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Abstract 

 

The Role and Regulation of CsrA in Vibrio cholerae Pathogenesis 

 

Heidi Ann Butz, Ph.D. 

The University of Texas at Austin, 2019 

 

Supervisor:  Shelley M. Payne 

 
Vibrio cholerae is a natural inhabitant of the aquatic environment; however, if ingested, it 

can be a deadly human pathogen. A V. cholerae infection requires a rapid change in gene 

expression in response to host-specific environmental cues. This response enables the bacterium 

to overcome microbial deterrents found throughout the gastrointestinal tract while promoting 

colonization within the small intestine. This study shows that the post-transcriptional global 

regulator, CsrA, has an instrumental role in this process. 

 In this study, I show that in response to amino acid supplementation, the levels of the CsrA-

antagonistic Csr small RNAs (sRNAs) decrease. This decrease in the Csr sRNAs likely shifts the 

equilibrium from more sequestered CsrA to more available CsrA, enabling CsrA to regulate more 

direct RNA targets. This shift is reflected in the CsrA-dependent increase in ToxR protein levels 

in the presence, but not absence, of nutrient supplementation. This change in CsrA availability in 

response to nutrient supplementation is one example of V. cholerae altering gene expression in 

response to environmental cues. Additionally, I demonstrate that CsrA autoregulates its 

availability by controlling the expression of the Csr sRNAs through their primary regulator, VarA. 
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Because the activity of CsrA must be tightly regulated, this intrinsic regulatory feedback loop 

prevents major fluctuations in CsrA availability, which would be deleterious to the cell.   

 I also show through transcriptomic approaches that CsrA-mediated regulation controls the 

gene expression of nearly 25% of the V. cholerae transcriptome. From this analysis, I found that 

CsrA represses the expression of genes required for survival in the aquatic environment, including 

biofilm production, while simultaneously activating expression of genes required for host 

colonization, such as motility and virulence factors. Approximately 70% of all flagellar assembly 

genes were downregulated in the csrA mutant, and the csrA mutant had impaired motility 

compared to the wild-type, suggesting that CsrA positively regulates motility. Additionally, CsrA 

directly activates the protein production of the quorum sensing master regulator, AphA, which is 

required for toxin production. Taken together, these data indicate that CsrA regulation controls 

multiple pathways that are important both outside and inside the host. 
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I. INTRODUCTION 

1. Global burden of Vibrio cholerae  

The bacterium Vibrio cholerae, which causes the disease cholera, has been a burden to 

human health for hundreds of years, with the first recognized cholera pandemic occurring from 

1817 – 1824 (Hays, 2005). As the 7th pandemic continues today, an estimated 1.3 billion people 

are living under conditions that put them at risk for acquiring the disease, and of those V. cholerae 

is estimated to infect 1.3 – 4.0 million people annually (Ali et al., 2015). A contributing factor that 

enables V. cholerae to infect such a large amount of people annually is its ability to thrive in two 

distinct environments, the aquatic environment and the human host. 

V. cholerae is a natural inhabitant of the aqueous environment and in places with poor 

water sanitation capabilities, for example in refugee camps, war-ridden communities, and third-

world countries, V. cholerae can contaminate the water supply, promoting the rapid spread of 

cholera. The latest data collected by the World Health Organization in 2017 states that 34 countries 

reported cholera cases (World Health Organization, 2018). Because V. cholerae is endemic in 

many countries, outbreaks of cholera are common. The largest outbreak today is in Yemen where 

there have been over 1 million reported cases (Cairo: WHO Regional Office for the Eastern 

Mediterranean, 2018). The size of this cholera outbreak has increased from an 8 month-long rate 

of 5,000 cases per week to 10,000 cases per week as of October 2018 (Nebehay, 2018). The Yemen 

civil war is likely the main culprit for the increase in cholera cases as many hospitals, and water 

sanitation facilities are no longer operational (WHO EMRO, 2018).  

  



 
 

 2 

2. CsrA in V. cholerae 

The successful transition of V. cholerae between the aqueous environment and the human 

host depends in part on global regulatory proteins. In response to environmental cues, global 

regulators act to rapidly alter the expression of a large number of downstream targets to orchestrate 

a response that promotes adaptation, and thus survival. One such global regulator in V. cholerae 

is the RNA-binding protein CsrA, which has been shown to link extracellular signals to the 

regulation of pathways required for pathogenesis in the host.   

In V. cholerae, CsrA has been shown to respond to multiple extracellular cues by altering 

gene expression in a way that promotes adaptation to the environment and virulence gene 

expression (Bourassa and Camilli, 2009; Lenz et al., 2005; Mey et al., 2015). CsrA was identified 

in V. cholerae for its role in the regulation of the quorum sensing (QS) pathway (Lenz et al., 2005). 

QS is a cell-to-cell communication system that enables the bacterial population to orchestrate 

group behaviors, such as toxin production and biofilm formation (Miller and Bassler, 2001). To 

regulate these behaviors, V. cholerae produces, secretes, and eventually senses signal molecules 

termed autoinducers (AIs). The abundance of AIs in the environment directly correlates with the 

density of the bacterial population. Therefore, the recognition of these AIs can either prompt a 

low-cell density response or a high-cell density response. Lenz et al. (2005) showed that a mutation 

in csrA results in the inability to regulate gene expression in QS-dependent manner, suggesting the 

signal transduction pathway of AIs requires CsrA. Additionally, we have also been able to 

demonstrate that extracellular cues affect CsrA-mediated regulation of ToxR, a master regulator 

of virulence gene expression. Through genetic analysis, we determined that ToxR levels increase 

in response to nutrient supplementation, and that this increase in ToxR is dependent on CsrA (Mey 
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et al., 2015). Thus, CsrA-mediated regulation is required to elicit virulence gene expression in 

response to extracellular signals. These data indicate that CsrA plays an important role in the 

bacterium's ability to alter gene expression in response to extracellular signals, which is a critical 

response when V. cholerae is transitioning between environments. Additionally, because both QS 

and ToxR are required for pathogenesis, these data also indicate that CsrA plays a role in virulence 

gene expression within the host. Importantly, we have demonstrated that CsrA is required for the 

colonization by V. cholerae in the infant mouse model (Mey et al., 2015). Taken together, these 

data suggest that CsrA plays a critical role in V. cholerae pathogenesis.   
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3. CsrA 

3.1. The structure of CsrA  

CsrA is a small homodimeric protein that is widely distributed throughout 

gammaproteobacteria (Zere et al., 2015), and typically ranges between 60 - 70 amino acids in 

length. In V. cholerae, csrA encodes a 65 amino acid, 7 kDa, monomer. Structural analysis, from 

Escherichia coli and Pseudomonas putida, revealed that a CsrA monomer consists of 5 

consecutive b-strands, followed by an a-helix and an unordered region on the carboxyl terminus 

(Gutiérrez et al., 2005; Rife et al., 2005). The active form of CsrA is a dimer, in which the subunits 

assemble in an antiparallel fashion that permits the b-strands to intertwine, generating a 

hydrophobic core with the a-helices extended out and away from the core. Importantly, the crystal 

structure of CsrA was determined to have no structural similarity to any other published protein 

structures at the time (Rife et al., 2005). 

Comprehensive alanine scanning mutagenesis of E. coli CsrA revealed that residues 2 – 7 

(region 1) and 40 – 47 (region 2) are important for CsrA function (Mercante et al., 2006). 

Importantly, due to the antiparallel confirmation, region 1 in one monomer is in close proximity 

to the region 2 in the other monomer. Single alanine substitutions in these regions significantly 

impaired the ability of CsrA to regulate the expression of 3 different direct targets in vivo. It was 

hypothesized by Mercante et al. (2006) that the residues Leu2 and Leu4 on one subunit and Val42 

on the other serve to form the RNA binding surface. Additionally, it was predicted that Arg6 from 

one monomer and Glu46 from the other form a salt bridge, which would act to stabilize the dimer 

formation. A solution NMR structure of the CsrA homolog in Pseudomonas protegens, RsmE, 

with the mRNA target hcnA, confirmed many of these predictions (Schubert et al., 2007). The 
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crystal structure of V. cholerae CsrA has been elucidated and appears to be very structurally similar 

to RsmE (F.J. Kull, A.R. Mey, et al. unpublished). V. cholerae CsrA and P. protegens RsmE, 

which is shown in figure 1 below, share 61% protein identity overall and 85% identity within 

region 1 and region 2, suggesting that they function in a similar manner.  

The symmetrical structure of CsrA results in two identical RNA binding surfaces. This 

allows one CsrA dimer to bind up to two locations on the target RNA (Mercante et al., 2006, 2009; 

Schubert et al., 2007), with the optimal CsrA binding site being a GGA motif located within the 

loop region of an RNA stem-loop (Dubey et al., 2005).  
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Figure 1. RsmE, a CsrA homolog, bound to a target mRNA  

NMR solution structure of P. protegens RsmE bound to the hcnA mRNA (PDB: 2JPP). The 

RsmE protein is in green with regions 1 and 2 highlighted in red. The GGA motif in the mRNA 

is located in the loop of the stem-loop and is highlighted in cyan. Pymol was used to highlight 

regions of the structure.   
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3.2. CsrA availability is regulated by a two-component system  

In E. coli, CsrA is regulated in part by the two-component system (TCS) BarA/UvrY 

(Pernestig et al., 2001; Suzuki et al., 2002). This system is homologous to BarA/SirA in Salmonella 

species,  GacS/GacA in Pseudomonas species, and VarS/VarA in V. cholerae (Lenz et al., 2005; 

Wong et al., 1998). In E. coli, BarA is an inner membrane tripartite sensor kinase that has been 

shown to directly activate its cognate transcriptional activator UvrY via transphosphorylation 

(Pernestig et al., 2001). Once activated, phospho-UvrY binds to the promoters of the genes 

encoding two small RNAs (sRNAs), CsrB and CsrC, to induce their transcription (Kinoshita-

Kikuta et al., 2016; Pernestig et al., 2001; Zere et al., 2015). The E. coli CsrB sRNA has been 

shown to bind directly to CsrA to antagonize its activity (Liu et al., 1997; Babitzke and Romeo, 

2007). Throughout this study, CsrA bound to a Csr sRNA is referred to as sequestered CsrA. 

Conversely, CsrA not bound to a Csr sRNA is referred to as unsequestered CsrA, or available 

CsrA because, in this state, CsrA is available to regulate its direct RNA targets.  

BarA and UvrY share 53% and 74% amino acid identity with VarS and VarA, respectively, 

suggesting VarS and VarA function in a similar manner in V. cholerae, outlined in figure 2. 

However, in contrast to UvrY in E. coli, which induces the expression of two sRNAs, V. cholerae 

VarA induces the transcription of three sRNAs, named CsrB, CsrC, and CsrD (Lenz et al., 2005; 

Tsou et al., 2011). Although same in nomenclature, CsrB, CsrC, and CsrD in V. cholerae do not 

directly correspond to CsrB, CsrC, and CsrD in E. coli.  
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Figure 2. Schematic of CsrA regulation in V. cholerae 

The two-component system VarS and VarA regulates the sequestration of CsrA. The inner 

membrane protein VarS is a sensor kinase that activates VarA via phosphorylation. Activated 

VarA binds to the promoters of three small RNAs CsrB, CsrC, and CsrD (CsrB/C/D or the Csr 

sRNAs) to induce their transcription; the green portion of the Csr sRNA promoters represents the 

VarA recognition sequence. In E.coli, the Csr sRNAs act to sequester CsrA, antagonizing its 

activity (Liu et al., 1997; Babitzke and Romeo, 2007).  
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3.3. The Csr sRNAs 

In E. coli, the Csr sRNAs (CsrB and CsrC) have highly ordered secondary structures. These 

sRNAs have multiple stem-loops that contain a GGA motif within the loop, which is an ideal CsrA 

binding site. This composition permits the sRNAs to bind multiple CsrA proteins, which sequesters 

CsrA and prevents the protein from actively regulating its RNA targets (Babitzke and Romeo, 

2007; Duss et al., 2014). In V. cholerae, CsrB has 28 GGA motifs, while CsrC and CsrD each have 

23 GGA motifs. Interestingly, the predicted secondary structures of CsrB, CsrC, and CsrD all 

contain 11 GGA motifs located in loop regions (Fig. 3) (Zuker, 2003), suggesting all three sRNAs 

potentially sequester similar amounts of CsrA. Since the Csr sRNAs have similar secondary 

structures and have been reported to exhibit similar expression profiles (Lenz et al., 2005; Jonas 

and Melefors, 2009), it has been suggested that they function in a redundant manner to regulate 

CsrA availability. 
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Figure 3. Predicted secondary structures of CsrB, CsrC, and CsrD 

The RNA folding program mFold (Zuker, 2003) was used to generate the secondary 

structures of  V. cholerae CsrB, CsrC, and CsrD. The CsrA binding sites, GGA motifs, are 

highlighted by the red lettering.    

CsrB

CsrC

CsrD
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3.4. Intrinsic feedback regulation of CsrA 

The amount of CsrA within a bacterium typically does not change, and therefore, it is 

predicted that altering the expression of the Csr sRNAs allows for the rapid regulation of CsrA 

(Adamson and Lim, 2013). Intrinsic regulatory feedback loops to tightly control CsrA availability 

have been described in the Csr systems in both E. coli and Pseudomonas species (Timmermans 

and Van Melderen, 2010; Weilbacher et al., 2003; Yakhnin et al., 2011; Suzuki et al., 2002; Kay 

et al., 2006). For example, CsrA has been shown to promote the expression of the Csr sRNAs 

(Weilbacher et al., 2003; Suzuki et al., 2002; Gudapaty et al., 2001; Camacho et al., 2015). 

Although the exact mechanism remains unclear, CsrA is believed to indirectly promote BarA 

kinase activity and UvrY protein synthesis (Zere et al., 2015; Camacho et al., 2015). This feedback 

mechanism, whereby CsrA positively regulates the expression of its antagonistic sRNAs, likely 

serves to prevent drastic oscillations in CsrA availability. This auto-regulatory feedback loop has 

been extensively studied in E. coli (Camacho et al., 2015; Suzuki et al., 2002; Zere et al., 2015; 

Gudapaty et al., 2001). 

The amount of available CsrA within V. cholerae is also highly regulated. CsrA is an 

essential gene in V. cholerae, which indicates that too little of CsrA is lethal to the cell. 

Additionally, V. cholerae strains with a mutation in either varS or varA, both of which presumably 

result in low levels of Csr sRNA expression, and thus, high levels of available CsrA, grew slowly 

and rapidly acquired suppressor mutations in csrA (Kamp et al., 2013; Mey et al., 2015). Together, 

these data indicate that there is an optimal range of available CsrA, as both too little and too much 

available CsrA is detrimental to the cell. However, the mechanistic details that prevent drastic 

fluctuations in CsrA availability in V. cholerae are not well characterized. 
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3.5. Mechanisms of CsrA-mediated regulation 

  The mechanisms by which CsrA regulates protein synthesis have largely been defined in 

E. coli. CsrA typically binds to the 5’ UTR of a target transcript to either positively or negatively 

affect the transcript stability, the efficiency of translation, and/or transcript elongation (Vakulskas 

et al., 2015). The following examples, outlined in figure 4, demonstrate known mechanisms of 

CsrA-mediated regulation in E. coli. CsrA can positively regulate transcript stability (Wei et al., 

2001), for example, CsrA binds to the 5’ UTR of flhDC, which encodes the flagellar master 

regulator, to prevent the transcript from being degraded by RNaseE (Yakhnin et al., 2013). 

Conversely, CsrA can destabilize transcripts by increasing their degradation rate, for example, 

CsrA binding to glgC, which codes for the glycogen biosynthesis protein, decreases the stability 

of the glgC mRNA  (Liu et al., 1995). CsrA also can affect the translation of mRNAs by either 

increasing or decreasing translation efficiency. In E. coli, the genes coding for the biosynthesis of 

the molybdenum cofactor are located in four operons, one of which is the moaABCD operon. It 

was demonstrated that CsrA binding to the moaA 5’ UTR causes a conformational change that 

exposes the Shine-Dalgarno (SD), which increases the rate of moaA translation (Patterson-Fortin 

et al., 2013). Alternatively, the CsrA binding site can overlap with the SD, and CsrA binding can 

occlude the SD to inhibit translation. This mechanism was demonstrated with CsrA-mediated 

regulation of the nhaR transcript (Pannuri et al., 2012), which encodes a transcriptional activator 

of biofilm production. Recently an additional mechanism of CsrA-mediated regulation was 

described where CsrA negatively regulates transcript elongation of the gpaA mRNA, which 

encodes a polysaccharide export protein that is important for biofilm formation (Figueroa-Bossi et 

al., 2014). In the 5’ UTR of this target, there is a weak stem-loop that contains CsrA binding sites 
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on the right arm and rut sites (Rho binding sites) on the left arm. In the absence of CsrA binding, 

the rut sites are occluded, and Rho is not able to bind; however, in the presence of CsrA binding, 

the rut sites are revealed and Rho binds to the transcript, resulting in premature transcript 

termination. 

