR is required for its role in promoting ToxT expression93,102. All three 

domains of TcpP are required for virulence activation, while the membrane-spanning 

and periplasmic regions are sufficient for TcpP dimerization74. Additionally, TcpP and 

ToxR interact at the membrane and at the toxT promoter, but this interaction is abolished 

when the TcpP membrane spanning region is swapped with the ToxR membrane 

region93,102.  These findings suggest that the interaction of ToxR and TcpP at the 

membrane is important for proper virulence induction. Therefore, calcium and bile salts 

affecting TcpP membrane movement may play an important role in regulating TcpP 

activity. Increased production of TcpA in the presence of calcium was specific and not 

replicated by other similar metal ions such as Mg2+. This finding, paired with the 

observation that calcium does not seem to act on a new pathway, but rather to enhance 

all known effects of bile salts such as TC, suggest that these molecules may act together 

as one bound molecule. The binding of Ca2+ to bile salts in the gut, particularly 

conjugated bile salts such as TC and GC, has long been appreciated. Bile acids are 

considered to be protective against gall stones resulting from calcium precipitation by 

buffering intraluminal Ca2 +89. Numerous biochemical studies have described the 

preferential binding of bile salts (BS) to Ca2+ at a 2:1 ratio, resulting in a CaBS2 molecule 

with unique biochemical properties89,103,104. Thus, it is likely that V. cholerae and other 

intestinal pathogens encounter not just bile salts in the gut, but bile salts in various forms  
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Figure 3.7. Effect of CaTC2 on the expression of virulence gene tcpA A. Effect of CaTC2 on the expression of 
virulence gene tcpA. V. cholerae induction of TcpA when incubated with synthesized CaTC2 compared to TC, 
CaCl2, or TC+Ca2+V. cholerae containing PtcpA-luxCDABE plasmids were grown in LB containing 0.1mM TC, 
0.1mM TC with 10mM CaCl2, or 0.1mM CaTC2, Cultures were grown microaerobically until mid-log (OD600 ∼0.2). 
Luminescence was measured normalized for growth against the OD600. B. Model of CaTC2 binding based on 
quasi-elastic light-scattering 107C. Accumulation of 14C-taurocholate in V. cholerae. Cultures of WT or efflux 
deficient (∆tolC) V. cholerae were grown at 37º to mid-log with or without 10mM CaCl2 and exposed to 200µM TC 
and 20µM 14C-taurocholate. Aliquots of cells were taken at indicated time points, pelleted, and count per minute 
(CPM) of C14 in cells was measured. TC uptake is reported as percentage CPM in cells compared to total CPM. 
D. V. cholerae cultures that were incubated with the indicated amount of TC, CaCl2, or both. were treated +/- 
zeocin (25µg/ml) for 30 min at 37°C and plated on LB agar. Data reported as percentage of survival of treated 
cells compared to untreated controls. The data shown are from three independent experiments. *: Student t-test, 
P < 0.05. 
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of binding to calcium and other complexes. We synthesized CaTC2 and found that it 

induced virulence significantly higher than TC or TC with additional calcium (Fig. 3.7 A). 

This suggests that CaTC2 may be physiologically relevant in vivo. CaTC2 has different 

properties than the ionic form of TC-, which would likely predominate in the gut 

environment compared to the protonated form105. For example, ionized bile salts 

preferentially partition in the outer hemileaflet of the phospholipid bilayer. Calcium-bound 

bile salts, such as CaTC2, instead partition between the two hemileaflets, residing 

among the hydrophobic lipid core94,103. This difference may be due to the way in which 

bile salts are hypothesized to bind to calcium ions. Bile salts are rigid amphipathic 

molecules with the sterol core. This core is a hydrophobic, with the hydroxyl groups 

orienting to one side, providing a hydrophilic face78,106. Using quasielastic light-scattering 

measurements, D’Archivio and colleagues found that a CaBS2 molecule consist of a 

calcium ion fit in between to bile salt molecules, as depicted by the cartoon in Figure 3.7 

B107. The same study also demonstrated that bile salts bind with a higher affinity to 

calcium than sodium, and that calcium likewise has a higher affinity for conjugated bile 

salts than unconjugated. 

The difference in charge and placement of CaTC2 compared to TC- could 

inherently change the interaction between bile salt, membrane, and perhaps between 

TcpP protein(s). Further studies are required to fully elucidate the effect of these 

complex bile salt-based molecules on bacterial physiology and the role they play in vivo. 