CsrA binding within the coding sequence of mRNAs has been observed with crosslinking 

co-immunoprecipitation approaches (Holmqvist et al., 2016; Potts et al., 2017). In these studies, 

it was noted that CsrA binding 60 nucleotides or more within the coding sequence often 

correlated with an increase in that mRNAs stability; however, the mechanism remains unknown 

(Potts et al., 2017).  
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Figure 4. Known mechanisms of CsrA-mediated regulation in E. coli 

To positively regulate transcript stability CsrA binds to the 5’ UTR of the motility master 

regulator, flhDC, to prevent RNaseE cleavage (Wei et al., 2001; Yakhnin et al., 2013). CsrA 
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transcript, which codes for part of the molybdenum cofactor, causes rearrangement of the mRNA 

structure promoting ribosomal binding (Patterson-Fortin et al., 2013). To negatively affect 

transcript stability, CsrA binds to the glycogen biosynthesis mRNA, glgC, and promotes its 

degradation (Liu et al., 1995). To decrease the efficiency of translation, CsrA binds to a site within 

the 5’ UTR of the biofilm transcriptional activator, nhaR, that overlaps, and occludes, the Shine-

Dalgarno (Pannuri et al., 2012). Lastly, CsrA negatively regulates the expression of the pgaA, 

which encodes a polysaccharide export protein, by binding to the 5’ UTR to promote premature, 

Rho-dependent, transcript termination by revealing rut sites (Figueroa-Bossi et al., 2014). 

ATGP SD

SD

SD

AUG

AUG

glgCAP

ATGP SD

SD

SD

AUG

AUG

flhDC

ATGSD

moaA

P

AUG

SD
AUG

ATGSD

nhaR

AUG

AUG

C SD

SD

P

Transcript Stability Translation Efficiency

+

-

Transcript Elongation

CsrA RNaseE Protein Ribosome Rho

P Promoter C CsrA Binding Site SD Shine-Dalgarno Rut Site

ATG
C SD

pgaABCD

P R

AUG
SD

AUGSD

SD

CC

C C



 
 

 15 

4. CsrA in pathogenesis 

CsrA has been shown to regulate key aspects of pathogenesis in several human pathogens. 

For example, the Pseudomonas aeruginosa CsrA homolog, RsmA, has been shown to influence 

both acute and chronic infections. In the acute infection mouse model, a rsmA mutant was 

significantly outcompeted by the wild-type strain and displayed a reduction in the ability to 

disseminate to other organs, while in a chronic infection mouse model, the rsmA mutant resulted 

in reduced mortality (Mulcahy et al., 2008). RsmA orchestrates virulence gene expression by 

activating genes required for the acute infection, including genes encoding the type three secretion 

system (Mulcahy et al., 2006), motility (Heurlier et al., 2004), and lipases (Heurlier et al., 2004); 

while simultaneously repressing genes required to establish a chronic infection, such as genes for 

biofilm production (Irie et al., 2010). This complex regulation permits P. aeruginosa to establish 

an acute infection, then transition to a chronic infection in response to host dependent cellular cues 

(Goodman et al., 2004, 2009). Similarly, CsrA has been shown to regulate expression of genes 

found within the Salmonella enterica serovar Typhimurium pathogenicity island 1 (SPI-1), which 

is required for an infection (Altier et al., 2000). Through genetic analysis, it was determined that 

CsrA directly binds to the 5’ UTR of the S. Typhimurium hilD mRNA, which encodes a 

transcriptional regulator that activates virulence gene expression. CsrA binding to the hilD mRNA 

decreases the stability of the transcript and impedes its translation, resulting in reduced expression 

of genes within the SPI-1 island (Martínez et al., 2011). CsrA has also been shown to directly 

regulate multiple virulence factors in pathogenic E. coli species including adherence to host cells 

(Bhatt et al., 2009), motility (Yakhnin et al., 2013), and toxin production (Bhatt et al., 2009, 2011). 

4.1. CsrA in V. cholerae pathogenesis   
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 After the consumption of V. cholerae, it passes through the gastrointestinal tract where it 

encounters many bactericidal conditions that it must overcome to successfully colonize the host. 

Importantly in V. cholerae, CsrA regulation has been indirectly and directly linked to processes 

that promote colonization and virulence expression. The requirement of CsrA was indirectly linked 

to colonization through the characterization of the two-component system that regulates CsrA, 

VarS/VarA. VarS has been shown to be required for colonization infant mouse model (Jang et al., 

2011). Presumably, the reason VarS is required for successful colonization is due to its ability to 

recognize host-specific environmental cues to alter the availability of CsrA. This rationale is 

supported by data demonstrating that homologs of the VarS/VarA TCS alter Csr sRNA expression 

in response to host-dependent environmental cues such as pH, nutritional status, and short chain 

fatty acids (Chavez et al., 2010; Jonas and Melefors, 2009; Lawhon et al., 2002; Mondragón et al., 

2006). Additionally, we have directly demonstrated that CsrA is required for V. cholerae to 

colonize in the infant mouse model (Mey et al., 2015), suggesting the regulatory role of CsrA is 

critical for a successful infection.   

4.1.1. Entering the small intestine and exposure to bile  

As V. cholerae exits the stomach and enters the lumen of the small intestine, it encounters 

the bactericidal agent, bile. Bile is an emulsification agent that solubilizes lipids, and as the 

bacterial membrane is largely composed of lipids, bile can cause a bacterium to lyse by disrupting 

the integrity of its membrane. V. cholerae has evolved many mechanisms to overcome the toxic 

effects of bile. Some of these mechanisms include: (1) increasing the hydrophobicity of the outer 

membrane to decrease the permeability of bile (Nesper et al., 2001), (2) increasing the expression 

of efflux pumps that act to remove any bile that has entered the bacterial cell (Bina and Mekalanos, 
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2001; Bina et al., 2008), and (3) exchanging a bile permissive outer membrane porin (OMP) OmpT 

for a bile non-permissive porin OmpU (Provenzano and Klose, 2000). It has also been 

demonstrated that sublethal amounts of bile increase motility (Gupta and Chowdhury, 1997). 

Later, it was hypothesized that bile acts as a chemorepellent that drives V. cholerae cells out of the 

lumen and toward the mucosal barrier that lines the surface of the epithelial cells (Almagro-

Moreno et al., 2015), suggesting that another mechanism is to move away from bile. 

It has been shown that CsrA plays a role in promoting the switch from OmpT to OmpU in 

the presence of nutrient supplementation (Mey et al., 2015). We have previously demonstrated that 

the csrA mutant fails to switch from OmpT to OmpU in response to nutrient supplementation; 

however, the csrA mutant does switch from OmpT to OmpU in the presence of bile (Mey et al., 

2015). This suggests there are redundant mechanisms to ensure that the switch from OmpT to 

OmpU occurs in the host. Either the presence of bile or nutrient composition indicative of the 

intestinal lumen can initiate the switch in porins, and the nutrient composition is sensed through a 

CsrA-dependent pathway. 

4.1.2. Penetrating the mucosal barrier 

The mucosal layer of the intestine is another barrier that V. cholerae must overcome. The 

mucous membrane contains heavily glycosylated proteins. When these glycoproteins are secreted 

from the host cells, they readily oligomerize generating a complex viscous barrier between the 

epithelial cells and the contents within the lumen (McGuckin et al., 2011). As the mucous 

membrane is ~70x the length of a V. cholerae cell (Millet et al., 2014), it is hypothesized that 

motility is required for V. cholerae to penetrate the mucosal barrier. V. cholerae uses a single polar 

flagellum to propel itself through its environment. Two V. cholerae mutants were tested to address 
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whether motility is required for colonization, and to simultaneously delineate if the flagellum also 

plays a role in adherence, which has been demonstrated in E. coli (Girón et al., 2002). One mutant, 

DflaA, does not produce a flagellum as flaA codes for the core subunit of the flagella, while the 

second mutant, DmotAB, produces a flagellum, but is unable to rotate it, as motAB codes for the 

flagellar motor protein. It was shown that DflaA and DmotAB displayed a similar defect in 

colonization (Lee et al., 2001). Since DmotAB did not colonize more efficiently, which would have 

occurred if this mutant was able to adhere but not able penetrate the mucus, it was concluded that 

the primary role of the flagellum during infection is to penetrate the mucosal barrier (Butler and 

Camilli, 2005).  

Interestingly, in a screen to identify genes that influence virulence gene expression, it was 

determined that the DflaA mutant does not induce expression of the ctxA gene in vitro or in vivo 

(Lee et al., 2001). It was also demonstrated that flagellar hierarchal regulatory proteins, such as 

flrA, flrC, and fliA, coordinate expression of many virulence genes (Syed et al., 2009). Taken 

together, these observations establish a connection between motility and regulation of virulence 

gene expression in V. cholerae.  

Importantly, studies have shown that CsrA positively regulates motility genes in many 

different bacteria, including E. coli (Wei et al., 2001; Yakhnin et al., 2013), P. aeruginosa (Brencic 

and Lory, 2009), S. Typhimurium (Lawhon et al., 2003), and Pseudomonas fluorescens (Martínez-

Granero et al., 2012). 

4.1.3. Attachment and toxin production 

After V. cholerae penetrates the mucosal barrier, it will attach to the epithelial surface and 

begin to replicate. Attachment and micro-colony formation require the toxin co-regulated pilus, 
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TCP (Taylor et al., 1987). Following attachment, the bacteria release the cholera toxin (CTX), 

which is endocytosed by the host epithelial cells.  CTX binds the G protein component of adenylate 

cyclase, resulting in the efflux of ions and water from the enterocyte, which causes rapid fluid loss. 

Many proteins are involved in the regulation of virulence gene expression to ensure optimal 

expression within the host. Two different two-component systems, ToxR/ToxS and TcpP/TcpH, 

have been shown to activate the cholera toxin transcriptional activator, ToxT (Krukonis et al., 

2000). It has also been demonstrated that QS plays a role in regulating CTX production through 

the QS master regulator AphA (Skorupski and Taylor, 1999). It was shown that in an aphA mutant, 

the CTX promoter was not transcriptionally active under normal CTX producing conditions 

(Skorupski and Taylor, 1999). Furthermore, it was shown that ectopically expressing TcpP, but 

not ToxR, restored CTX production in the aphA mutant, and that AphA is required for the 

transcription of tcpPH (Skorupski and Taylor, 1999). Thus, AphA is thought to induce tcpPH 

transcription, TcpP then activates toxT expression, and ultimately, CTX production.  

The regulation of both the QS pathway and ToxR protein expression are regulated by CsrA 

(Lenz et al., 2005; Mey et al., 2015). These data suggest that CsrA regulates aspects of attachment 

and virulence gene expression, but the mechanistic details of this regulation remain unclear. 
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5. Purpose of this research 

Although CsrA-mediated regulation has been shown to alter virulence gene expression in 

response to multiple different extracellular cues (Lenz et al., 2005; Mey et al., 2015), and that CsrA 

is required for the proper colonization of a mammalian host (Mey et al., 2015), many aspects of 

CsrA regulation in V. cholerae remain unclear. For example, a mechanism detailing how CsrA-

mediated regulation changes in response to environmental cues remains unknown. Additionally, 

it remains unclear which processes are regulated by CsrA that make CsrA required for 

colonization. Therefore, my goal was to investigate CsrA further. Specifically, I determined how 

CsrA availability changes in response to nutrient supplementation and the CsrA regulon. 

Understanding the role and regulation of CsrA in V. cholerae will provide insight into the dynamics 

of CsrA-mediated regulation of gene expression that enable this bacterium to be a successful 

human pathogen.   
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II. MATERIALS AND METHODS 

1. Bacterial strains and growth conditions 

All strains were maintained at -80°C in tryptic soy broth plus 20% (vol/vol) glycerol. 

Cultures were grown at 37°C with shaking in Luria-Bertani (LB) broth (1% (wt/vol) tryptone, 

0.5% (wt/vol) yeast extract, and 1% (wt/vol) NaCl) or on LB agar plates. LB overnight cultures 

inoculated from single colonies were subcultured 1:100 into the minimal medium, T medium 

(Simon and Tessman, 1963) and then grown at 37°C with shaking. The T medium was modified 

to contain 0.2% (wt/vol) sucrose, 20 µM FeSO4, and VA vitamin solution: 

(https://www.genome.wisc.edu/resources/protocols/ezmedium.htm). Where indicated, T medium 

was supplemented with NRES, a mixture of the amino acids asparagine, arginine, glutamate, and 

serine, each dissolved in water and added to a final concentration of 3.125 mM. The following 

antibiotics were used at the indicated concentrations: for E. coli, 50 µg/ml kanamycin, 50 µg/ml 

ampicillin, 30 µg/ml chloramphenicol, and 250 µg/ml carbenicillin; for V. cholerae, 50 µg/ml 

kanamycin, 25 µg/ml ampicillin, 6 µg/ml chloramphenicol, 125 µg/ml carbenicillin, and 20 µg/ml 

polymyxin B.  
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2. DNA techniques 

2.1.  DNA isolation 

2.1.1. Chromosomal 

Bacterial chromosomal DNA was isolated by resuspending 1.0 mL of an overnight culture 

in equal volume double distilled water (ddH2O) and placed at -20°C to freeze, then thawed at 23°C, 

causing the cells to lyse, releasing their DNA. Chromosomal DNA was stored at -20°C. 

2.1.2. Plasmid 

Plasmids were isolated from a 5.0 mL overnight culture using the Sigma-Aldrich GenElute 

Plasmid Kit. Plasmid DNA was eluted with ddH2O and was used immediately or stored at -20°C. 

2.1.3. PCR-derived DNA 

The Wizardâ (Promega) SV Gel and PCR Clean-Up kit was used to isolate PCR derived 

DNA.  The isolated DNA was eluted with ddH2O and either used immediately or stored at -20°C 

until further use. 

2.2. Polymerase chain reaction  

Primers used in this study are listed in Table 1. 

2.2.1. Amplification 

Amplification of the DNA was performed by Phusion High-Fidelity DNA Polymerase 

(ThermoFisher Scientific) using either chromosomal or plasmid DNA as the template. The 

standard parameters of the Phusion PCR used were: initial denaturation- 98°C for 30 s; 

amplification stage- 30 cycles of 98°C for 10 s, 56°C-62°C, depending on the melting the primers, 

for 15 s, and 72°C for 20 s/kb; final extension- 72°C for 2 minutes and then held at 4°C until use.  

2.2.2. Chromosomal deletions and fusion proteins 
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Chromosomal deletions and fusion proteins were constructed by splice overlap PCR using 

the primers listed in Table 1. To perform the splice overlap, two 700-1000 bp PCR products 

flanking the target of interest were generated. The upstream product A was generated by using 

primers annotated A.F. (A forward) and A.R. (A reverse). The downstream product B was 

generated using primers B.F. and B.R. These two flanking products were engineered to have 

overlapping sequences, enabling the products to anneal, generating product C, which was then 

amplified using primers annotated with C.F. and C.R.. To generate deletions, product C contained 

only the upstream and downstream flanking sequence of the gene of interest, the gene itself was 

not included. In product C of fusion proteins, the stop codon of the protein of interest was changed 

to a glycine, immediately followed by additional glycine residues to serve as a linker between the 

protein of interest and one V5 epitope sequence (GGT AAA CCT ATT CCT AAT CCT CTC CTA 

GGT TTA GAT TCT ACT) (Moqtaderi and Struhl, 2008) . The product C fragments were cloned 

as a blunt end fragment into the SmaI site of the plasmid pCVD442N, generating the desired 

suicide plasmid.  

2.2.3. Screening  

Taq polymerase (New England Biolabs) was used to confirm chromosomal modifications 

and plasmid construction. The standard parameters of the Taq PCR used were: initial denaturation- 

95°C for 30 s; amplification stage- 30 cycles of 95°C for 10 s, 54°C-60°C, depending on the 

melting the primers, for 15 s, and 68°C for 20 s/kb; final extension- 68°C for 5 minutes and then 

held at 4°C until use. 1.0 µL of lysate derived from single colony cells resuspended in ddH2O and 

freeze-thawed was used as the template for PCR. 
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Table 1. Primers used in this study.  

Purpose Oligo name 5' to 3' 
Fusion protein primers 

V5 tagging 
CsrA 

CsrA.F CACCAGTGCTGTGGCATTGG 
CsrA.V5(5G) TATGTCGACTTAAGTAGAATCTAAACCTAGGAGAGG

ATTAGGAATAGGTTTACCACCACCACCACCACCGTAG
TTGCCAGACGCAACGCCACCATTACC 

V5-tagging 
VarA 

VarA.F (A.F., 
C.F.) 

TCATAATCACTCGGCTGTCCATCGGG 

VarA-V5.R 
(A.R.) 

AGGAGAGGGTTAGGGATAGGCTTACCACCACCTAAC
TTCTCAGTATCTAAGATCCC 

VarA-V5.F 
(B.F.) 

TATCCCTAACCCTCTCCTCGGTCTCGATTCTACGTAAT
GTCGACACAGTTTGATTCTGCC 

VarA.R (B.R., 
C.R.) 

CCTCGATTTAAAATGATCCGTGCCGG 

V5-tagging 
AphA 

AphA.F A.F., 
C.F.) 

GGTGAACCAGACTTTGTTCCTTACTTCCG 

AphA-V5.R 
(A.R.) 

GGTGAACCAGACTTTGTTCCTTACTTCCG 

AphA-V5.F 
(B.F.) 

ATCCCTAACCCTCTCCTCGGTCTCGATTCTACGTAAG
CCAAGCCAAACCTGTCG 

AphA.R (B.R., 
C.R.) 

ATCCCTAACCCTCTCCTCGGTCTCGATTCTACGTAAG
CCAAGCCAAACCTGTCG 

Chromosomal deletion primers 
CsrB 
deletion 

csrB.F (A.F.) CGCTTGGTTACGACGGCTACGC 
csrB.F3 (C.F.) AGATGTCGCGTATCAGGTCG 
csrB.del1 (A.R.) CGGGAGCCCGGGAGATTCATCTTACTGAGCTGAGC 
csrB.del2 (B.F.) AATCTCCCGGGCTCCCGAAAAGTCATCACC 
csrB.R (B.R.) TTGGCCTACCGCATTTATGGCG 
csrB.R3 (C.R.) TGTCGGTCTGCTCAATGACC 

CsrC 
deletion 

csrC.F (A.F., 
C.F.) 

CGCCACTTACTACACGCCATAGTG  

csrC.del1 (A.R.) AGGAAAGCCCGGGAAGAGATAATTTACCC 
csrC.del2 (B.F.) TATCTCTTCCCGGGCTTTCCTTAATCTCCC 
csrC.R (B.R., 
C.R.) 

GAGTGATGCTGCCTCTATTGCAC 

 CsrD 
deletion 

csrD.F (A.F.) ACGATGGTTGCTGGTTATCCC 
csrD.F3 (C.F) GGCGATCTTTGTCATCTGCG 
csrD.del1 (A.R.) AAGATGCCCGGGAATTGACTTTACGATATGAGCG 
csrD.del2 (B.F.) AGTCAATTCCCGGGCATCTTTCCGTATGCC 
csrD.R (B.R.) CTGGTGGCAATTCGCTCTGGC 



 
 

 25 

Table 1. continued 
 csrD.R3 (C.R.) CGCTTAGGCATCAAATCCGC 
             Reporter Primers  
Transcript-
ional 
reporters 

CsrB.ts.F atgaCCATGGCCGACTTTGGCCGATCAT 
CsrB.ts.F2 atgaCCATGGAAATTCGCTTTCTGCGAT 
CsrB.ts.R atgaGGATCCGACGAGATTCATCTTACTG 
CsrC.ts.F atgaCCATGGGAGCAAAAGGGGCAATCG 
CsrC.ts.F2 atgaCCATGGAAAAACAGTGAATTGATGC 
CsrC.ts.R atagGGATCCCGACAAGAGATAATTTACC 
CsrD.ts.F atgaCCATGGTCTTATTTTAGGATTTATCT 
CsrD.ts.F2 atgaCCATGGGATTTTAGCTTTTGATTGC 
CsrD.ts.R agtaGGATCCGACGAATTGACTTTACG 
VarA.ts.F atgcCCATGGCCTTGTTCAATCTTCAATCTGG 
VarA.ts.R gactGGATCCCCCGTGAATATGATCTGAAACC 

Translation-
al reporters 

Ec.lacZ.F(SalI) ttgGTCGACGTCGTTTTACAACGTCGTG 
Ec.lacZ.R(PstI) ttgCTGCAGTTATTTTTGACACCAGACCAACTGG 
VarA.tl.F atgaCAATTGAGAAAAGTTGCCCGCGTTGG 
VarA.tl.R atgcGCGGCCGCGATTAACACGCAACAGCTT 

RNA-EMSA primers 
 RNA 
EMSA 
probes 

varA AAGUGUGGAGAUACAAGUUUGAUUAGUGUUUUCCU
UGUAGAUGAUCACGAGCUGGUUCGCACAGGGAUAC
GACGUAUUAUUGAAGACGUCCGUGGAAUGAAAGUA
GCAGGGGAAGCUGAC 

atpI  
(negative 
control) 

AAAAUUGUAACUUUUUGCGGUGUUUUCAUUGCAAU
CAGUUGAUGCCACCGUAUAAUUUUCGCCAAUUUCC
CAGUCCGAAAAAGCGGUUCGAGCUGUGGUGAUUAC
UAGAGGUAAGAAUAC 

 T7.AphA.F CGCGCATTAATACGACTCACTATAGGGCTCTGTGATA
AGTAATGTAAAGC 

 T7.AphA.R GCGCTGCGGCCAGCTTGGGTTATAGAATAAACCTTGC
G 

RT-qPCR 
 RT-qPCR CsrB.F  GGACATTGAACGGACGCAATCG 

CsrB.R  TGATAGTACGCTGCAATCCG 
CsrC.F  AGGTGAGCTGCAAGGATGAT 
CsrC.R  CTTGTTCCTTGAGCGGTGTC 
CsrD.F  CAGGATGAATGGTCGGCAAG 
CsrD.R  CCTCTGCCATCCTGACAGAA 
secA.F GCGTACGGGTGAAGGTAAAA 
secA.R  CCAGGTAGGGCATTCAGGTA 
16s CAGCCACACTGGAACTGAGA 
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Table 1. continued 
 16s TTAGCCGGTGCTTCTTCTGT 

varA.F TGGCGTTGAGTCAGTTTTCG 
varA.R TGATCTGCAATTCACGCTCG 
flgF.F GATTTAGCGCAAGCTCGTTC 
flgF.R GTCGTGATCACACTGCCTTG 
aphA.F AATGGGGGAACAGGGTTTAG 
aphA.R AAACCTTGCGATCTGGTTTG 

Standard 
curve  

CsrB.F1 ATGCTCGGCAAGGAAAGCG 
CsrB.R1 CCAGCTACTAAAAGGTGCTCCC 
CsrC.F1 ATGACCACAAGCAGGAAGCC 
CsrC.R1 CTCCATGCATCATCCTTAACGGG 
CsrD.F1 GGAAGCGGACACGGAACAGG 
CsrD.R1 TCTCACTCGCAGCAATCCCG 
secA.F1 GTCAACGCATTGAACAGGGC 
secA.R1 TTCACACCCACGGTCATGCC 

Csr specific 
RT probe 

Csr.RT TCGCAGCA 
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2.3. Construction of plasmids  

All plasmids used in this study are listed in Table 2. The plasmids listed below were 

specifically generated for this study. Unless otherwise noted, V. cholerae N16961 genomic DNA 

was used as the template for these constructs. All final plasmid constructs were sequence verified 

at The University of Texas at Austin DNA sequencing facility using the 3730/3730 XL DNA 

Analyzers (Applied BioSystems). The sequencing results were analyzed via SnapGene software.  

2.3.1. pBADcsrA-V5 

pBAD18-cm carrying a csrA allele that encodes CsrA with the N-terminus tagged with V5 

and a 2-glycine linker. This plasmid was graciously provided by Bryan Davies (University of 

Texas at Austin). 

2.3.2. pFcsrA-V5 

The csrA allele on pBADcsrA-V5 moved into the SmaI site of the low copy vector pCC1. 

2.3.3. pFcsrA-V5(5G) 

The csrA allele was amplified with CsrA.F and CsrA.V5(5G). This produced a csrA allele 

that encodes an N-terminally V5 tagged CsrA with a 5-glycine linker between the tag and CsrA. 

This construct was inserted into the SmaI site of pCC1. 

2.3.4. pScsrB 

A suicide plasmid with the splice-overlap construct used to delete csrB inserted in the SmaI 

site of pCVD22N. To generate product “A”, primers csrB.F and csrB.del1 were used. Product “B” 

was generated by using the primers csrB.del2 and csrB.R. Product “C” was then generated by 

using “A” and “B” as template and the primers csrB.F3 and csrB.R3. 

2.3.5. pScsrC 
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A suicide plasmid with the splice-overlap construct used to delete csrC inserted in the SmaI 

site of pCVD22N. To generate product “A”, primers csrC.F and csrC.del1 were used. Product “B” 

was generated by using the primers csrC.del2 and csrC.R. Product “C” was then generated by 

using “A” and “B” as template and the primers csrC.F and csrC.R. 

2.3.6. pScsrD 

A suicide plasmid with the splice-overlap construct used to delete csrD inserted in the SmaI 

site of pCVD22N. To generate product “A”, primers csrD.F and csrD.del1 were used. Product “B” 

was generated by using the primers csrD.del2 and csrD.R. Product “C” was then generated by 

using “A” and “B” as template and the primers csrD.F3 and csrD.R3. 

2.3.7. pSvarA-V5 

A suicide plasmid with the splice-overlap construct used to exchange the wild-type varA 

allele with an allele coding for a VarA-V5 fusion protein was inserted in the SmaI site of 

pCVD22N. To generate product “A”, primers VarA.F and VarA-V5.R were used. Product “B” 

was generated by using the primers VarA-V5.F and VarA.R. Product “C” was then generated by 

using “A” and “B” as template and the primers VarA.F and VarA.R. 

2.3.8. pSaphA-V5 

A suicide plasmid with the splice-overlap construct used to exchange the wild-type aphA 

allele with an allele coding for an AphA-V5 fusion protein was inserted in the SmaI site of 

pCVD22N. To generate product “A”, primers AphA.F and AphA-V5.R were used. Product “B” 

was generated by using the primers AphA-V5.F and AphA.R. Product “C” was then generated by 

using “A” and “B” as template and the primers AphA.F and AphA.R. 

2.3.9. pQFcsrB.F1 
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The transcriptional reporter pQF50 with the full-length csrB promoter (-197 to +3 relative 

to the start of transcription) cloned into the NcoI and BamHI sites directly upstream of a 

promoterless lacZ gene. This promoter construct begins 20 nucleotides upstream of the predicted 

VarA binding sequence. The primers to amplify the csrB promoter were CsrB.ts.F and CsrB.ts.R.  

2.3.10. pQFcsrB.F2 

The transcriptional reporter pQF50 with a truncated csrB promoter fragment (-147 to +3 

relative to the start of transcription), cloned into the NcoI and BamHI sites directly upstream of a 

promoterless lacZ gene. This construct does not include the predicted VarA binding site. The 

primers to amplify the truncated csrB promoter were CsrB.ts.F2 and CsrB.ts.R.  

2.3.11. pQFcsrC.F1 

The transcriptional reporter pQF50 with the full-length csrC promoter (-196 to +3 relative 

to the start of transcription) cloned into the NcoI and BamHI sites directly upstream of a 

promoterless lacZ gene. This promoter construct begins 20 nucleotides upstream of the predicted 

VarA binding sequence. The primers to amplify the csrC promoter were CsrC.ts.F and CsrC.ts.R.  

2.3.12. pQFcsrC.F2 

The transcriptional reporter pQF50 with the truncated csrC promoter fragment (-146 to 

+3), cloned into the NcoI and BamHI sites directly upstream of a promoterless lacZ gene. This 

construct does not include the predicted VarA binding site. The primers to amplify the truncated 

csrC promoter were CsrC.ts.F2 and CsrC.ts.R.  

2.3.13. pQFcsrD.F1 

The transcriptional reporter pQF50 with the full-length csrD promoter (-197 to +3 relative 

to the start of transcription) cloned into the NcoI and BamHI sites directly upstream of a 
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promoterless lacZ gene. This promoter construct begins 20 nucleotides upstream of the predicted 

VarA binding sequence. The primers to amplify the csrD promoter were CsrD.ts.F and CsrD.ts.R.  

2.3.14. pQFcsrD.F2 

The transcriptional reporter pQF50 with the truncated csrD promoter fragment (-147 to +3 

relative to the start of transcription) cloned into the NcoI and BamHI sites directly upstream of a 

promoterless lacZ gene. This construct does not include the predicted VarA binding site.  The 

primers to amplify the truncated csrD promoter were CsrD.ts.F2 and CsrD.ts.R.  

2.3.15. pQFvarA.TS 

The transcriptional reporter pQF50 with the promoter sequence of varA cloned into the 

NcoI and BamHI sites directly upstream of a promoterless lacZ gene. The varA promoter sequence 

includes 301 nucleotides upstream of the transcriptional start site that was determined by Papenfort 

et al., (2015), and stops one nucleotide before the transcriptional start site (-300 to -1 relative to 

the transcriptional start site). The primers to amplify the varA promoter were VarA.ts.F and 

VarA.ts.R. 

2.3.16. pQElacZ 

The lacZ allele from E. coli (MM1655) was amplified with the primers Ec.lacZ.F(SalI) and 

Ec.lacZ.R(PstI). These primers were engineered to generate a truncated lacZ gene product by 

initiating amplification at the 28th nucleotide. This product was then inserted into the SalI and PstI 

sites of pQE2 to generate a translational reporter.  

2.3.17. pQEvarA.TL 

A promoterless varA construct was cloned into the MfeI and NotI sites in pQELacZ. The 

location of this insertion in pQELacZ is after an IPTG inducible T5 promoter, and generates an in-
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frame varA fusion to lacZ. The varA construct begins one nucleotide upstream of the 

transcriptional start site, as determined by Papenfort et al., (2015), and goes 220 nucleotides into 

coding sequence (-1 to +312 relative to the transcriptional start site). This construct was generated 

with the primers VarA.tl.F and VarA.tl.R.  
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Table 2. Plasmids used in this study 

Plasmids Description  Reference 
pCC1 Single-copy no. cloning vector; camR Epicenter 
pCVD442N Suicide vector pG704 carrying sacB; 

ampR, Sucs 
(Wyckoff et al., 
2006) 

pQF50 Promoterless lacZ reporter plasmid; 
ampR 

(Farinha and 
Kropinski, 1990) 

pQE2 IPTG-inducible expression vector Qiagen 
pFcsrA pCC1 carrying csrA; camR (Mey et al., 2015) 
pFcsrA-V5 pCC1 carrying csrA-V5; camR This study 
pBADcsrA-V5 pBAD18-cm carrying csrA-V5 with a 

2 glycine linker; camR 
Bryan Davies 

pFcsrA-V5(5G) pCC1 carrying csrA-V5 with a five 
glycine linker; camR 

This study 

pAMS31 pHM5 carrying csrA.R6H; ampR (Mey et al., 2015) 
pScsrB pCVD442N carrying a construct to 

delete csrB; ampR 
This study 

pScsrC pCVD442N carrying a construct to 
delete csrC; ampR 

This study 

pScsrD pCVD442N carrying a construct to 
delete csrD; ampR 

This study 

pSlacZ::kan pCVD442N carrying a construct to 
replace lacZ with a kanamycin 
cassette; ampR 

 Stephanie A. Craig 

pSvarA-V5 pCVD442N carrying a construct to 
chromosomally V5 epitope tag the C-
terminus of VarA with a 2 glycine 
linker; ampR 

This study 

pSaphA-V5 pCVD442N carrying a construct to 
chromosomally V5 epitope tag the C-
terminus of AphA with a 2 glycine 
linker; ampR 

This study 

pQFcsrB.F1 pQF50 carrying the full-length csrB 
promoter; ampR 

This study 

pQFcsrB.F2 pQF50 carrying the truncated csrB 
promoter; ampR 

This study 

pQFcsrC.F1 pQF50 carrying the full-length csrC 
promoter; ampR 

This study 

pQFcsrC.F2 pQF50 carrying the truncated csrC 
promoter; ampR 

This study 

pQFcsrD.F1 pQF50 carrying the full-length csrD 
promoter; ampR 

This study 
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Table 2. continued  
 
pQFcsrD.F2 pQF50 carrying the truncated csrD 

promoter; ampR 
This study 

pQFvarA.TS pQF50 carrying the varA promoter; 
ampR 

This study 

pQElacZ pQE2 carrying a lacZ allele with the 
first 9 amino acids not included; ampR  

This study 

pQEvarA.TL pQELacZ carrying the varA 
translational fusion to lacZ; ampR  

This study 
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3. Techniques used to construct bacterial strains 

Strains used in this study are listed in Table 3. All final chromosomal mutations and 

chromosomal fusion proteins were sequence verified at The University of Texas at Austin DNA 

sequencing facility using the 3730/3730 XL DNA Analyzers (Applied BioSystems). The 

sequencing results were analyzed via SnapGene software.  

3.1. Transformation into E. coli 

CaCl2 competent DH5a (lpir) were used for plasmid construction and maintenance. 

Competent DH5a (lpir) cells were made by growing the cells to mid-log phase (OD650 ~ 0.5), 

pelleted by centrifugation, then resuspending the cells in an equal volume of cold CaCl2 solution 

(60 mM CaCl2, 10 mM PIPES at pH 7.0, and 15% glycerol). The cells were pelleted again and 

concentrated by resuspending the pellet in 1/100th of the original volume with cold CaCl2 solution. 

The cells were either used immediately or stored at -80°C in 200 µL aliquots until further use. If 

frozen, cells were thawed on ice prior to use. 

For transformation, cells were placed at 45°C for 1 min and 35 sec then put on ice for 2 

minutes. After this heat-shock, the foreign DNA was added to the competent cells and incubated 

in 1.0 mL of LB at 37°C for one hour. The transformants were selected by plating the cells on LB 

agar plates with the appropriate antibiotics and grown overnight at 37°C.   

3.2. Electroporation 

Electroporation was used to promote the uptake of foreign plasmid DNA into V. cholerae. 

Electrocompetent V. cholerae cells were made by growing a V. cholerae culture to mid-log phase 

(OD650 ~ 0.5), washing the cells twice with equal volume cold Buffer-G (137 mM sucrose, 1mM 

HEPES, pH 8.0) at 4°C, then concentrated by centrifugation and resuspending the pellet in 1/10th 



 
 

 35 

of the original volume with cold Buffer-G. Four hundred µL of electrocompetent cells and the 

plasmid DNA were placed in an electroporation cuvette. The DNA was electroporated into the V. 

cholerae cells by using a GenePulse electroporator (BioRad) with the following settings: 200 W, 

25 mF, and 2.4 V. The cells were then added to 1.0 mL LB and put at 37°C with shaking to recover. 