We tested whether calcium, possibly in the CaTC2 form, may enhance bacterial uptake 

of bile salts, thereby increasing TcpP activity. We incubated 14C-labeled TC with wild 

type V. cholerae in the absence and in the presence of calcium and measured the 

amount of 14C-TC in cells after 30’. We did not observe any difference of TC uptake 

between cultures with and without calcium (Fig. 3.7 C).  To avoid the possible effect of 
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export of bile salts by efflux pumps, we performed the same uptake assay using ∆tolC 

mutants, which abolish efflux pump activity in V. cholerae44. Again, calcium did not affect 

TC uptake in ∆tolC mutant strains (Fig. 3.7 C). These data suggest that at least under 

the conditions tested, calcium does not affect bacterial bile salt uptake. To further 

explore how calcium may affect virulence activation in V. cholerae we tested the 

threshold of TC to induce virulence in the presence and absence of Ca2+. Using a zeocin 

reporter strain (ptcpA-sh ble)108 We found that the minimum concentration of TC to 

activate tcpA expression was decreased in the presence of Ca2+(Fig 3.7 C). We 

hypothesize that TC is a more potent virulence activator when bound to Ca2+. More in-

depth biochemical studies are necessary to directly detect calcium-bile salt species in 

the context of infection.		

 The ideas that bacteria respond to bile salts by altering membranes, and 

therefore likely affecting membrane proteins, is in fact not new. In response to bile, 

Bifidobacteira animalis displays decreased membrane fluidity due to changes in lipid 

composition as well as an altered protein: phospholipid ratio109. The contribution of 

protein diffusion to pathogenesis has also been explored in the opportunistic fugal 

pathogen, Candida albicans, where mutants lacking the ability to modulate protein 

diffusion are defective for virulence110. In V. cholerae, the diffusion of TcpP within the 

inner membrane has also been investigated. Using single molecule tracking111, the 

authors from this study concluded that the presence of ToxR and toxT promoter both 

affect diffusion of a single fluorescently labeled TcpP molecules. They also noted that a 

portion of TcpP proteins were immobile and suggested that this halting was due to TcpP 

binding at the toxT promoter. A mutant strain lacking the toxT promoter region had fewer 

immobile TcpP events111. In our experiments, TcpP mobility was shifted in conditions 
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that are both strongly virulence inducing and physiologically relevant28,85,112. This study 

reinforces the notion that pathogens are exquisitely adapted to the environments and 

niches that they colonize. Further research will better elucidate whether the calcium-bile 

salts signal is sensed by other enteric pathogens, and if there are other specific signals 

used that exist in the complex intestinal milieu. 

 

  

 

Chapter 3 was adapted from Hay et. al. 2016, submitted 
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CHAPTER 4: DISCUSSION 

 

Bile and the intestinal landscape  

Bile is one of the major physical barrier that V. cholerae must cope with in order 

to successfully colonize the human host. We noted that exposure to different types of 

bile salts results in drastically different phenotypic outcomes for V. cholerae, even 

though each bile salts is present in the gut. A better understanding of the distribution of 

bile salts along the intestines helps to explain this phenomenon. Following release into 

the proximal small intestine, bile salts progress distally along the small and eventually 

large intestine. Bile salt concentration decreases as bile salts are reabsorbed, altered by 

bacteria, and incorporated into fecal matter105. Consequently, the bacterial load and 

community makeup of the microbiota changes along the intestine as depicted in Figure 

4.1. Bile salts are thought to decrease in concentration from the lumen towards the 

intestinal epithelium due to the layers of mucous secreted by host cells. This decrease in 

bile salts into the mucosal layer is accompanied by an increase in bicarbonate towards 

the epithelium113. Similarly, bacteria are most concentrated in the lumen, and decrease 

in concentration further into the mucosal layers. 