After an hour, the cells were plated on LB agar with the appropriate antibiotics to select for V. 

cholerae cells that contained the plasmid. 

3.3. Chromosomal alterations   

Constructing either chromosomal deletions or chromosomal fusion proteins was performed 

by allelic exchange. First, conjugation was performed to introduce the suicide vector into V. 

cholerae. The donor strain, DH5a (lpir) or SM10 (lpir), contained the suicide plasmid. Unlike 

SM10 (lpir), the genome of DH5a (lpir) does not contain the genes necessary to transfer the 

plasmid and requires the helper strain MM29/pRK2013 to aid the conjugation process. The suicide 

plasmid was mated from the donor E. coli strain, either SM10 (lpir) or DH5a (lpir) with 

MM294/pRK2013, into the recipient V. cholerae strain. This was done by mixing 25 µL of LB 

washed overnight cultures of the donor and recipient strains and spotting the mixture onto an LB 

agar plate without antibiotics. After 6 – 8 hours at 37°C, the cells were scraped from the original 

plate and streaked onto an LB agar plate containing the appropriate antibiotics to select for V. 

cholerae cells that integrated the suicide plasmid into their genome. Because the suicide vector, 

pCVD442N, contains the sacB gene that confers sensitivity to sucrose, recombinants that had lost 

the integrated plasmid were obtained by screening cells for sucrose resistance when plated on 10% 

(w/v) sucrose. The isolates were further screened by PCR to identify those recombinants in which 

the plasmid-encoded gene had replaced the wild-type copy.  
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3.4. Construction of  V. cholerae strains    

3.4.1. NDcsrB 

N16961 with the gene csrB deleted. This strain was generated by conjugating the suicide 

vector pScsrB into N16961 and screening sucrose resistant colonies.  

3.4.2. NDcsrC 

N16961 with the gene csrC deleted. This strain was generated by conjugating the suicide 

vector pScsrC into N16961 and screening sucrose resistant colonies, and was provided by A.R. 

Mey.  

3.4.3. NDcsrD 

N16961 with the gene csrD deleted. This strain was generated by conjugating the suicide 

vector pScsrD into N16961 and screening sucrose resistant colonies.  

3.4.4. NcsrB-only 

N16961 with the genes csrC and csrD deleted. This strain was generated by conjugating 

the suicide vector pScsrC into NDcsrD and screening sucrose resistant colonies.  

3.4.5. NcsrC-only 

N16961 with the genes csrB and csrD deleted. This strain was generated by conjugating 

the suicide vector pScsrB into NDcsrD and screening sucrose resistant colonies.  

3.4.6. NcsrD-only 

N16961 with the genes csrB and csrC deleted. This strain was generated by conjugating 

the suicide vector pScsrC into NDcsrB and screening sucrose resistant colonies.  

3.4.7. NcsrA.R6H.csrD-only 



 
 

 37 

NcsrA.R6H with the genes csrB and csrC deleted. This strain was generated by conjugating 

the pAMS31 (Mey et al., 2015) into NcsrD-only and screening for sucrose resistant colonies.  

3.4.8. NDcsrBCD 

N16961 with the genes csrB, csrC, and csrD deleted. This strain was generated by 

conjugating the suicide vector pScsrD into NcsrD-only and screening sucrose resistant colonies.  

3.4.9. NcsrA.R6HDcsrBCD 

NcsrA.R6H with the genes csrB, csrC, and csrD deleted. This strain was generated by 

conjugating the suicide vector pScsrD into NcsrA.R6H.csrD-only and screening for sucrose 

resistant colonies.  

3.4.10. NlacZ::kan 

N16961 containing a kanR cassette insertion in lacZ, disrupting its function. This strain was 

generated by conjugating the suicide vector pSlacZ::kan (Stephanie A. Craig) into N16961 and 

screening sucrose resistant colonies.  

3.4.11. NcsrA.R6H.lacZ::kan 

NcsrA.R6H containing a kanR cassette insertion in lacZ, disrupting its function. This strain 

was generated by conjugating the suicide vector pSlacZ::kan (Stephanie A. Craig) into NcsrA.R6H 

and screening sucrose resistant colonies.  

3.4.12. NvarA-V5 

N16961 harboring a varA allele that codes for a carboxyl terminus V5 epitope tagged VarA 

protein. This strain was generated by conjugating the suicide vector pSvarA-V5 into N16961 and 

screening sucrose resistant colonies.  

3.4.13. NcsrA.R6H.varA-V5 
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NcsrA.R6H harboring a varA allele that encodes a carboxyl terminus V5 epitope tagged 

VarA protein. This strain was generated by conjugating the suicide vector pSvarA-V5 into 

NcsrA.R6H and screening sucrose resistant colonies.  

3.4.14. NaphA-V5 

N16961 harboring an aphA allele that encodes a carboxyl terminus V5 epitope tagged AphA 

protein. This strain was generated by conjugating the suicide vector pSaphA-V5 into N16961 and 

screening sucrose resistant colonies.  

3.4.15. NcsrA.R6H.aphA-V5 

NcsrA.R6H harboring an aphA allele that encodes a carboxyl terminus V5 epitope tagged 

AphA protein. This strain was generated by conjugating the suicide vector pSaphA-V5 into 

NcsrA.R6H and screening sucrose resistant colonies.  
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Table 3. Strains used in this study  

Strains Description Source or 
reference 

E. coli 
DH5α (λpir) Escherichia coli cloning strain  J. Kaper 
Sm10 (λpir) Escherichia coli cloning and 

mobilization strain for pCVD442N 
(Simon et al., 
1983) 

MM294/pRK2013 Escherichia coli conjugation helper 
strain 

R. Meyer 

V. cholerae 
N16961 Wild-type V. cholerae El Tor biotype  R. A. Finkelstein 
NcsrA.R6H N16961 csrA with an Arg to His 

mutation at position 6 
(Mey et al., 2015)  

NcsrB-only N16961 ∆csrC ∆csrD This study 
NcsrC-only N16961 ∆csrB ∆csrD This study 
NcsrD-only N16961 ∆csrB ∆csrC This study 
NlacZ::kan N16961  lacZ::kan  This study 
NcsrA.R6H.lacZ::kan NcsrA.R6H  lacZ::kan This study 
NvarA-V5 N16961 containing the varA-V5 allele  This study 
NcsrA.R6H.varA-V5 NcsrA.R6H containing the varA-V5 

allele  
This study 

SAC101 Biofilm deficient strain; kanamycin 
cassette insertion into the mshA  

Stephanie A. Craig 

NaphA-V5 N16961 containing the aohA-V5 allele  This study 
NcsrA.R6H.aphA-V5 NcsrA.R6H containing the aphA-V5 

allele  
This study 
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4. RNA techniques 

4.1. Isolation of V. cholerae RNA 

Approximately 109 bacterial cells, grown under the desired condition, were pelleted by 

centrifugation and resuspended in 100 µL of the growth medium. One mL of RNA-BEE (Tel-Test, 

Inc.), a solution containing phenol and quinidine thiocyanate, was added to the cells. Two hundred 

µL of RNase-free chloroform was added and the mixture was centrifugated at 4°C to separate the 

organic and aquatic phases. The aquatic phase was removed by pipetting and added to an equal 

volume of RNase-free isopropanol, and placed at -80°C overnight. The precipitated nucleic acids 

were pelleted by centrifuging the samples at 21,100 x g for 10 min at 4°C. The nucleic acids were 

washed with 500 µL of 75% RNase-free ethanol. The dried RNA/DNA pellet was resuspended in 

20-50 µL of RNase-free H2O. The nucleic acids were treated with DNase I (NEB) as per the 

manufacturer’s directions and subsequently stored at -80°C overnight. The RNA was washed with 

500 µL of 75% RNase-free ethanol, and the dried RNA pellet was resuspended in 20-50 µL of 

RNase-free H2O. The isolated RNA was either used immediately or placed at -80°C until further 

use.  

4.2. Generating cDNA 

SuperScriptTM III (ThermoFisher) was used to reverse transcribe 2 µg of RNA into cDNA 

using the random primers supplied with the SuperScript TM III kit. Where stated, 2 µM of specific 

primers were used in place of the random primers to generate specific cDNA as template. 

4.3. Quantitative PCR 

Fresh cDNA was diluted 1:10 with ddH2O and was used immediately. Primers were 

designed by using Primer3 (http://bioinfo.ut.ee/primer3-0.4.0/) and were selected to be located 
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within the first half of the target gene, and to produce a product between 50-150 nucleotides in 

length. Real-time qPCR was performed with Power SYBR® Green (ThermoFisher). The Applied 

Biosystems ViiA 7 instrument was used with the following parameters for qPCR: holding stage- 

50 ºC for 2:00 min and 95ºC for 10 min; PCR stage- 95ºC for 15 sec and 60ºC for 1 min, repeated 

40 times with fluorescence recorded at 60ºC; melting curve stage- 90ºC for 15 sec, 60ºC for 1 min, 

then 95ºC for 15 sec with the fluorescence recorded every 0.05 sec. Each reaction produced only 

one melting curve, indicating only one target was amplified during the qPCR reaction. 

  The DDCT method or the standard curve method was used to quantify the amount of RNA 

present in the sample tested. For samples that determined the relative amount, the DDCT method 

was used. All of these analyses used secA as an internal reference to normalize for loading or 

dilution error. The standard curve method was used when the total amount of a particular RNA 

was determined. Purified csrB, csrC, csrD, and secA PCR products were diluted to 10 ng/µL. To 

generate the standard curve of these products, the CT values of 10-fold serial dilutions, starting 

with 25 ng total, was determined by qPCR. In the same qPCR run, the amount of CsrB, CsrC, 

CsrD, and secA was also quantified from the desired RNA samples. By the use of the QuantStudio 

Real-Time software v1.3, the total amount CsrB, CsrC, CsrD, and secA was derived from their 

standard curves.  

4.4. Determining the half-life of RNAs 

Bacterial cells were grown to mid-log phase (OD650 ~ 0.6), and 200 µg/mL of rifampicin 

was added to the culture to stop transcription. Cells were harvested immediately (t=0), and at 4, 8, 

16, and 64 minutes following the rifampicin addition and added directly to RNA stabilizing 

solution (5% phenol, 95% ethanol). RNA was then purified from the samples as described above 
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and used to generate cDNA. The Csr RNA species were detected by reverse transcriptase followed 

by qPCR (RT-qPCR). The percent remaining of each Csr sRNAs at each time point was calculated 

relative to t=0 (100%). The half-lives were determined using the one-phase decay, a non-linear 

regression analysis, in the GraphPad Prism 7 software. To perform statistical analyses, the extra 

sum-of-squares F-test was used to compare the rates of decay. 

4.5. Generating RNA probes 

The MEGAshortscriptTM kit (ThermoFisher) was used to in vitro transcribe RNA. For this 

method, the PCR products of the desired target were generated with primer pairs where the forward 

primer contained the T7 promoter. The purified T7 PCR product was used as template at a 

concentration of 25 – 125 nM. After the in vitro transcription reaction, the RNA in the 20 µL 

reaction was precipitated by adding 5 µL RNase-free 3M sodium acetate followed by 125 µL 100% 

RNase-free isopropanol. Once the precipitated RNA pelleted dried completely, the RNA was 

resuspended in RNase-free H2O. The PierceTM RNA 3’ End Biotinylation Kit (ThermoFisher) was 

then used as per the manufacturer’s directions to biotinylate the RNA. The biotinylated RNA was 

precipitated and washed, as described above, and resuspended in RNase-free H2O. The 

biotinylated RNA was either used immediately or placed at -80°C until further use.  

4.6. RNA electrophoretic mobility shift assays (RNA EMSA) 

RNA oligos were made as described above or were synthesized by IDT technologies with 

a single biotin molecule on the 5’ end; these oligos are listed in Table 2. The CsrA-RNA EMSA 

samples were prepared according to the LightShift™ Chemiluminescent RNA EMSA Kit 

(ThermoFisher) directions, with the slight modification of a 10 µL final volume instead of a 25 µL 

final volume. CsrA-RNA complexes were resolved by electrophoresis through a 12% non-
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denaturing polyacrylamide gel, transferred to the BrightStar™-Plus (ThermoFisher) positively 

charged nylon membrane, and UV crosslinked with 150 mJoules. The LightShift™ 

Chemiluminescent RNA EMSA Kit was used to visualize the biotinylated RNA. 

4.7. Whole-genome RNA-sequencing 

The purified RNA was sent to the Genomic Sequencing and Analysis Facility at The 

University of Texas at Austin, where the RNA samples were assembled into an RNA-seq library 

and sequenced by Illumina based next-generation sequencing. The RNA-seq samples were 

sequenced on the HiSeq 4000, resulting in an average of 26.9 million reads per sample, while the 

CsrA-RIP-seq was sequenced on the MiSeq platform and had just over 4 million reads per sample. 

The Illumina reads were then imported into the CLC Genomics Workbench 11.0.1 (Qiagen) and 

mapped to the N16961 reference genome (NC_002505 and NC_002506), with a slight 

modification. The experimentally determined 5’ UTRs (Papenfort et al., 2015) were added into the 

gene track to permit the RNA reads to properly align to the 5' UTR regions within the genome. 

The standard CLC Genomic Workbench parameters were then used to map each sample's reads 

individually to the genome. The expression value for each gene is reported as a transcript per 

million, or TMP. The TPM expression value was selected because it normalizes the number of 

reads aligning to a gene to the length of that gene. The samples were then grouped and comparisons 

between the csrA mutant and the wild-type were made. The Baggerley’s test was used to determine 

statistical significance. This test was selected because it compares the proportion of the reads 

mapping to a gene between the two groups. Since this test compares the proportion of reads, it 

normalizes for the total amount of reads, which was slightly different in each sample. From this 
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analysis, a gene was considered to be significantly differentially expressed between N16961 and 

NcsrA.R6H if that gene had an FDR p-value < 0.05.  
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5. Protein techniques 

5.1. SDS-PAGE and immunoblotting 

Cultures were grown to mid-log phase (OD650 ~ 0.6), and samples containing an equivalent 

number of cells were resuspended in Laemmli SDS sample buffer (Laemmli, 1970). Samples were 

resolved by electrophoresis through 10% SDS-polyacrylamide gels, and the proteins were 

visualized by Coomassie brilliant blue staining or immunoblotting. On the Coomassie gels, the 

positions of the OmpT and OmpU proteins were determined by comparisons with previous studies 

of the wild-type strain to ompT and ompU mutant strains (Craig et al., 2011). The proteins for 

immunoblotting were transferred to a 0.45 µm-pore-size nitrocellulose membrane (GE 

Healthcare). ToxR was detected using rabbit polyclonal anti-ToxR antiserum (diluted 1:1000) (a 

gift from R. K. Taylor). V5 fusion proteins were immunodetected by mouse monoclonal anti-V5 

antibodies (diluted 1:10,000) (Sigma-Aldrich, #V8012). To visualize the proteins, either 

horseradish peroxidase (HRP)-conjugated goat anti-rabbit or HRP-conjugated goat anti-mouse 

IgG (diluted 1:10,000) (Bio-Rad Laboratories) was used. To ensure equal loading, the relative 

densities of the immunoblotted samples were assessed by Coomassie staining of a duplicate gel.  

5.2. CsrA purification  

The strain BL21DE3/pET16b-His-CsrA, a generous gift from Charles Midgett, was grown 

to OD650 ~ 0.6 at 37ºC with shaking. CsrA production was induced by the addition of 500 µM 

IPTG for four hours at 23ºC with shaking. The cells were centrifuged at 5,500 x g for 10 minutes 

at 4ºC, washed with 50mM NaCl, and stored at -80ºC. The cells were lysed by resuspending the 

cells in 10 ml of lysis buffer (50 mM NaH2PO4, 200 mM NaCl, 10 mM imidazole, 1% Triton X-

100, 10% glycerol, and one tablet of cOmplete™, Mini, EDTA-free Protease Inhibitor Cocktail 
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(Sigma-Aldrich) followed by four rounds of 30 seconds of sonication, each followed by 30 seconds 

on ice. Cell debris was pelleted by centrifugation at 15,000 x g at 4ºC. The supernatant was 

incubated with 5 mL of nickel agarose beads (Sigma-Aldrich) for 3 hours with rotation. The slurry 

was washed with 50 mL of wash buffer (50mM NaH2PO4, 300mM NaCl, 20 mM imidazole, and 

0.1% triton X-100). Elution buffer (50mM NaH2PO4, 300mM NaCl, 500 mM imidazole) was used 

to elute His-TEV-CsrA in 1 mL fractions. Relevant fractions were pooled, concentrated, and stored 

in storage buffer (50mM KPO4, 50 mM NaCl, 50% glycerol). 
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6. In vivo techniques 

6.1. CsrA-RNA co-immunoprecipitation 

A csrA allele encoding a CsrA protein tagged with single V5 tag sequence on the C-

terminus inserted into the inducible vector, pBAD18-cm, was generously provided by Bryan 

Davies (The University of Texas at Austin). CsrA-V5 expression was induced in mid-log phase 

culture by adding 0.1% arabinose to the medium for 15 minutes. The cells were centrifuged and 

resuspended in 2.5 mL of binding/wash buffer (100mM MOPS-pH 7.0 [KOH], 10mM MgCl2, 

100mM KCl). The cells were lysed in a French pressure cell, with a final volume of ~2 mL. One 

hundred µL of the cell lysate was added directly to RNA-Bee, and the RNA was further purified. 