Bile composition also changes along the intestine as extensive modification of 

bile salts occur by commensal bacteria in both the small and large intestine. The most 

common modifications are deconjugation and dehydroxylation. Deconjugation is the 

removal of the amino side group and is performed by bile salt hydrolase enzymes by 

bacteria primarily in the small intestine. Numerous classes of both gram positive and 

negative bacteria  have been found to have distinct bile salt hydrolases with variable 

affinity for different bile salts114. Primary bile salts that evade uptake in the small intestine 

and reach the large intestine will undergo dehydroxylation at the 7C position, resulting in 
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bacterial mediated formation of secondary bile salts. Dehydroxylation is performed by a 

smaller number of bacteria, typically Clostridium sp., but is an efficient process, 

converting nearly all primary bile salts to secondary115–117 Thus, taurine and glycine 

conjugated bile salts are in highest abundance in the proximal small intestine, making up 

a large fraction of the bile acid milieu118. As bile acids are altered by the microbiome and 

recirculated, the ratio of primary and conjugated bile acids decreases as secondary, 

tertiary, and unconjugated bile acids increase (See Figures 4.1 and 1.2). Therefore, 

bacteria entering the small intestine will likely encounter high concentrations of 

conjugated bile salts, which concurs with the evidence that these molecules having 

strong pro-colonization effects on V. cholerae physiology. 

 

Figure 4.1. Bile and the intestinal landscape. Primary, conjugated bile salts are released into the 
proximal small intestine, where they are in high abundance and concentration. Modification of bile salts 
includes deconjugation in the small intestine and dehydroxylatoin in the large intestine, resulting in 
deconjugated and secondary bile salts, respectively. Moving distally, bile salt concentration decreases, 
and bacterial burden consequently increases. Bile concentration decreases into the mucus layer 
towards the epithelium, which also holds a lower concentration of bacteria. 
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Bile as a general virulence modulating signal 

V. cholerae is not the only pathogen to integrate the bile signal into regulation of 

its virulence program. For example, bile positively regulates virulence for Campylobacter 

jejuni, a gram negative bacteria that is a major source of food poisoning.  C. jejuni 

colonizes the distal ilium and colon, where it likely encounter bile salts modified by the 

microbiome. In response to deoxycholate, C. jejuni increases expression of major 

virulence factors including the Campylobacter invasion antigens (Cia), leading to more 

rapid invasion of epithelial cells.119,120 Bile salts also positively modulate virulence for the 

enteric pathogen Shigela flexnarii. This response was specific the dehydrocylated bile 

salts such as deoxycholate and chenodeoxycholate, but not for other bile salts and 

detergents tested. Under these conditions, bile salts promote invasion and efficient 

utilization of type 3 secretion system, which contributes to pathogenicity121,122.  Bile salts 

have the opposite effect on Salmonella enterica serovar Typhimurium, repressing 

virulence associated genes and phenotypes. In particular, bile decreased invasion of 

epithelial cells in vitro in cell culture and ex vivo in sections of mouse jejunal tissue123. 

This can be at least partially attributed to a bile-dependent decrease of type 3 secretion 

mediated by Salmonella Pathogenicity Island 1 (SPI1)123,124. Exposure to deoxycholate 

also led to decreased expression of genes on both Salmonella Pathogenicity Island 1 

and 2124,125. This repression has been suggested to result in delay of virulence 

expression in the bile salt rich lumen until bacteria can access the epithelium where they 

can utilize invasion related proteins for inection123.  

V. cholerae has complex responses to bile, regarding regulation of virulence 

associated genes. Original studies suggested that bile inhibits virulence. In the Classical 

O395 biotype, which has high basal production of cholera toxin (CT), crude bile 

decreased toxin production126. Subsequently, in this same strain it was found that no 



	
	

40	

individual bile salt decreased CT production, leading to the discovery that fatty acids 

repress virulence through binding directly with regulator ToxT90,91,127. This same study 

suggested that CT could actually be induced directly by ToxR in the presence of cholate 

in the Classical strain127. In the El Tor biotype, secondary and unconjugated bile acids 

such as deoxycholate do not promote virulence, while the conjugated primary bile salts 

taurocholate and glychocholate do74. In fact, the former two bile salts stimulate growth as 

a biofilm, which is antithetical to virulence within the host62.  Bile has also been shown to 

promote motility, which is required for efficient colonization 73,126. Because bile and bile 

salts vary in concentration and composition at different portions of the intestine, different 

sets of compounds may represent unique spatio-temporal signals that can be integrated 

into gene expression for pathogens like V. cholerae. For example, the abundance of 

conjugated bile acids in the proximal small intestine may promote motility and 

expression of virulence determinants, to drive colonization. More distally, an abundance 

of secondary bile acids maybe be sensed as signal to activate aquatic and survival 

genes for the impending exit from the host. 