The remaining lysate was incubated with protein G DynabeadsTM (ThermoFisher) coated with anti-

V5 antibodies (Sigma-Aldrich, #V8012) for an hour. The beads were washed 4 times with 

binding/wash buffer, resuspended in 100 µL of buffer, and added to RNA-Bee before further 

purification.  

For the RIP-seq, the isolated RNA was then sent for whole-genome sequencing, and the 

Illumina reads were mapped to the V. cholerae genome as described above. To be identified as a 

potential direct target of CsrA, the gene of interested needed to have at least 25 reads aligned to it 

in the input population, and have more than 50 aligned reads, or a 2-fold enrichment, in the 

immunoprecipitated sample. Twenty-five aligned reads was selected as the input threshold because 

it provided a basal and consistent amount of gene coverage. For RT-qPCR, target specific primers 

were used to determine the abundance of that target in the immunoprecipitated RNA to the input 

RNA. Relative abundance was reported and calculated by using the DDCT method, using secA as 

an internal control. 
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6.2. Motility  

A 0.1-10 µL pipette tip was used to stab a single colony into the motility agar.  Depending 

on the experiment, the motility medium was either LB or T medium supplemented with NRES and 

contained 0.3% agar. The inoculated plates were placed upside-down at 37ºC for either 6 hours, in 

the case of the LB plates, or 24 hours, for the NRES plates. Motility was then determined by 

measuring the diameter of growth.  

6.3. Biofilm 

Individual colonies were used to inoculate 2 mL of medium in 17 mm x 100 mm plastic 

test tubes and were placed at 37ºC with shaking. After 48 hours, the cell suspension was aspirated 

leaving the mature biofilm on the plastic. The biofilm was stained by using 2.5 mL of crystal violet 

(0.41% crystal violet, 12% ethanol). After 15 minutes, the crystal violet solution was aspirated, 

and the biofilms were washed 3 times with 3 mL of saline. The remaining crystal violet was then 

eluted with 95% ethanol. To determine the amount of biofilm produced, the optical density of the 

eluted crystal violet was read at OD595.  

6.4. lacZ based reporter assays 

Strains harboring either a transcriptional or translational lacZ based reporter were grown 

to mid-log phase in minimal medium with or without NRES, and the optical density at OD650 was 

recorded. To ensure equivalent expression from the translational reporter, 100 µM of IPTG was 

added to the growth medium. One hundred µL of cell suspension was placed into 900 uL of Z-

Buffer (60 mM Na2HPO4, 40 mM NaH2PO4, 10 mM KCl, 1 mM MgSO4, 2.5 mM b-ME (Miller, 

1972). The cells were permeabilized by adding 20 µL of chloroform, and 10 µL of 0.1% SDS. 

After 15 minutes, 200 µL of freshly made ONPG solution (4 mg/mL ONPG dissolved in phosphate 
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buffer [60 mM Na2HPO4, 40 mM NaH2PO4]) was added to the cell suspension in Z-Buffer 

solution. The duration of time between adding the ONPG and the solution turning light yellow was 

recorded, and once color change was observed, 500 µL of stop solution (1M Na2CO3) was added. 

The OD420 and OD550 were recorded to determine the b-galactosidase activity. Then, by using the 

following calculation, the Miller units were determined: 

 

Miller units = 
!"""($%&'()(!.+,	∗	$%//())
1234 (325)	∗678(39)	∗	$%:/(

 

  

  



 
 

 50 

III. RESULTS 

1. Chapter 1: Characterizing the regulation of CsrA in V. cholerae 

Our previous work demonstrated a role for CsrA in promoting ToxR production in response 

to specific amino acids in the growth medium. When wild-type V. cholerae is grown in a minimal 

medium, ToxR protein levels are low; however, when grown in a minimal medium supplemented 

with the four amino acids asparagine, arginine, glutamic acid, and serine (NRES), ToxR levels 

increase (Mey et al., 2012), and this increase in ToxR is positively regulated by CsrA (Mey et al., 

2015). The CsrA-dependent increase in ToxR protein levels in the presence of NRES could either 

reflect an increase in the total amount of CsrA or an increase in the amount of available CsrA.  

1.1. Nutritional supplementation does not alter the amount of CsrA  

To determine whether the level of CsrA changed in response to NRES, a construct 

containing a V5 epitope-tagged CsrA expressed from its native promoter was introduced into the 

wild-type strain. The V5 tag did not interfere with the ability of CsrA to regulate ToxR levels (Fig. 

5A). The total amount of CsrA-V5 protein was the same whether the strain was grown in the 

absence or presence of NRES, indicating that the amount of CsrA was not affected by NRES 

supplementation (Fig. 5B). 

Since the absolute level of CsrA did not change, it is likely that the differences in CsrA-

mediated regulation under the two conditions reflect differences in the amount of available CsrA. 
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Figure 5. CsrA protein levels do not change in the absence or presence of NRES  

(A) The wild-type, N16961, NcsrA.R6H, and complement strains NcsrA.R6H/pFcsrA and 

NcsrA.R6H/pFcsrA-V5 were grown in minimal medium with and without NRES, and whole cell 

proteins were resolved by SDS-PAGE and immunoblotted with anti-ToxR antiserum. (B) The 

wild-type strain, N16961, encoding a V5 epitope-tagged CsrA, was grown in minimal medium 

with or without NRES, and whole cell proteins were resolved by SDS-PAGE and immunoblotted 

with anti-V5 antiserum.  
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1.2. Nutritional supplementation does affect the expression of the Csr sRNAs 

To test whether NRES influences the level of the CsrA-antagonistic Csr sRNAs, and thus 

the amount of available CsrA to regulate its targets, we quantified the amount of CsrB, CsrC, and 

CsrD present when V. cholerae was grown in the absence or presence of NRES. We found that the 

total amount of the Csr sRNAs was 3-fold higher in the absence of NRES (Fig. 6A, green bars). 

These data suggest that, in the absence of NRES, the total amount of CsrB/C/D is high, resulting 

in increased sequestration of CsrA. In the presence of NRES, the total amount of CsrB/C/D is 

lower, leading to less sequestered CsrA and, therefore, higher amounts of available CsrA.  

Although the total amount of the Csr sRNAs differed when V. cholerae was grown with or 

without NRES, it was unclear what the contribution of each sRNA was to the total amount 

observed under each condition. When the Csr sRNAs were assessed individually, we found that 

they differed significantly in their abundance under the two conditions. CsrC increased 67-fold in 

the presence of NRES, whereas CsrD decreased 12-fold, and CsrB was unaffected by the addition 

of the amino acids (Fig. 6A). From these data, it also became clear that the relative proportions of 

the Csr sRNAs are different in the absence and presence of NRES (Fig. 6B). In the absence of 

NRES, CsrD is the major Csr sRNA present and accounts for more than 90% of the total 

population, followed by CsrB with 8% and CsrC with < 1%. In contrast, in the presence of NRES, 

CsrC is the major Csr sRNA, accounting for more than 50%, while CsrB and CsrD are present in 

roughly equal proportions, at approximately 22% each. To be consistent throughout this study, 

random primers were used to generate the cDNA used in figure 6. To verify that the observed 

trends were not affected by the efficiency of priming by the random primers during cDNA 
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synthesis, the experiment was repeated with a reverse transcriptase (RT) primer that had binds to 

an identical sequence in the 3’ end of all three sRNAs. Although the relative proportions of the 

Csr sRNAs differed slightly between these two approaches, the overall trends were consistent (Fig. 

7). When the total abundance of the Csr sRNAs was assessed with the Csr specific RT primer in 

the absence and presence of NRES, the total amount of the Csr sRNAs decreased in the presence 

of NRES, similar to the observation in figure 6. Additionally, when the Csr specific RT primer 

was used to determine the expression profiles of the individual Csr sRNAs, we found that the 

expression of CsrB was not significantly different in the absence or presence of NRES, CsrC 

expression levels increased in the presence of NRES, and CsrD expression decreased in the 

presence of NRES (Fig. 7), consistent with the result from the random RT primers (Fig. 6A). The 

consistency between these two approaches suggests that the observed effect of NRES 

supplementation on the expression of the Csr sRNAs is not due to a discrepancy in the priming 

efficiency of random RT primers during cDNA synthesis.  

  Since CsrB, CsrC, and CsrD exhibited unique expression profiles, it suggests they may 

have other unique properties. Therefore, to further characterize their individual properties we 

determined their rate of decay in the wild-type strain grown in minimal medium supplemented 

with NRES. The Csr sRNAs have significantly different half-lives, with CsrB having a half-life of 

1.3 minutes, CsrD, 0.8 minutes, and CsrC, 4.6 minutes (Fig. 6C). As studies of Csr sRNA 

regulation have shown the Csr sRNAs to be regulated similarly to each other (Lenz et al., 2005; 

Weilbacher et al., 2003), the finding that the V. cholerae Csr sRNAs have different intrinsic 

properties was unexpected. These data may indicate that the Csr sRNAs differ in their abilities to 

regulate CsrA activity.  
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Figure 6. The levels of the Csr sRNAs change in response to NRES 

(A) The total abundance, shown in arbitrary units (A.U.), of each Csr sRNA was 

determined by standard curves. The # indicates the detectable amount of 0.8 A.U. of CsrC in 

minimal medium. The p-values were determined by an unpaired, two-tailed student’s t-test from 

the A.U. values (p-values: * < 0.05, ** < 0.01). The normalized mean and standard deviation (error 

bars) were calculated from three biological replicates. (B) Relative proportions of CsrB/C/D 

present when the wild-type strain is grown in the absence and presence of NRES. The amount of 

Csr sRNA in (A) was converted to a percentage. (C) The rate of decay for CsrB, CsrC, and CsrD 
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was measured by RT-qPCR from wild-type cells grown to mid-log phase in minimal medium 

supplemented with NRES. Rifampicin was added to stop transcription, and cells were harvested 

directly after (t=0) and at 4, 8, 16, and 64 minutes post rifampicin addition. The half-lives, along 

with the 95% confidence interval (CI), were determined using the one-phase decay, a non-linear 

regression, analysis in the GraphPad Prism 7 software. The extra sum-of-squares F test was used 

to compare the decay rate constant between the sample sets (p-values: * < 0.05, ** < 0.01, 

***<0.001).  
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Figure 7. Verification of the amount of Csr sRNAs in the presence and absence of NRES 

Total abundance of each Csr sRNA shown in raw nanograms (ng). A Csr specific RT 

primer that had 100% homology within the 3’ end of each Csr sRNAs was used to reverse 

transcribe each Csr sRNA. The abundance of each sRNA was determined by standard curves. The 

p-values were determined by an unpaired, two-tailed student's t-test from the raw ng values (p-

values: ** < 0.01, *** < 0.001). The mean and standard deviation (error bars) were calculated 

from three biological replicates. 
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1.3. CsrC is not functionally redundant with CsrB or CsrD  

To determine whether the Csr sRNAs have different or redundant functions, strains 

containing only one Csr sRNA in their genome were generated. These strains were named NcsrB-

only, NcsrC-only, and NcsrD-only. Strains with extremely high levels of available CsrA often 

acquire suppressor mutations in csrA (Kamp et al., 2013; Mey et al., 2015); therefore, we 

confirmed by sequencing that the NcsrB-only, NcsrC-only, and NcsrD-only strains each carried 

the wild-type csrA allele. To test if the Csr sRNAs were redundant in their ability to regulate CsrA, 

the amount of ToxR protein was examined from cultures grown in minimal medium with or 

without NRES. Both the NcsrB-only and NcsrD-only strains exhibited wild-type regulation of 

ToxR, with low ToxR levels in the absence, and high ToxR levels in the presence, of NRES. In 

contrast, the NcsrC-only strain produced high amounts of ToxR in both conditions, suggesting a 

high level of available CsrA, even in the absence of NRES (Fig. 8A). To confirm the relevance of 

the observed increase in ToxR, the levels of two ToxR-regulated targets, the outer membrane porin 

proteins OmpT and OmpU, were determined as well. ToxR inversely regulates expression of the 

porin genes by repressing ompT and inducing ompU; thus, in a minimal medium, when ToxR 

levels are low, predominantly OmpT is produced, and in presence of NRES, when ToxR levels are 

high, OmpU is the dominant porin (Fig. 8A) (Mey et al., 2012). As expected, based on the ToxR 

results, the NcsrB-only and NcsrD-only strains both exhibited the wild-type OMP profile; 

however, the NcsrC-only strain produced OmpU in the absence of NRES, consistent with high 

levels of ToxR. The increase in ToxR levels in the NcsrC-only strain is likely due to high levels 

of available CsrA. This could either be because the total amount of CsrC in this condition is 
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insufficient to sequester an appropriate amount of CsrA, or that CsrC is not as efficient as CsrB 

and CsrD in sequestering CsrA.  

To determine whether NcsrC-only is unable to regulate CsrA in the absence of NRES 

because of low levels of the sRNA, the amounts of the Csr sRNAs produced in the single sRNA-

expressing strains were examined in the absence and presence of NRES. The levels of CsrB and 

CsrD in the single sRNA strains decreased in the presence of NRES, consistent more available 

CsrA in this condition and increased ToxR levels. However, in the absence of NRES, expression 

of CsrC was ~20-fold higher in NcsrC-only compared to the wild-type (Fig. 8C). This suggests 

that loss of CsrB and CsrD results in a compensatory increase in CsrC. Importantly, despite the 

increase in its amount, CsrC alone is unable to efficiently sequester CsrA, resulting in high levels 

of ToxR (Fig. 8A). Together, these data demonstrate that the V. cholerae Csr sRNAs are not 

entirely redundant, and have differences in their expression and stability, all of which contribute 

to the complexity of CsrA regulation.  
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Figure 8. NcsrC-only has increased CsrA-mediated regulation in the minimal medium  

(A) N16961, NcsrB-only, NcsrC-only, and NcsrD-only were grown in minimal medium 

with and without NRES. Whole cell proteins were resolved by SDS-PAGE and immunoblotted 

with anti-ToxR antiserum (top panel) or stained with Coomassie blue (bottom panel). The proteins 

in both the immunoblot and Coomassie-stained gel are from the same samples and are 

representatives of at least three biological replicates. (B) CsrB, (C) CsrC, and (D) CsrD expression 

levels were examined by RT-qPCR in N16961 and their respective strains, NcsrB-only, NcsrC-

only, and NcsrD-only. All strains were grown as described in (A). The levels of CsrB/C/D were 

normalized to the internal control secA. In each panel, the wild-type in the absence of NRES is set 

to one. The p-values were determined by an unpaired, two-tailed student’s t-test from the ΔCT 

values (p-values: * < 0.05). Only differences that are statistically significant are indicated on the 

figure. The relative mean and standard deviation (error bars) were calculated from three biological 

replicates.  
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1.4. CsrB and CsrD are more similar to one another than either is to CsrC  

Comparative analysis of the Csr sRNAs sequences was performed to provide additional 

insight into differences among the sRNAs. We performed a cluster alignment of the primary 

sequence of V. cholerae CsrB/C/D along with Csr sRNAs found in E. coli, Shigella flexneri, 

Salmonella enterica, Yersinia species, and Pseudomonas species (Fig. 9). As reported by Lenz et 

al., (2005), the V. cholerae Csr sRNAs are more similar to each other than to any of these other 

species. This result suggests that the three Csr sRNAs arose through gene duplication events after 

V. cholerae diverged from the other species. Interestingly, we noted that, in V. cholerae, CsrB and 

CsrD are more similar to each other than either is to CsrC, suggesting that CsrC has diverged in 

sequence, as well as in function (Fig. 8). 
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Figure 9. Guide tree of the Csr sRNAs from multiple bacterial species  

The DNA sequences of the csr sRNA genes from the indicated species were aligned 

through multiple ClustalW analysis. 
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1.5. Within the Vibrionaceae family, CsrC is only found in V. cholerae  

Determination of homologs of CsrB, CsrC, and CsrD among members of the Vibrionaceae 

family through BLAST analysis revealed that both CsrB and CsrD are found throughout the entire 

family, whereas CsrC is only found in V. cholerae. The fact that CsrC is unique to V. cholerae and 

is not fully redundant with CsrB and CsrD suggests that CsrC likely has a unique role in regulating 

CsrA in V. cholerae.  