 

Heterogeneous effects of bile salts on bacterial phenotypes 

While bile is a complex mixture, it is interesting to consider why exposure to 

different individual bile salts can have drastically different phenotypic outcomes within 

the same bacteria. One possible reason is that while the bile salts may be directly 

sensed by bacteria, they also signal indirectly through the cellular damage they cause. 

This is evidenced by the numerous bacteria that induce DNA repair and oxidative stress 

protection genes when exposed to certain bile salts128–130. It is also important to 

remember that bile salts are not equally toxic to cells, with deconjugated bile salts being 

the most toxic. To enter the cell cytoplasm of gram negative bacteria, bile acids must 
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pass through the outer membrane, which may occur through slow diffusion, or more 

likely through porins in the membrane34. For the plasma membrane of gram positive and 

gram negative bacteria, bile acids can insert into the outer hemileaflet and then “flip-flop” 

into the inner hemileaflet. More hydrophobic acids like deoxycholate “flip-flop” most 

quickly, with unconjugated primary acids like cholate doing so slowly. Conjugated bile 

acids showed little traversion to the inner hemileaflet in experiments using unilamellar 

vesicles94,95 The implication is that a greater amount of deconjugated bile salts gain 

access to the plasma membrane and cytoplasm, where damage occurs via disruption of 

DNA, proteins, and membranes131–134. Additionally, based on pKa values, it is expected 

that deconjugated bile acids are more likely to be protonated and able to pass into 

membranes. Bile salts that are less toxic to cells, such as TC and GC, may therefore be 

interpreted as an entirely different signal. For example, conjugated bile salts such as TC 

and GC can initiate growth of spores for Clostridium dificile135. For V. cholerae these bile 

salts promote virulence induction and TC enhances biofilm egress74,82. However, the 

secondary bile acid deoxycholate has an opposite effect on these phenotypes. It 

damages C. difficile to the point of preventing infection136. For V. cholerae deoxycholate 

does not induce virulence, and promotes entry into a biofilm state. It is not surprising that 

within this landscape, pathogens like V. cholerae can fine-tune their responses to 

discrete conditions to find the optimal niche for survival and virulence induction.  
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Future Directions 

Experiments that block protein synthesis demonstrated that V. cholerae does not 

likely egress from biofilms by inducing proteins in response to TC.  Although we have 

suggested that V. cholerae undergoes a passive dispersal, there is still the possibility 

that a V. cholerae derived gene product may contribute to dispersal. For example, if an 

outer membrane or extracellular protein were produced during biofilm formation, it could 

be “activated” by TC to effect the biofilm matrix. A targeted screen for TC-insensitive 

Figure 4.2. Working model: V. cholerae coordination of early colonization phenotypes.  V. cholerae cells 
ingested as biofilm will reach the small intestine and be exposed to bile. The bile salt, taurocholate (TC), 

promotes dispersal from the biofilm. Dispersed cells or cells ingested in a free-living state are stimulated by the 
same TC signal to induce expression of  virulence related products such as cholera toxin (CT) and the toxin 
co-regulated pilu (TCP). Calcium, or calcium bound to TC enhances this virulence activation by promoting 

virulence regulator activity.  
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mutants would be one way to address this hypothesis. A defined mutant library could be 

used to specifically test mutants for genes with characteristics such as extracellular and 

predicted enzyme activity137. Likewise, in an attempt to best replicate natural infection, it 

would be of interest to compare infectivity and tcpA expression for V. cholerae biofilms 

that are either host passaged or grown in high-salt, low nutrient conditions similar to 

those found in aquatic reservoirs. 

Likewise, further studies are needed to better define the mechanism by which 

calcium and TC affect the interaction between TcpP and the membrane it is embedded 

in. Higher resolution studies of the movement of TcpP and its cysteine mutants can 

clarify whether dimerization is involved in diffusion rate. It would also be useful to confirm 

the presence and concentration of CaTC2 in vivo.  The signals that V. cholerae 

encounters during early infection may have large effects on its phenotype. This is 

particularly relevant as those with poor nutritional status are susceptible to enteric 

bacterial pathogens and likely have an altered set of signals and microbiota in the 

intestinal tract138,139dew. For example, undernourished patients typically have an altered 

or underdeveloped microbiome compared to healthy patients, as well as a distinct 

metabolomics profile140,141 In further disruption of the homeostasis between host, bile, 

and microbiota, severe cholera effectively wipes out the patient’s microbiome, with 

cholera representing the majority of bacteria present142. To build on the current study, 

further characterization of changes in bile composition during undernourishment and 

during disease  may help be helpful in understanding susceptibility, disease course, and 

recovery for at-risk populations.  
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Conclusions 

V. cholerae infection dynamics can differ based on the signals that bacteria 

encounter as well as the growth state of the bacteria. Growth in a biofilm enables cells to 

colonize the small intestine more quickly, and to a higher bacterial burden than 

planktonic grown cultures55. In this study, we have demonstrated that the host intestinal 

signal, taurocholate (TC), promotes detachment of V. cholerae from mature biofilms in 

vitro.  Additionally, this step precedes the induction of virulence factors, also affected by 

bile salts. Conjugated bile salts are most concentrated where they empty into the 

proximal small intestine, and decrease in abundance in more distal portions of the gut28. 

Thus, V. cholerae will likely encounter high levels of TC upon entrance into the small 

intestine, as well as other bile components such as calcium. Careful studies investigating 

the timing of virulence factor production in a murine model suggest that there is an early 

TCP induction phase that occurs within two hours of inoculation, while cells are in the 

lumen, without which CT induction does not occur143. Our data is consistent with a model 

that can occur within this time frame. Cells ingested as a biofilm are met by TC, which 

promotes exit from the biofilm and potentiates virulence activation82. These detached 

cells, or planktonically grown ingested cells, respond to the same TC signal to induce 

virulence factors such as TcpA. Calcium, possibly bound to TC as CaTC2 enhances this 

activation. Onset of symptoms in cholera is rapid, and death can occur within hours in 

the most severe cases3. It is important to understand the interactions between host and 

pathogen that occur during this critical incubation period. The culmination of this 

dissertation is to described novel ways in which V. cholerae integrates bile salts and 

other intestinal signals to coordinate early steps of infection.  
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CHAPTER 5: MATERIALS AND METHODS 

 

Bacterial strains and growth conditions.  

 All V. cholerae strains used in this study were derived from E1 Tor C6706, and were 

propagated in LB media containing appropriate antibiotics at 37 °C144. In-frame deletions 

were constructed by cloning the regions flanking the target genes into suicide vector 

pWM91 containing a sacB counterselectable maker145. PvpsA-lacZ transcriptional fusions 

were generated by cloning vpsA promoter into a plasmid containing a lacZ reporter146. 

Transcriptional luxCDABE reporters of promoter regions of aphA, aphB, tcpP, toxR, 

toxT, ctxA and tcpA have been described previously15. Plasmids for overexpressing 

virulence regulators were described previously147. For GFP-TcpP and TatA-GFP 

constructs, PCR-amplified fragments containing gfp-tcpPH or tatA-gfp coding sequences 

were cloned into pBAD24148, and the resulting plasmids were introduced into V. cholerae 

by electroporation.  

 

Biofilm formation assays 

Assays to quantify biofilms were performed as previously described61. A 1:100 dilution of 

overnight-grown culture of V. cholerae strain was inoculated in LB broth into 10 × 75 mm 

borosilicate glass tubes and incubated for 22-24 h at 22°C. Subsequently, the tubes 

were rinsed three times with phosphate buffered saline (PBS) then filled with crystal 

violet stain. After 5 minutes, excess stain was rinsed off with de-ionized water. The 

biofilm-associated crystal violet was solubilized in dimethylsulphoxide (DMSO), and the 

OD570 of the resulting suspension was measured. All experiments were performed at 

least three independent times and samples were performed in triplicate. 
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Biofilm detachment assays 

Supernatants from mature biofilms were aspirated. Biofilms on tubes were rinsed three 

times with PBS then fresh media pre-mixed with indicated compound was added gently 

as to not manually disrupt biofilm structure. After the indicated time, biofilm-derived 

planktonic cells were drawn from the supernatant, serially diluted, and plated on LB agar 

plates with appropriate antibiotics for enumeration. Remaining biofilms were quantified 

by crystal violet as described above, or biofilm-resident cells were collected after manual 

disruption by vortexing in the presence of PBS and glass beads. 