1.6. CsrA controls the level of the Csr sRNAs  

Our previous work indicated that V. cholerae must maintain the amount of sequestered 

CsrA within an appropriate range to prevent deleterious effects; a complete deletion of the csrA 

gene was lethal, and high levels of unsequestered CsrA caused significant growth defects (Mey et 

al., 2015). One way to maintain an appropriate level of sequestered CsrA would be to regulate the 

expression of the Csr sRNAs in response to the amount of available CsrA. To test whether CsrA 

plays a role in regulating the Csr sRNAs, we measured the levels of the Csr sRNAs in the strain 

NcsrA.R6H, which carries a single amino acid substitution in CsrA. This CsrA.R6H mutant protein 

cannot regulate ToxR in response to NRES, but it retains sufficient activity for cell viability (Mey 

et al., 2015). The levels of CsrB, CsrC, and CsrD were determined by RT-qPCR in the wild-type 

and NcsrA.R6H strains grown in minimal medium with and without NRES. The levels of all three 

sRNAs were significantly reduced in NcsrA.R6H in the presence of NRES (Fig. 10). In addition, 

CsrB and CsrD levels were reduced in the minimal medium without NRES. In the absence of 

NRES, the level of CsrC did not decrease significantly in the csrA mutant, but this is likely because 

the level of CsrC is already low in this condition (Fig. 6B). Wild-type levels of the Csr sRNAs in 

NcsrA.R6H were restored by supplying the wild-type csrA allele on a plasmid (pFcsrA), suggesting 
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the observed decrease in the Csr sRNAs was due to the csrA mutation. This result suggests a 

general requirement for CsrA activity in controlling the level of the Csr sRNAs. Possible 

mechanisms of regulation by CsrA include regulation of sRNA stability, possibly through direct 

interactions with the sRNAs, or to control sRNA synthesis through the regulation of components 

in the pathway that lead to Csr sRNA transcription. 
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Figure 10. CsrA positively affects the expression of the Csr sRNAs  

(A) CsrB, (B) CsrC, and (C) CsrD expression levels were examined by RT-qPCR in 

N16961 (WT), NcsrA.R6H (csrA-), and the complemented strain NcsrA.R6H/pFcsrA (csrA-

/pFcsrA). All strains were grown in minimal medium with and without NRES. The levels of 

CsrB/C/D were normalized to the internal control secA. In each panel, the wild-type in the absence 

of NRES is set to one. The p-values were determined by an unpaired, two-tailed student’s t-test 

from the ΔCT values (p-values: * < 0.05, ** < 0.01, ***<0.001). The relative mean and standard 

deviation (error bars) were calculated from four biological replicates. 
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1.7. CsrA positively affects the transcription of csrB, csrC, and csrD  

To determine whether CsrA activity influences the transcription of the csr sRNA genes, a 

series of transcriptional reporters containing either the full-length promoter or a truncated fragment 

were constructed. The full-length promoter extends from 20 nucleotides upstream of the predicted 

VarA binding site, TGTGCGAGATCTCTTACA (Lenz et al., 2005), to 3 nucleotides into the 

transcribed region of the csr sRNA gene (represented in the schematic in Fig. 11A). The truncated 

promoter fragment lacks 50 nucleotides on the 5’ end and no longer contains the predicted VarA 

binding site (represented in the schematic in Fig. 11B). If the reduction in the levels of the Csr 

sRNAs in NcsrA.R6H is in part due to CsrA regulating the transcription of the csr sRNA genes, 

the transcriptional reporters should produce less β-galactosidase in NcsrA.R6H than in the wild-

type. To measure β-galactosidase produced from the reporters, the chromosomal lacZ gene was 

disrupted in both strains, generating NlacZ::kan, and NcsrA.R6H.lacZ::kan. These strains, 

harboring the reporters, were grown in minimal medium supplemented with NRES. The full-length 

reporters show that the level of transcription for each of the csr sRNAs is reduced in the csrA 

mutant when compared to the wild-type (Fig. 11A). Transcription of csrB was reduced by ~9-fold, 

csrC transcription was reduced by ~6-fold, and csrD transcription was reduced by ~11-fold. This 

result suggests that CsrA positively regulates the Csr sRNAs at the level of transcription. The 

mechanism of CsrA-mediated transcriptional regulation of the Csr sRNAs is likely indirect since 

CsrA is not known to bind directly to DNA to affect the rate of transcription (Gudapaty et al., 

2001). 
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Figure 11. CsrA positively affects the transcription of the csr sRNA genes  

The activities of the full-length promoter fusions (A) and the truncated promoter fusions, 

which lack 50 nucleotides on the 5’ end encompassing the VarA binding site (B) for csrB, csrC, 

csrD was measured in the NlacZ::kan (WT) and NcsrA.R6H.lacZ::kan (csrA-) strains. The mean 

is plotted, and the error bars represent the standard deviation from three biological replicates. The 

p-values were calculated using the unpaired, two-tailed student’s t-test (p-values: * < 0.05, ** < 

0.01). 
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1.8. Transcription of csrB/C/D requires the VarA binding motif  

VarA is required for the expression of all three csr sRNAs, and the promoter regions of the 

sRNA genes all contain a predicted VarA binding site (Lenz et al., 2005). To verify the importance 

of the predicted VarA binding site for sRNA transcription, we measured expression from the 

truncated fusions that no longer contain the VarA recognition sequence. There was minimal 

expression detected from the truncated reporters in the wild-type and the csrA mutant (Fig. 11B), 

showing that the predicted VarA recognition sequence is required for transcription of the csr sRNA 

genes. This is consistent with the findings in P. fluorescens where the binding site for GacA, the 

VarA ortholog, is required for transcription of the sRNAs (Heeb et al., 2002), but this has not been 

demonstrated previously in V. cholerae. Taken together these data suggest that, since both CsrA 

and VarA play a role in the transcription of the csr sRNAs, there may be some interplay between 

these two key regulatory factors in the Csr pathway.  

1.9. There is less VarA protein produced in NcsrA.R6H than in the wild-type  

Previous studies have shown that an E. coli csrA mutant had decreased production of UvrY, 

the ortholog of VarA (Camacho et al., 2015; Zere et al., 2015). To determine whether CsrA affects 

the transcription of the sRNA genes by controlling the expression of VarA, we measured the 

amount of VarA protein in the wild-type and the csrA mutant. To visualize the VarA protein, allelic 

exchange was used to replace the wild-type varA allele for an allele encoding a VarA protein with 

the V5 epitope tag fused to the carboxyl terminus. This approach was performed in both the wild-

type and NcsrA.R6H, generating the strains NvarA-V5 and NcsrA.R6H.varA-V5. The levels of 

VarA were determined by Western blotting in the wild-type, the csrA mutant, and the 

complemented strain (Fig. 12). There is less VarA in the csrA mutant than in the wild-type, and 
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this can be restored by ectopically supplying csrA, indicating the decrease in VarA protein 

expression in NcsrA.R6H is due to the csrA mutation. Thus, in V. cholerae, CsrA positively 

regulates VarA protein levels.  
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Figure 12. CsrA positively affects VarA protein expression 

N16961 (NvarA-V5), csrA- (NcsrA.R6H.varA-V5), and csrA-/pFcsrA (NcsrA.R6H.varA-

V5/pFcsrA) were grown in minimal medium supplemented with NRES. Cells were harvested at 

mid-log phase, and whole cell proteins were resolved by SDS-PAGE and immunoblotted with 

anti-V5 antiserum. The immunoblot is representative of three biological replicates.   
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1.10. CsrA binds directly to the varA mRNA in vitro  

To examine if CsrA binds directly to the varA mRNA, we performed an in vitro RNA 

electrophoretic mobility shift assay (EMSA) with purified CsrA and a biotinylated varA RNA 

oligonucleotide (oligo). The varA oligo begins 18 nucleotides before the predicted start of 

translation and includes 102 nucleotides of the coding region. This segment of the varA transcript 

contains 4 GGA motifs that could act as CsrA binding sites (Fig. 13A). The RNA EMSA showed 

maximum binding of the varA oligo at 40 nM CsrA (Fig. 13B). As the concentration of CsrA 

decreased in 5-fold increments, the amount of the shifted varA species also decreased. There was 

no change in the mobility of CsrA in the presence of a nonspecific RNA oligo, atpI, which is not 

a predicted CsrA target, suggesting that CsrA binding to the varA mRNA in vitro is specific (Fig. 

13B). 
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Figure 13. CsrA directly binds to the varA mRNA in vitro 

(A) The sequence of the varA oligo used in B. The arrow is above the annotated start of 

translation UUG (Heidelberg et al., 2000), GGA motifs are in red and underlined. (B) The RNA 

EMSA was performed with purified CsrA, the negative control 5’ biotinylated aptI RNA, and the 

5’ biotinylated varA RNA. The highest concentration of CsrA in the gradient is 40 nM, followed 

by 8 nM and 1.6 nM.  
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1.11. CsrA directly binds to the varA mRNA in vivo  

To confirm that CsrA binds to the varA mRNA in vivo, we performed an in vivo CsrA-

RNA co-immunoprecipitation using a V5-tagged CsrA expressed from an arabinose-inducible 

vector. NcsrA.R6H carrying the CsrA-V5 construct was grown to mid-log phase, and csrA-V5 

expression was induced. The cells were lysed, and 5% of the initial lysate was removed, and the 

RNA was isolated. The CsrA-RNA complexes were isolated from the remaining lysate using beads 

coated with anti-V5 antibodies. To determine enrichment, the relative amount of RNA that co-

immunoprecipitated with CsrA was compared to the initial input population of RNA. It was 

determined by RT-qPCR that the varA mRNA was significantly enriched (5.2-fold, p-value = 

0.002) in the CsrA-RNA co-immunoprecipitated sample (Fig. 14). This suggests that CsrA directly 

binds to the varA mRNA in vivo. Importantly, this establishes varA as the first in vivo verified 

direct mRNA target of CsrA in V. cholerae. 
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Figure 14. CsrA directly binds to the varA mRNA in vivo 

In vivo CsrA-RNA immunoprecipitation showing the varA transcript was enriched in the 

immunoprecipitated (IP) sample ~5-fold compared to the input RNA population. The p-values 

were determined by an unpaired, two-tailed student’s t-test from the ΔCT values (p-value: ** < 

0.01) 
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1.12. The varA mRNA is not translated as efficiently in NcsrA.R6H 

To gain insight into CsrA-mediated regulation of VarA protein production, a varA 

transcriptional reporter (pQFvarA.TS), and a varA translational reporter (pQEvarA.TL) were 

constructed. If the reduction in VarA protein levels in NcsrA.R6H is due to a decrease in 

transcription, then the transcriptional reporter should produce less b-galactosidase in NcsrA.R6H 

compared to the wild-type. Similarly, if the reduction in VarA protein levels is due to a decrease 

in varA translation, then the varA translational reporter should produce less b-galactosidase in 

NcsrA.R6H than in the wild-type. Importantly, the transcription of the varA translational reporter 

construct is under the regulation of a heterologous, IPTG inducible, promoter to ensure equivalent 

rates of transcription in both strains. To measure b-galactosidase activity produced from the 

transcriptional and translational reporter plasmids, the plasmids were electroporated into 

NlacZ::kan and NcsrA.R6H.lacZ::kan, and grown in minimal medium supplemented with NRES. 

Expression of b-galactosidase from the varA transcriptional reporter was not significantly different 

between the wild-type and the csrA mutant, suggesting that the synthesis of the varA mRNA is 

similar in the two strains (Fig. 15). However, b-galactosidase expression from the varA 

translational reporter was significantly reduced in the csrA mutant compared to the wild-type (Fig. 

15). This result suggests that the varA mRNA is not translated as efficiently in NcsrA.R6H. 

Therefore, part of the mechanism by which CsrA positively regulates VarA protein production is 

by enhancing the translation efficiency of the varA mRNA.  
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Figure 15. Expression from the varA translational reporter was significantly reduced in 

NcsrA.R6H 

The varA transcriptional reporter, pQFvarA.TS, includes the varA promoter sequence (-301 to -1 

relative to the transcriptional start site, blue bar) fused to lacZ, while the varA translational fusion, 

pQEvarA.TL, includes the 5’ UTR and 73 amino acids of the coding sequence (-1 to +312 relative 

to the start of transcription, orange bar) as indicated in the schematic below the panel. This 

translational fusion uses the plasmid T5 promoter. The open arrow represents the start of 

transcription while the closed arrow indicates the start of translation. The activity of these reporters 

was measured in the NlacZ::kan (WT) and NcsrA.R6H.lacZ::kan (csrA-) strains. IPTG (100 µM) 

was in the growth medium when testing the translational reporter. To generate the plotted means 

and standard deviations (error bars), three biological replicates were used for the transcriptional 

reporter, and four biological replicates were used for the translational reporter. The p-values were 

calculated using the unpaired, two-tailed student’s t-test (ns: not significant; p-value: *** < 0.001; 

bd: below detection).  
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1.13. Chapter 1 conclusion 

The results of these experiments show that the expression of the Csr sRNAs and VarA is 

linked to the amount of available CsrA. The expression of all three Csr sRNAs decreased 

significantly in the csrA mutant, indicating a feedback mechanism by which CsrA regulates the 

level of its antagonistic sRNAs in V. cholerae. The presence of such a feedback mechanism is not 

surprising, given the importance of controlling the amount of sequestered CsrA to prevent 

deleterious effects in the cell. We showed previously that disrupting varA caused significant 

growth defects (Mey et al., 2015), which is most likely due to an overabundance of available CsrA 

in the absence of the Csr sRNAs, which depend on VarA for their optimal expression. The varA 

mutant rapidly accumulated suppressor mutations in csrA, which restored growth, presumably by 

bringing CsrA activity back into an acceptable range. Others have observed comparable 

suppression of Var and Gac mutant growth phenotypes through spontaneous mutation of csrA 

(Foxall et al., 2015; Kamp et al., 2013). Further, while a complete deletion of csrA is lethal, point 

mutations and a small C-terminal deletion were possible, resulting in attenuated, but not 

completely inactive, forms of CsrA (Kamp et al., 2013; Lenz et al., 2005). Through the feedback 

loop described here, a mechanism emerges for how the cell copes with producing a less active 

form of CsrA. The less active CsrA, for example, CsrA.R6H, is tolerated if it remains relatively 

unsequestered by the antagonistic Csr sRNAs. This is accomplished through the lack of activation 

of VarA-dependent Csr sRNA expression by CsrA.R6H, resulting in significantly diminished 

sRNA production.  

Negative feedback regulation by which CsrA controls the levels of the Csr sRNAs has been 

observed in E. coli and Salmonella, although the mechanism remains unclear (Suzuki et al., 2002; 
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Camacho et al., 2015; Fortune et al., 2006; Gudapaty et al., 2001). In E. coli, UvrY protein levels 

decreased in a csrA mutant, but as CsrA binding to the uvrY transcript has not been observed, nor 

has a CsrA binding site been identified in silico, the mechanism is predicted to be indirect 

(Camacho et al., 2015; Zere et al., 2015). This is supported by findings in E. coli and Salmonella 

that the varA ortholog transcript did not co-purify with CsrA in CsrA-RNA co-

immunoprecipitation experiments in either species (Edwards et al., 2011; Holmqvist et al., 2016; 

Potts et al., 2017). In contrast, we demonstrate here that CsrA binds directly to the varA mRNA in 

V. cholerae, both in vitro and in vivo. One factor that could promote CsrA binding to the varA 

transcript, but not to uvrY or sirA, is the presence of additional GGA motifs in the 5’ region of the 

varA transcript. One of the varA GGA motifs nearly matches the extended CsrA consensus 

sequence (RUACARGGAUGU) (Dubey et al., 2005). Although the exact mechanism currently 

remains unclear, the data presented in this study are consistent with a mechanism in which CsrA 

binding to the varA transcript increases the efficiency of translation (Fig. 15), ultimately resulting 

in an increase in VarA.  

Our model of regulation, outlined in the figure below, is that when active CsrA exceeds a 

threshold, CsrA binds to the varA transcript to facilitate translation. This increase in VarA leads to 

increased production of the Csr sRNAs, which bind to CsrA, sequestering CsrA and antagonizing 

its activity. This feedback mechanism likely prevents drastic fluctuations in CsrA availability, 

ensuring optimal levels of available CsrA within the cell, and adds to the complex regulation of 

CsrA in V. cholerae.  
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Figure 16. Model of CsrA-mediated feedback regulation of the Csr system in V. cholerae   

We have shown that CsrA directly binds to the varA transcript, and this ultimately results 

in increased VarA protein production. This, in turn, results in increased expression of CsrB/C/D, 

which act to antagonize CsrA. Thus, this feedback mechanism where CsrA positively regulates the 

expression of its antagonistic sRNAs likely maintains the level of available CsrA within an 

acceptable range.   
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2. Chapter 2: The role of CsrA in V. cholerae colonization and virulence 

Post-transcriptional regulation by CsrA is essential for the colonization of V. cholerae 

(Mey et al., 2015). To better understand the role of CsrA in this process, we used transcriptomic 

approaches to identify the regulatory pathways that are controlled by CsrA. To broadly 

characterize the CsrA regulon, RNA-seq transcriptome analysis was performed by harvesting 

RNA from wild-type and NcsrA.R6H cultures at OD650 = 0.1, 0.5, and 2.0. By comparing the 

transcriptomes of the csrA mutant to the wild-type at each of the three different optical densities, 

we were able to identify the global effects of CsrA-mediated regulation throughout the V. cholerae 

growth cycle. As the RNA-seq transcriptome analysis does not differentiate between direct and 

indirect effects of CsrA-mediated regulation, we also performed a CsrA-RNA co-

immunoprecipitation followed by sequencing (RIP-seq) at mid-log phase to identify the direct 

RNA targets of CsrA. For both approaches, the cultures were grown in minimal medium 

supplemented with NRES, and are therefore, directly comparable.  