 

Microscopy to examine biofilm structures 

For scanning electron microscopy (SEM), a 1:100 dilution of overnight-grown culture of 

wild type V. cholerae was inoculated into 5mL of LB in 50-ml Falcon tubes containing 22-

by-22-mm sterile glass coverslips. After 24 hours, coverslips were washed three times 

with PBS then placed into six-well plates with 2mL of fresh media pre-mixed with +/- 

1mM taurocholate. Biofilms on coverslips for SEM were fixed in 2.5% glutaraldehyde 

and 2.0% paraformaldehyde in 0.1M cacodylate buffer, pH 7.4, overnight at 4ºC.  After 

several buffer washes the samples were post-fixed in 2.0% osmium tetroxide for 1 hour, 

washed again in buffer, and dehydrated in a graded ethanol series.  Samples were 

treated with several changes of hexamethyldisilazane (HMDS) and then allowed to air 

dry prior to mounting and sputter coating with gold/palladium.  SEM images were 

collected using a Philips XL20 scanning electron microscope. 

 

Estimation of carbohydrate content during detachment 

Supernatant from biofilm detachment assays were sterilized through 0.2 µM filters before 

carbohydrate content was estimated using a modified phenol-sulfuric acid method149. 
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Briefly, 50 µL of each sample was added to a well of a 96-well microplate. To this, 150 

µL of concentrated sulfuric acid was mixed in, followed by 30 µl of 5% phenol in water. 

Plates were covered and incubated for 10 minutes in a 90ºC water bath. Plates were 

cooled at room temperature, dried, and resulting OD490 was measured. A standard 

glucose curve generated during each independent experiment was used to convert 

sample OD490 values to percent sugar. To reduce background, M9 minimal media 

supplemented with 0.2% glycerol was used during detachment and biofilms were 

washed four times with PBS. 

 

Beta-galactosidase assays during biofilm formation and detachment 

Biofilms of V. cholerae ∆lacZ containing the vpsA- lacZ reporter plasmid were allowed to 

form and disrupted as described above. Biofilm- associated and detached cells were 

collected, washed, and resuspended in PBS to an OD600 ~ 0.2. Cultures were assayed 

for ß-galactosidase activity, which was normalized against the optical density at 600 nm 

and reported as Miller units as previously described150. 

 

Measurement of virulence gene expression during detachment 

V. cholerae strains containing virulence promoter luxCDABE transcriptional fusions were 

used in liquid culture and detachment assays. Luminescence was measured using a 

Bio-Tek Synergy HT spectrophotometer and normalized for growth against OD600. 

Luminescence expression is reported as light units/OD600.  

V. cholerae strains containing a constitutive Ptet-mCherry and inducible PtcpA-gfp 

construct 15 were used for detachment assay. Immediately following detachment assay, 

data were collected on a LSR II flow cytometer (BD Biosciences) and post-collection 

data were analyzed using FlowJo version 9.7.5 (Treestar). 
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A TcpA reporter system was used (lacZ::ptcpA-sh ble)  in which the zeocin- resistance 

gene sh ble108 was fused to the promoter of tcpA and the resulting cassette was 

integrated into the lacZ locus of V. cholerae. Experiments were carried out on  as 

described147 on V. cholerae cells that were either biofilm resident or dispersed following 

incubation with +/-0.5mM TC. Cultures were treated +/- zeocin (25µg/ml) for 30 min at 

37°C and plated on LB agar. Data reported as percentage of survival of treated cells 

compared to untreated controls. 

 

Measurement of gene expression of virulence genes.   

Overnight cultures of E. coli or V. cholerae strains containing promoter luxCDABE 

transcriptional fusions were subcultured at a dilution of 1:1000 in LB with indicated 

compounds and grown microaerobically until mid-log (OD600 ∼0.2). Luminescence was 

measured using a Bio-Tek Synergy H1 spectrophotometer and normalized for growth 

against the OD600. Luminescence expression is reported as light units/OD600 unit.  

A TcpA reporter system was used (lacZ::ptcpA-sh ble)  in which the zeocin- resistance 

gene sh ble108 was fused to the promoter of tcpA and the resulting cassette was 

integrated into the lacZ locus of V. cholerae. Experiments were carried out on  as 

described147 on V. cholerae cultures that were incubated with the indicated amount of 

TC, CaCl2, or boath. were treated +/- zeocin (25µg/ml) for 30 min at 37°C and plated on 

LB agar. Data reported as percentage of survival of treated cells compared to untreated 

controls. 

 

Purification of intestinal extracts and calcium depletion.  