2.1. Global effects of CsrA  

In total, 922 genes in NcsrA.R6H were significantly differentially expressed when 

compared to the wild-type (Fig. 17). For this analysis, to qualify as a significantly differentially 

regulated gene, the gene exhibited a greater than |2|-fold change in expression between the 

NcsrA.R6H strain and the wild-type strain and had an FDR p-value less than 0.05. Importantly, as 

CsrA-mediated regulation affects the expression of more than 900 genes, this suggests that CsrA 

regulates at least 25% of the V. cholerae transcriptome. It is likely that the number of regulated 

genes is even greater, because the NcsrA.R6H mutant strain, in order to be viable, produces a CsrA 

protein with reduced, but partial, activity.  
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To initially characterize the differences in gene expression between the csrA mutant and 

the wild-type, a Venn diagram enumerating all of the genes that are significantly differentially 

regulated at each optical density was constructed. We found there are at least 51 genes that are 

uniquely regulated at each density. This is important because rather than investigating the effect 

of CsrA-mediated regulation at just one optical density, this approach enabled the identification of 

more regulatory targets of CsrA, providing us with a more complete picture of the CsrA regulon 

in V. cholerae. Perhaps unsurprisingly, as CsrA has been described as a regulator of stationary 

phase in E. coli, the majority of differences were observed at OD650 = 2.0. At this density, there is 

a total of 792 differentially regulated genes, and of these, 696 are unique to this growth stage. 

Additionally, from this analysis, 20 genes were found to be significantly differentially regulated 

at every density: 6 of these are transport genes, 2 are regulators, 5 are metabolism genes, 1 encodes 

a toxin (hlyA), and the remaining 6 have uncharacterized or hypothetical functions. As the majority 

of CsrA-mediated regulation was observed at OD650 = 2.0, cells at this density are the primary 

focus of this study and, unless otherwise specified, OD650 = 2.0 is the density to which the reported 

differences in gene expression refer.  
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Figure 17. Number of differentially expressed genes in NcsrA.R6H compared to the wild-
type  

Gene expression differences were observed between the NcsrA.R6H mutant and the wild-

type strain at OD650 = 0.1, 0.5, and 2.0. Enumerated genes had a greater than |2|-fold difference in 

gene expression and an FDR p-value of less than 0.05.  
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2.2. Many KEGG or BioCyc derived orthology categories are regulated by CsrA  

We found that a high percentage of genes involved in carbon metabolism, iron regulation, 

DNA binding, two-component systems, biofilm production, flagellar assembly, quorum sensing, 

and virulence were differentially expressed in NcsrA.R6H compared to the wild-type. The 

percentage of genes that were significantly (FDR p-value < 0.05; the blue portion of bar) and both 

significant and regulated greater than |2|-fold (the orange portion of bar) are shown in figure 18 

below. The genes that showed significant, but not greater than a |2|-fold change in expression, were 

included because this range contains genes that code for transcriptional regulators, which can act 

at the top of regulatory cascades, and small changes in their expression can have large downstream 

effects. Additionally, CsrA-mediated regulation of the expression of these proteins could be the 

mechanism by which CsrA regulation affects 25% of the V. cholerae transcriptome. 

We found that in all of the categories, the highest percentage of regulated genes was at 

OD650 = 2.0 (Fig. 18). This result is not surprising, because this was where most of the effects of 

CsrA regulation were observed (Fig. 17). Since some genes are significantly regulated at more 

than one density, the total (T) was also included to help demonstrate the full effect of CsrA-

mediated regulation on the given categories. 
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Figure 18. Percentage of genes in each process that are significantly regulated by CsrA 

 Orthology categories, either from the KEGG or BioCyc databases, were used to enumerate 

the significantly regulated genes in each category. The blue portions of the bars represent the 

percentage of genes that were significantly different (FDR p-value < 0.05), while the orange 

portion of the bar represents the percentage of genes that were significantly regulated and 

displayed a greater than |2|-fold change in expression. T indicates total and is the total percentage 

of genes that were significantly regulated at any cell density. 0.1, 0.5, and 2.0 indicate the optical 

density that the RNA-seq analysis was derived from.  
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2.3. CsrA activates the expression of genes critical for survival in the host, while simultane-

ously repressing the expression of genes for survival in the aquatic environment  

As CsrA-mediated regulation affects the expression of ~25% of the V. cholerae 

transcriptome, it is clear that CsrA is a global regulator in V. cholerae. Interestingly, we observed 

a trend in which CsrA inversely regulated the expression of genes associated with survival in the 

host and aquatic environments (Fig. 19).  

CsrA generally repressed the expression of genes that promote survival outside the host. 

For example, genes involved in biofilm formation, which promotes persistence in the aquatic 

environment, are repressed by CsrA and will be discussed in more detail below. Not surprisingly, 

as nutrient sources are relatively scarce in the ocean, enhanced acquisition of nutrients is critical 

for V. cholerae survival in ocean waters. In the oceanic environment, chitin, an insoluble polymer 

found within plankton and the exoskeleton of crustaceans, is a major source of carbon and nitrogen 

for many Vibrio species (Aunkham et al., 2018). ChiS (VC0622) is a chitin specific sensor kinase, 

that if mutated, results in a strain with less chitinase activity (Li and Roseman, 2004). Therefore, 

ChiS is instrumental in the utilization and breakdown of chitin. We observed that CsrA repressed 

chiS expression at OD650 = 0.1, which indicates that CsrA-mediated regulation may affect the 

utilization of chitin. Another nutrient that the bacterium must acquire is iron (Crosa et al., 2004). 

Iron is commonly found in two different forms, the oxidized, ferric, form or the reduced, ferrous, 

form. Ocean surface waters have largely ferric iron, and we found that the expression of genes for 

the ferric iron transporters, Fbp (VC0609-10), and Vct (VCA0229-30) (Wyckoff et al., 2006), were 

also repressed by CsrA.  
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Conversely, CsrA activates genes involved with colonization and virulence, as shown in 

the schematic below. Briefly, expression of the bile non-permissive porin, ompU, flagellar 

assembly genes, and virulence factors, such as aphA, and ctxA, are all activated by CsrA. 

Additionally, gpbA (VCA0811), which is required for the bacterium to adhere to the mucosal 

membrane (Bhowmick et al., 2008), is significantly down-regulated 2.4-fold at OD650 = 0.5 in the 

csrA mutant. This result suggests that in the wild-type, CsrA could act to promote mucosal 

adhesion, which prevents the bacterium from being readily expelled from the small intestine. 

Expression of the accessory toxin, hlyA (VCA0219), which encodes a potent pore-forming toxin, 

is also activated by CsrA. In the csrA mutant, expression of hlyA was downregulated 2.2-, 12.6-, 

and 78-fold at OD650 = 0.1, 0.5, and 2.0, respectively. Additionally, a new role for the V. cholerae 

type six secretion system (T6SS) was recently discovered in the zebrafish colonization model 

(Logan et al., 2018). It was shown that V. cholerae uses the T6SS to inject effector proteins into 

the host cells, which results in the disruption of peristaltic forces. This disruption promotes V. 

cholerae colonization while simultaneously expelling another gut-associated bacterium. Three 

genes in the large cluster of T6SS-associated genes (VCA0105, VCA0106, and VCA0124) along 

with an effector, tseL (VC1418), which codes for a lipase, were downregulated in the csrA mutant. 

This suggests that in the wild-type, CsrA-mediated regulation also activates the expression of some 

T6SS genes.   

Taken together, these data indicate that CsrA acts to repress the expression of genes 

associated with survival in the aquatic environment, while activating the expression of genes 

connected to colonization and virulence within the host (Fig. 19). This reciprocal regulation was 
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expected because genes associated with survival in the aquatic environment are not typically 

required for survival within the host. 
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Figure 19. Schematic of the processes that are regulated by CsrA  

 Data from the RNA-seq and RIP-seq was used to generate this figure. We found when V. 

cholerae is grown in a minimal medium supplemented with NRES, that processes for survival in 

the aquatic environment were repressed by CsrA, while the expression of virulence and 

colonization factors were activated by CsrA. The asterisk (*) indicates genes that were enriched in 

the RIP-seq.   
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2.4. CsrA-mediated regulation of carbon metabolism in V. cholerae 

A large percentage of carbon metabolism genes are significantly differentially expressed 

in the csrA mutant (Fig. 18). This observation was expected, as CsrA was named after its role in 

carbon storage regulation in E. coli (Romeo et al., 1993). It has been demonstrated in E. coli that 

CsrA activates glycolysis both at mid-log phase and stationary phase (Berndt et al., 2019; Morin 

et al., 2016; Potts et al., 2017; Sabnis et al., 1995; Wei et al., 2000). Specifically, it was shown 

through genetic and metabolic flux experiments that CsrA positively regulates the expression and 

protein production of pfkA, which codes for the glycolytic enzyme, phosphofructokinase I (Morin 

et al., 2016). Additionally, the study demonstrated that over-expression of PfkA suppressed the 

misregulation of the glycolytic pathway in the csrA mutant strain, which indicates that CsrA-

mediated regulation of pfkA expression is instrumental to CsrA regulating glycolysis. It has also 

been demonstrated in E. coli that CsrA acts to repress gene expression within the tricarboxylic acid 

(TCA) cycle (Morin et al., 2016; Potts et al., 2017). 

Unlike E. coli, we found through the RNA-seq analysis that in V. cholerae, there does not 

appear to be a strong effect of CsrA regulation on glycolysis at mid-log phase, as the pathway is 

mostly not differentially expressed at OD650 = 0.5 (Fig. 20). Further, it was unexpected to observe 

that CsrA acts to repress glycolysis at stationary phase (Fig. 20). In V. cholerae, pfkA (VC2689) 

expression is significantly upregulated in the csrA mutant, suggesting that in the wild-type CsrA 

acts to repress pfkA expression (Fig. 20). Therefore, it is possible that this inverse regulation of 

pfkA expression could explain how the glycolytic pathways are regulated differently in these two 

species.  



 
 

 89 

Additional differences between E. coli and V. cholerae CsrA-mediated regulation of carbon 

metabolism were also observed in the TCA cycle. Our results indicate that in V. cholerae, CsrA 

acts to repress the expression of genes within the TCA cycle at OD650 = 0.1 and activate gene 

expression at OD650 = 2.0 (Fig. 20). Interestingly, as the TCA cycle is differentially expressed at 

OD650 = 0.1, and glycolysis is not, it suggests that in V. cholerae, CsrA can regulate the TCA cycle 

and glycolysis independently, while this regulation appears to be linked in E. coli (Berndt et al., 

2019; Morin et al., 2016; Revelles et al., 2013).  
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Figure 20. CsrA-mediated regulation of central carbon metabolism in V. cholerae 

Green arrows indicated upregulation, red arrows indicated downregulation, and grey 

arrows indicate no significant change in expression in the NcsrA.R6H strain compared to the wild-

type. The shading of the color corresponds with the amount of fold change observed.  All colored 

arrows represent genes that had FDR p-values <0.05, while grey arrows represent gene differences 

that were not significant (ns). The gene VC2689 is pfkA, VC0447 is pgk, and VC2447 is eno.   
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2.5. CsrA represses biofilm formation 

Biofilms are aggregates of bacterial cells encapsulated by a substance composed of 

polysaccharides, extracellular DNA, and proteins. Biofilm production has been a primary focus of 

research in many bacterial species because of its properties that contribute to bacterial persistence 

(Flemming and Wingender, 2010; Hall-Stoodley et al., 2004; Mah and O’Toole, 2001). Briefly, in 

the aquatic environment, the formation of a biofilm protects the community of bacterial cells from 

environmental stresses, including UV-induced DNA damage and osmotic stress. Additionally, if 

the human host ingests a bacterial biofilm, it aids in protection from acid stress, antimicrobial 

peptides, and antibiotics. It has been demonstrated that filtering water to remove contaminants 

greater than 20 µM, which likely removes free-floating V. cholerae biofilms as well as V. cholerae 

biofilms associated with zooplankton and copepods, reduced the occurrence of cholera by 48% 

(Colwell et al., 2003). Because this filtration technique removes V. cholerae biofilms, but not 

individual V. cholerae cells, this result suggests that V. cholerae biofilms are present in the aquatic 

environment and that biofilms aid in the V. cholerae transmission process.  

From the RNA-seq we determined that the first two genes in the vibrio exopolysaccharide 

(VPS) operon, vpsA and vpsB (VC0917-18), are upregulated 2.7- and 1.5-fold respectfully. 

Interestingly, rbmA (VC0928) was upregulated 6.4-fold in the csrA mutant, and the rbmA 

transcript was enriched in the CsrA-RIP-seq. The RbmA protein is one of three biofilm scaffolding 

proteins that play an integral role in maintaining the architectural structure of the biofilm (Giglio 

et al., 2013; Fong et al., 2006). Specifically, the RbmA protein acts to provide cell-to-cell, as well 

as cell-to-VPS, connections, which is important for the structural integrity of the biofilm (Berk et 

al., 2012; Drescher et al., 2016).  
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To determine if CsrA regulates biofilm formation in V. cholerae, biofilm production was 

assessed in the wild-type, NcsrA.R6H, and a biofilm deficient strain, SAC101, which has a 

kanamycin cassette inserted into the mshA gene. These strains were grown for 48 hours at 37°C 

with shaking. As the V. cholerae biofilm develops at the liquid-air interface, the shaking allowed 

for more of the interface to interact with the side of the test tube, promoting a broader biofilm to 

develop. The biofilm was then quantified via crystal violet staining. We found that NcsrA.R6H 

had increased biofilm production compared to the wild-type (Fig. 21). This result is in agreement 

with the RNA-seq data, and suggests that in the wild-type CsrA acts to repress biofilm production. 

Although the mechanism of regulation remains unknown, CsrA may regulate biofilm formation 

through direct repression of the rbmA transcript. In this case, the csrA mutant would produce more 

RbmA protein, which in turn would promote more cell-to-VPS connections, resulting in increased 

biofilm retention. 
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Figure 21. CsrA represses biofilm production 

The pictures above are biofilms from biological replicates stained with crystal violet from 

the cultures that were grown for 48 hrs. at 37°C with shaking. The graph below is the quantification 

of the amount of crystal violet that was eluted with 95% ethanol.    

N16961 NcsrA.R6H SAC101 (N.mshA::kan)
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2.6. CsrA positively regulates motility  

2.6.1. CsrA-mediated regulation positively affects flagellar assembly gene expression  

In E. coli, the mechanism of CsrA-mediated regulation of motility was determined to be 

direct. It was shown that CsrA binds to the 5’ UTR of the flhDC transcript, which codes for the 

master regulator of motility (Wei et al., 2001), and CsrA binding prevents RNaseE from degrading 

the transcript (Yakhnin et al., 2013). However, in V. cholerae, CsrA must regulate motility 

differently since its genome does not contain genes homologous to flhD or flhC.  

To identify V. cholerae motility genes regulated by CsrA, the RNA-seq and the CsrA-RIP-

seq were analyzed. Twenty-six out of 37, or 70%, of the flagellar assembly genes were 

significantly downregulated in NcsrA.R6H. This result suggests that in the wild-type, CsrA acts to 

positively regulate flagellar assembly. Figure 22A shows the flagellar proteins encoded by the 

genes that are significantly regulated in the RNA-seq. Additionally, the boxed genes are those that 

co-immunoprecipitated with CsrA in the CsrA-RIP-seq. The genes that are significantly 

downregulated are colored pink, while the genes that are significantly downregulated and display 

a greater than |2|-fold change in expression are colored in red. Two flagellar assembly mRNAs, 

fliM (VC2126) and flgF (VC2196), were enriched in the CsrA-RIP-seq, indicating they could be 

direct targets of CsrA. Although flgF, which encodes the flagellar basal body rod protein, is not 

differentially regulated in the RNA-seq, CsrA could bind to the flgF mRNA and not affect its 

stability. Rather, CsrA binding may only affect the efficiency of flgF translation. Analysis of the 

5’ UTRs of fliM and flgF in silico showed that the flgF 5’ UTR contains a more ideal CsrA binding 

site than fliM. Thus, binding of CsrA to flgF was further verified. The CsrA-RNA co-

immunoprecipitation was repeated, and enrichment of the flgF mRNA was directly examined by 
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RT-qPCR. The flgF mRNA was significantly enriched in the CsrA-RNA co-immunoprecipitated 

sample by ~2.5-fold, suggesting that CsrA directly binds to the flgF mRNA in vivo (Fig. 22B). 

Although the mechanism is not known; if flgF is not translated as efficiently in the csrA mutant, it 

will result in a motility defect, since the loss of FlgF has been shown to result in a substantial 

reduction of motility (Cameron et al., 2008).    

  



 
 

 96 

 
 
Figure 22. CsrA positively regulates flagellar assembly genes and directly binds to flgF 

(A) The genes involved in flagellar assembly are color-coded based on the RNA-seq 

results. The genes that are significantly downregulated in the csrA mutant, but do not show a 

greater than |2|-fold change in expression, are colored in pink, while the genes that are significantly 

downregulated and display a greater than |2|-fold change in expression are colored in red. The 

genes that were enriched greater than 2-fold in the CsrA-RIP-seq are boxed. (B) The enrichment 

of the flgF mRNA from the CsrA-RNA immunoprecipitation was determined by direct flgF 

transcript probing via RT-qPCR. This process was repeated with three biological replicates. The 

p-value was determined by an unpaired, two-tailed student’s t-test from the ΔCT values (p-value = 

0.011).  
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2.6.2. CsrA positively controls motility in V. cholerae 

To determine if CsrA-mediated regulation of the flagellar assembly genes contributes to 

motility in V. cholerae, the ability of the csrA mutant to swim through a semi-solid agar was 

assessed. The NcsrA.R6H strain displayed a reduced zone of growth compared to the wild-type, 

indicating that the csrA mutant is less motile than the wild-type (Fig. 23). The motility defect was 

restored by ectopically expressing the wild-type csrA allele in the NcsrA.R6H strain, suggesting 

that the motility defect is due to the csrA mutation. As the csrA mutant is less motile than the wild-

type, CsrA positively regulates motility in V. cholerae. This result is consistent with the RNA-seq 

and the CsrA-RNA co-immunoprecipitation results. Taken together, these data provide a possible 

mechanism in which CsrA directly regulates flgF expression to positively affect motility in V. 

cholerae.   
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Figure 23. The csrA mutant is less motile than the wild-type  

The ability of N16961 and NcsrA.R6H to swim through semi-solid agar composed of 

minimal medium supplemented with NRES was assessed. The strains were incubated for 24 hours 

at 37°C, and the diameter of the zone of growth was measured. The pictures are from a single 

experiment and are representative of the indicated strain. The control strains in this experiment 

were the non-motile, flaA::kan strain and its parental strain C6706. The bars represent the average 

zone of growth, and the error bars are the standard deviation of three biological replicates. To 

determine statistical significance, the zone of growth measurements from each biological replicate 

were used to calculate p-values by using an unpaired, two-tailed student’s t-test on (p-values: * < 

0.05, ** < 0.01, *** < 0.001). 
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2.6.3. The degree of the motility defect in NcsrA.R6H is affected by growth conditions  

The magnitude in the reduction of motility in the NcsrA.R6H strain is dependent upon the 

medium used. When motility of the wild-type and the csrA mutant is assessed in LB, the csrA 

mutant has a 68% reduction in motility relative to the wild-type, whereas when the strains are 

assessed in minimal medium supplemented with NRES, the csrA mutant has a 24% reduction in 

motility (Fig. 24). It is important to note, as the V. cholerae flagellum is propelled by a sodium ion 

gradient, that under both conditions there is a similar amount of sodium present. In LB the amount 

of NaCl is 5 g/L, while the minimal medium with NRES contains 5.8 g/L. Therefore, this 

difference in the magnitude that motility is reduced in the csrA mutant is likely due to differences 

in nutrient availability rather than differences in sodium availability.   
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Figure 24. The magnitude that motility is reduced in the csrA mutant is affected by the 

growth medium  

 The ability of N16961 and NcsrA.R6H to swim through semi-solid agar composed of LB 

or minimal medium supplemented with NRES was assessed. In order to achieve similar zones of 

growth, when the strains were tested in LB they were incubated for 6 hours, while the strains were 

incubated for 24 hours in the minimal medium supplemented with NRES. The bars represent the 

percent motility relative to the wild-type, and the error bars represent the standard deviation. To 

determine statistical significance the zone of growth measurements from each biological replicate 

were used to calculate p-values by using an unpaired, two-tailed student’s t-test (p-values: * < 

0.05, *** < 0.001). 

  

0

20

40

60

80

100

120

Pe
rc

en
t r

el
at

iv
e t

o W
T

68% decrease 24% decrease
*** *

N16961 N.csrA.R6H
LB

N16961 N.csrA.R6H
NRES

6 hours 24 hours

Pe
rc

en
t r

ed
uc

tio
n 

in
 m

ot
ili

ty
 

re
la

tiv
e 

to
 th

e 
w

ild
-ty

pe
 



 
 

 101 

2.7. Genes in the quorum sensing pathway are differentially regulated by CsrA 

In V. cholerae, quorum sensing (QS) functions through a phosphorylation cascade that 

feeds into the regulator protein LuxO, as outlined in figure 25A. When the cells are at low-cell 

density, LuxO is phosphorylated (LuxO-P). This activates the transcription of four sRNAs, Qrr1-

4. These sRNAs have two primary regulatory functions; they act to promote aphA mRNA 

translation and to promote hapR mRNA degradation (Shao and Bassler, 2012). At high-cell 

density, LuxO is not phosphorylated, the sRNAs are not as highly transcribed, and the aphA 

mRNA is degraded, and the hapR mRNA is translated. Importantly, it was demonstrated that CsrA 

plays a crucial role in QS, as a csrA mutant was unable to regulate gene expression in a QS-

dependent manner (Lenz et al., 2005). Genetic analysis indicates that CsrA regulation feeds into 

the QS cascade (Lenz et al., 2005), but the specific target of CsrA in this pathway is unknown.  

Our RNA-seq and CsrA-RIP-seq transcriptome data were used to better understand CsrA-

mediated regulation of the QS pathway. We found that most genes in the QS cascade were 

significantly regulated at least at one cell density (Fig. 25B). Surprisingly, Qrr3 and Qrr4, but not 

Qrr1 or Qrr2, are significantly downregulated at OD650 = 2.0 in the csrA mutant compared to the 

wild-type. We also found that aphA (VC2647) had significantly reduced expression at OD650 = 0.1 

and 0.5. Interestingly, through the CsrA-RIP-seq, we found that the aphA mRNA was enriched 

~4-fold, suggesting that CsrA directly binds to the aphA mRNA (Fig. 25B). Since aphA is 

downregulated in NcsrA.R6H and the aphA mRNA was enriched in the RIP-seq, it suggests that 

in the wild-type CsrA directly binds to the aphA mRNA in such a way that it positively regulates 

aphA expression. Because AphA has been shown to regulate TCP and CTX expression, which are 
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two of the major virulence determinates of V. cholerae, we decided to examine the effect of CsrA 

regulation on aphA expression further.  
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Figure 25. Regulation of the QS pathway by CsrA  

(A) A schematic of the QS pathway in V. cholerae. IM stands for inner membrane. (B) 

Genes involved in the QS pathway that were significantly regulated in the RNA-seq. The blue bars 

represent the genes that are significantly regulated when comparing NcsrA.R6H to the wild-type 

at OD650 = 0.1, while the red and green bars represent the comparison at OD650 = 0.5 and 2.0. The 

asterisk following aphA indicates that the aphA mRNA was enriched 4-fold in the IP sample in the 

CsrA-RIP-seq.   
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2.8. CsrA binds to the aphA mRNA in vitro and in vivo 

To examine whether CsrA binds directly to the aphA mRNA, we performed an in 

vitro RNA EMSA with purified CsrA and a 3’ biotinylated aphA mRNA probe. The aphA probe 

begins at the start of transcription, as determined by Papenfort et al., (2015), and goes 228 

nucleotides into the coding sequence (+1 to +432 relative to the start of transcription). The 

sequence of the constructed aphA probe contains one GGA motif in the 5’ UTR and four additional 

GGA motifs in the coding sequence. The RNA EMSA revealed an initial shifted aphA species 

with the addition of 375 nM purified CsrA (Fig. 26A). As the concentration of CsrA increased, the 

amount of the shifted aphA species also increased. To compete with the biotinylated aphA mRNA 

(aphA*), unlabeled aphA mRNA was added in 10-fold excess (lane 5) and 50-fold excess (lane 6) 

of aphA*. The addition of the unlabeled aphA competed for CsrA binding, resulting in a reduction 

of shifted aphA* species. Thus, this result suggests that CsrA is capable of binding to the aphA 

mRNA in vitro.  

To validate the aphA enrichment observed in CsrA-RIP-seq, the CsrA-RNA co-

immunoprecipitation was repeated, and aphA enrichment was determined by RT-qPCR. The aphA 

mRNA was enriched ~4.5-fold in the CsrA-immunoprecipitated sample (Fig. 26B), consistent with 

CsrA directly binding to the aphA mRNA in vivo.  
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Figure 26. CsrA binds to the aphA mRNA in vitro and in vivo  

(A) The RNA EMSA was performed with purified CsrA, 3’ biotinylated aphA mRNA (*), 

and unlabeled, or cold, aphA mRNA. One nM of biotinylated aphA mRNA is in each binding 

reaction. To compete with biotinylated aphA, 10 nM (x) in lane 5, and 50 nM (xx) in lane 6, of 

unlabeled aphA mRNA was included in the binding reactions. The concentration of CsrA in the 

gradient begins at 375 nM (+), followed by 500 nM (++) and plateaus at 750 nM (+++). (B) 

Comparison of aphA enrichment in the RIP-seq to the validation experiment where aphA levels 

were determined by RT-qPCR. In the RT-qPCR, the amount of aphA was normalized to the 

internal control secA.  
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2.9. CsrA positively regulates AphA protein production 

To determine whether CsrA regulates AphA protein production, we measured the amount 

of AphA protein in the wild-type and the csrA mutant. To visualize the AphA protein, the sequence 

coding for the V5 epitope tag was genetically fused to the 3’ end of the aphA gene, coding for an 

AphA protein with a V5 epitope tag on the carboxyl terminus. Through allelic exchange, the aphA 

allele was replaced with the aphA-V5 allele in both the wild-type and NcsrA.R6H, generating the 

strains NaphA-V5 and NcsrA.R6H.aphA-V5. The level of AphA-V5 was determined in the wild-

type, the csrA mutant, and the complemented strain from cultures grown in minimal medium 

supplemented with NRES (Fig. 27). There was less AphA-V5 produced in the csrA mutant than in 

the wild-type, and this can be restored by ectopically supplying csrA. This result indicates that the 

decrease in AphA-V5 protein production in NcsrA.R6H is due to the csrA mutation. Thus, in V. 

cholerae, CsrA positively regulates AphA protein levels. However, as there is only one GGA motif 

in the 5’ UTR of the aphA transcript, and as this GGA motif appears to be located within the 

predicted SD sequence, it remains unclear how CsrA is binding to the aphA transcript to positively 

affect protein production.  
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Figure 27. AphA protein levels are reduced in NcsrA.R6H 

N16961 (NaphA-V5), csrA- (NcsrA.R6H.aphA-V5), and csrA-/pFcsrA (NcsrA.R6H.aphA-

V5/pFcsrA) were grown in minimal medium supplemented with NRES. Cells were harvested at 

mid-log phase, and whole cell proteins were resolved by SDS-PAGE and immunoblotted with 

anti-V5 antiserum. The immunoblot is representative of three biological replicates. 
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2.10. Downstream AphA virulence gene targets are differentially regulated in NcsrA.R6H 

AphA, together with its partner protein, AphB, binds upstream of the tcpPH operon to 

induce transcription (Kovacikova and Skorupski, 1999; Kovacikova et al., 2004). TcpP, usually in 

conjunction with ToxR, acts to induce the transcription of toxT. ToxT is the transcriptional 

activator of the ctxAB and tcpA-F operons (DiRita et al., 1991; Higgins et al., 1992; Dittmer and 

Withey, 2012; Hulbert and Taylor, 2002), which code for the CTX toxin and the TCP pilus, 

respectively. Although TcpP can induce expression of toxT independently of ToxR (Carroll et al., 

1997), it is believed that ToxR facilitates TcpP binding to enhance toxT expression. It was recently 

demonstrated that ToxR can outcompete H-NS, a global repressor, for binding at the toxT promoter 

(Kazi et al., 2016). This result suggests that one way in which ToxR aids the binding of TcpP may 

be through the removal of H-NS.  

The RNA-seq data was used to determine if any virulence factors that are downstream 

targets of AphA were affected by CsrA-mediated regulation. We found that at all three cell 

densities, tcpP (VC0826) transcript levels were significantly downregulated between 1.6- to 1.8-

fold in the csrA mutant. Additionally, expression of toxR (VC0984) was downregulated 1.6-fold 

at OD650 = 0.1. Although toxT (VC0838) levels were not affected, we did observe a significant 2-

fold downregulation of the ctxA (VC1457) gene at OD650 = 0.1 and 0.5. Additionally, tcpA 

(VC0828), which is required for the formation of the TCP pilus (Herrington et al., 1988), was 

significantly downregulated 2-fold at OD650 = 0.5. Importantly, it has been shown that tcpA is 

required for colonization within the infant mouse, infant rabbit, and human volunteers (Millet et 

al., 2014; Ritchie et al., 2010; Herrington et al., 1988), demonstrating that TcpA is a critical 

virulence determinant in V. cholerae infections. Taken together, these data indicate that in the 
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wild-type, CsrA positively regulates the expression of tcpP, toxR, ctxA, and tcpA. Although the 

mechanism of regulation of these virulence factors remains to be determined, CsrA could be 

controlling their expression by directly regulating AphA protein production. Alternatively, CsrA 

could be regulating these factors in an AphA-independent manner.  

2.11. Chapter 2 conclusion 

To gain insight into the role of CsrA-mediated regulation of the V. cholerae transcriptome, 

we harvested RNA from the wild-type and the csrA mutant at three different optical densities, 

OD650 = 0.1, 0.5, and 2.0. Comparing differences in gene expression between the csrA mutant and 

the wild-type enabled the identification of processes regulated by CsrA. Because the RNA-seq 

data will not differentiate between direct and indirect regulatory effects of CsrA, a CsrA-RIP-seq 

was performed to identify the direct targets of CsrA. Analysis of the RNA-Seq data enabled the 

identification of genes that displayed differences in expression at only one density (Fig. 17); 

therefore, harvesting RNA at three optical densities allowed for the construction of a more 

complete CsrA regulatory network in V. cholerae. We also found that the effect of CsrA regulation 

on some processes changed over the course of the RNA-seq experiment. For example, at OD650 = 

0.1, CsrA represses the expression of genes within the TCA cycle, whereas at OD650 = 2.0, CsrA 

activates genes within the TCA-cycle (Fig. 20). Importantly, this observation highlights the need 

to study this global regulator at multiple stages of growth to better understand the full effect of 

CsrA-mediated regulation on particular processes.  

As CsrA regulation has been extensively studied in E. coli, some of our analysis included 

a comparison to E. coli. Interestingly, we found that CsrA-mediated regulation in E. coli and V. 

cholerae are dissimilar in some respects. For example, we found that in V. cholerae, CsrA acts to 
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repress glycolysis (Fig. 20), whereas, in E. coli, CsrA activates glycolysis (Sabnis et al., 1995). 

This comparison indicates that E. coli and V. cholerae have evolved different CsrA-dependent 

mechanisms to inversely regulate the same pathway. However, the exact mechanisms that lead to 

this observed difference remain unknown and require further investigation. 

From the transcriptome analysis, we also found that CsrA regulates the expression of 

approximately 1 out of 4 genes. This immense amount of regulation by CsrA likely plays an 

integral role in the ability of V. cholerae to rapidly adapt to environmental changes, such as the 

abrupt transition from the aquatic environment into the human host. We found that CsrA acts to 

repress targets necessary for survival in the aquatic environment, and activates genes necessary for 

colonization and virulence production (Fig. 19). This information, together with our observation 

that the total amount of the Csr sRNAs change in response to the nutritional status of the 

environment (Fig. 6), but not the amount of CsrA (Fig. 5), led us to hypothesize a model for how 

CsrA mediated regulation could promote V. cholerae survival within the aquatic and host 

environments (Fig. 28). We know that the total amount of the Csr sRNAs are high in nutrient-

limiting conditions (Fig. 6), and this results in higher levels of sequestered CsrA. As the aquatic 

environment is generally nutrient limiting, we believe that, in this condition, the levels of the Csr 

sRNAs are high and that a majority of CsrA is sequestered. Because CsrA is sequestered, this 

promotes the expression of genes that are typically repressed by CsrA, such as biofilm production 

and chitin utilization. Both of these processes are known to be expressed in the aquatic 

environment, supporting our model. Once V. cholerae is consumed by a human, its environment 

changes and becomes more nutrient rich. We have shown that in the presence of nutrient 

supplementation, the total amount of the Csr sRNAs significantly decrease (Fig. 6), and this results 
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in more available CsrA. Thus, in our model, we predict that in the host, the levels of the Csr sRNAs 

decrease, resulting in more available CsrA and the expression of genes positively regulated by 

CsrA. This increase in CsrA availability would be beneficial within the host, because CsrA 

activates the expression of gbpA, which is required for mucosal attachment; motility (Fig. 23), 

which is required for mucosal penetration; and AphA protein production (Fig. 27), which is a 

regulator that acts at the top of the virulence cascade. Due to the accumulative regulation on these 

processes, which are all important for pathogenesis in V. cholerae, CsrA is required for a V. 

cholerae infection.  
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Figure 28. Model of CsrA-mediated regulation in different environments 

The graphic on the left illustrates the genes repressed by CsrA that are expressed in the 

aquatic environment. While the graphic on the right is depicting the genes that are activated by 

CsrA, which are expressed in the human host. The bars below the graphic highlights that the levels 

of the Csr sRNAs change in response to nutrient availability, while the amount of CsrA remains 

constant. In our model, we hypothesize that in the aquatic environment where nutrient levels are 

low, the total levels of the Csr sRNAs are high, resulting in more sequestered CsrA. Because CsrA 

is sequestered, this promotes the expression of genes that are repressed by CsrA. Then when V. 

cholerae is in the more nutrient-rich host, there is a shift in the Csr sRNA-CsrA equilibrium, and 

the total amount of Csr sRNAs decrease, resulting in more available CsrA. This increase in more 
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available CsrA results in an increase in CsrA-mediated regulation, which includes the activation 

of many colonization and virulence-associated genes.   
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