All animal studies were carried out in accordance with the animal protocols that were 

approved by the Institutional Animal Care and Use Committee of University of 
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Pennsylvania. Intestinal extracts were purified as described74. Briefly, fragments of small 

intestines from 5-week-old CD-1 mice were cut open and flushed with double-distilled 

(ddH2O). The intestinal flush was then autoclaved and extracted with phenol-chloroform 

and subsequently ethyl acetate. The aqueous phase was then precipitated with 70% 

(vol/vol) ethanol. The supernatant was dried using a rotary evaporator and resuspended 

with ddH2O. EGTA (Ethylene glycol-bis(2-aminoethylether)-N,N,N′,N′-tetraacetic acid) 

was incubated with intestinal extracts for 12 hours prior to use in experiments.  

 

Preparation of calcium taurocholate (CaTC2).  

A solution of sodium taurocholate was acidified to ~pH 3 with 1M HCl then frozen and 

lyophilized to dryness. The resulting white powder was suspended in acetone and 

filtered through a pad of silica gel to remove sodium chloride byproducts. This material 

was evaporated to dryness with air giving taurocholic acid as a white film which was then 

dissolved in water. An aqueous solution of calcium hydroxide (0.5 eq, 1mg/mL solution) 

was added and the mixture was stirred for two days. This mixture was filtered through a 

pad of Celite to remove insoluble particulates, frozen, and lyophilized to dryness to give 

a white solid.  

 

Bacterial two-hybrid system to determine TcpP-TcpP interaction. 

 Full-length tcpP or toxR fragments were cloned into pUT18C and pKT25 92 vector as 

described previously74,93. Overnight cultures of tcpP and toxR reporters were subcultured 

at a dilution of 1:100 in LB medium containing 0.5 mM IPGT (isopropyl β-D-1-

thiogalactopyranoside) with or without 1 mM taurocholate and/or 10 mM CaCl2. TcpP-

TcpP and ToxR-ToxR strains were then incubated without shaking at 30°C for 6 hrs. 
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Cultures were then assayed for β-galactosidase activity and the results were reported as 

Miller units as previously described150.  

 

Fluorescence recovery after photobleaching (FRAP) analysis.  

Overnight cultures of V. cholerae strains containing either PBAD-tcpP-gfp or PBAD-tatA-gfp 

fusions were subcultured at a dilution of 1:1000 in LB with 0.1% or 0.05% arabinose, 

respectively, and grown aerobically to early log phase. Cultures were exposed to 10 mM 

CaCl2 and/or 1 mM TC and grown microaerobically until mid-log (OD600 ∼0.2).  Cells 

were applied to microscope slides containing a soft agarose pad (1%) and visualized by 

fluorescence microscopy. Fluorescence microscopy was performed on a Zeiss LSM 710 

confocal laser scanning microscope using a 63× oil immersion objective. ZEN 2012 

software was used for acquisition of data. The 488-line of a 30 mW argon ion laser was 

used for both photobleaching and the subsequent fluorescence excitation/recording. For 

photobleaching, a power of 1.4 mW was applied onto selected regions within one of the 

compartments of the cell for 40 ms. Images were taken before photobleaching (t = −2 s), 

immediately after photobleaching (t = 0 s), and for thirty seconds at an interval of two 

seconds. Following photobleaching, the fluorescence within the compartment exposed 

was nearly fully depleted. FRAP recovery data was analyzed as described98. Briefly, 

recovery of fluorescence intensity was recorded within two equally sized circular regions, 

one in the middle of the bleached compartment A1(t) F"		t 		 and the other in the middle of 

the unbleached compartment A2(t). The fluorescence recovery data was normalized to 

the total remaining fluorescen2ce for any given time point t. The recovery rate was thus: 

			Recovery t = 100 ∗ ( ./ 0
./ 0 . 0 		) 
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C14-labeled taurocholate uptake assays.  

Overnight cultures of wild type and ∆tolC mutants44  were subcultured 1:100 into LB 

medium with or without added CaCl2 aerobically until mid-log (OD600~0.2). Cells were 

concentrated 10-fold in uptake buffer (uptake buffer: 1mM MgCl2, 10mM Tris-Cl (pH 7.5), 

137 mM NaCl) with or without CaCl2 and incubated with 200 µM taurocholate and 20 µM 

14C-taurocholate. Aliquots of cells were taken at indicated timepoints, pelleted, and count 

per minute (CPM) of 14C in cells was measured on a Beckman scintillation counter.  TC 

accumulation is reported as percentage of CPM in cells compared to total CPM. 
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