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ABSTRACT 

 

In this study, we have worked to further characterize the regulation of CsrA in Vibrio cholerae, a 

pathogen responsible for up to 5 million cases of cholera annually. CsrA is a global post-

transcriptional regulator responsible for coordinating diverse, critical cellular processes including 

quorum sensing, carbon metabolism, and virulence. To study the regulation of this essential 

protein, we have used a mutant with a single amino acid substitution, CsrA-R6H,  generating a 

less functional form of the CsrA protein. In V .cholerae, CsrA is negatively regulated by three 

small RNAs (sRNA): CsrB, CsrC, and CsrD. In the CsrA-R6H mutant, we have found 

significantly decreased levels of CsrB, CsrC, and CsrD. These results suggest the existence of 

feedback regulation wherein levels of the sRNAs are tightly controlled in order to maintain 

healthy levels of functional CsrA. Given the importance of CsrA, it is worthwhile to study 

CsrA’s upstream regulators. Homology modeling suggests that the V. cholerae protein MshH 

functions in the Csr system by enabling degradation of the Csr sRNAs. To test this hypothesis, 

the gene encoding the inner membrane protein MshH was knocked out via allelic exchange. 

Western blotting confirmed that the mshH mutation affected CsrA-mediated regulation of outer 

membrane proteins OmpT and OmpU. Next, using β-galatosidase assays, we identified markedly 

reduced transcription of the sRNAs in the ΔmshH strain which was dependent upon the presence 

of a VarA binding site motif in the promoter. Collectively, these results indicate that MshH is 

involved in the V. cholerae Csr system and is required for maintaining wild-type transcription 

rates of CsrB/C/D. Future studies will explore the mechanism of MshH’s involvement in the Csr 

system by differentiating whether MshH impacts transcription or stability of the sRNAs. Taken 

together, these results help develop our understanding of small RNA regulation at large and, 

more specifically, in V. cholerae. 

 

IMPORTANCE 

 

Cholera is a bacterial disease caused by the gram-negative pathogen, Vibrio cholerae. Cholera 

causes life-threatening dehydration, requiring prompt symptomatic treatment with oral 

rehydration therapy and/or IV therapy. In endemic countries, cholera is estimated to cause 1.3-4 

million cases of cholera annually. On top of this baseline prevalence, cholera outbreaks range in 

magnitude, pushing annual incidence of cholera towards 5 million (1). Cholera exists in both 

aquatic reservoirs, such as estuaries, and within the human gut. These environments differ 

greatly in terms of chemical composition, temperature, pH, etc.  It is useful to study cholera’s 

internal response to environmental changes in order to better understand the process of 

pathogenesis. The carbon storage regulatory system is responsible for coordinating diverse 

responses, like virulence, biofilm formation and quorum sensing. By elucidating the molecular 

mechanisms through which the Csr system is regulated, such as through careful regulation of the 

Csr sRNAs, the plasticity of cholera’s response to external factors can be more fully understood. 

 

KEY WORDS MshH, Csr system, CsrA, ToxR, sRNA, CsrB, CsrC, CsrD 
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INTRODUCTION 

 

V. cholerae as a modern human pathogen 

V. cholerae, the causative bacterial agent of the human disease cholera, is a threat to public 

health in over one-third of nations worldwide (2). Historically, the under-developed health 

infrastructures and negative publicity associated with reporting cholera have severely limited 

public health authorities from formulating accurate estimates of V. cholerae prevalence. Ali et al. 

have used regression modeling to estimate 2.86 million cholera cases annually in endemic 

countries, with an uncertainty range of 1.3-4 million cases annually (2). This baseline prevalence 

does not account for the effects of cholera epidemics, which often occur during times of war, 

famine, or natural disaster. For example, in the midst of ongoing war in Yemen, 850,000 people 

were predicted to have been infected in 2017 (1). Cholera disproportionately affects children, 

with kids younger than four years of age experiencing incidence rates at 2-4 times the overall 

population (3). 

 

 Left untreated, V. cholerae can dehydrate, and thus kill, patients in a few hours. The dehydration 

process occurs in the small intestine when V. cholerae releases cholera toxin (CTX). Release of 

CTX causes small intestine epithelial cells to pump out chloride ions, in turn creating a diffusion 

gradient resulting in rapid exodus of water from the body in the form of ‘rice-water’ diarrheal 

stool (4). Though the life-threatening diarrhea and concurrent fluid loss caused by cholera can be 

treated by oral rehydration therapy, many patients worldwide lack access to reliable therapy. 

Additionally, the epidemic nature of cholera induces stress on public health systems, making it 

difficult for patients to receive proper care in adequate time. 

 

 Aside from the acute dangers of infection, V. cholerae has long-term consequences in the realm 

of children’s health. As with numerous other childhood diarrheal diseases, infection with V. 

cholerae disrupts nutrient-uptake during metabolically demanding periods of life. The effect of 

infection is magnified in that most children who are victims of cholera already suffer from 

malnutrition or poor nutrient access (5). Poor nutrition early on in life leads to developmental 

delays with lifelong negative impact on growth (5). Enteric diseases are thought to cause 43% of 

stunted growth cases worldwide (5). Diarrhea in children (<2yrs age) from impoverished areas 

can be expected to result in average growth delays of 8cm by age nine (5). Thus, cholera is not 

only an acute public health threat, but also yields tangible, negative outcomes for human capital 

in already impoverished communities.  

 

There have been seven pandemics in the documented history of cholera outbreaks (6). The 

current pandemic is characterized by the El Tor biotype, which differs from the classical biotype 

in its physiology of disease and gene expression. One of the ways in which the two strains differ 

is in their ability to cause hemagglutination of erythrocytes. Unlike the classical strain, the El Tor 

biotype expresses a Type IV pilus known as the mannose-sensitive hemagglutinin (MSHA) pilus 

(7). The classical strain possesses the genes for MSHA, yet does not produce this pilus (7). When 

MSHA is expressed, erythrocytes agglutinate, or clump together due to interactions with 

antibodies. This assay is useful for differentiating strain types among patients and is helpful for 

differentiating when a new strain of cholera has emerged. The MSHA pilus allows cholera to 

attach to zooplankton and abiotic surfaces (7, 8). Thus, expression of the MSHA pilus may 
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enable environmental persistence of cholera in aquatic reservoirs, increasing the likelihood of 

human-to-human uptake and spread of disease. 

 

The cholera life cycle is often divided into two phases: survival in aquatic reservoirs, such as 

estuaries, and survival/propagation in the human host. In the aquatic environment, cholera forms 

biofilms upon the chitin exoskeleton of crustaceans (biotic surfaces), and on abiotic surfaces. 

Upon entrance into the human gut, unknown environmental compounds stimulate virulence 

factors such as production of cholera toxin, increased motility, and adherence to microvilli via 

expression of the toxin-coregulated pilus, TCP (9).  

 

Overview of the Csr system 

In V. cholerae, the Csr system is responsible for coordinating control of virulence (10), biofilm 

formation (11), carbon metabolism (12), and quorum sensing (13). This control is achieved 

through complex signaling cascades. CsrA is a ‘master’ post-transcriptional regulator, binding to 

the 5’ end of hundreds of diverse transcripts to alter translation, turnover, and elongation (14). 

CsrA’s regulatory repertoire has immense implications for virulence induction. Its importance in 

coordinating cellular responses to the environment likely explains why a complete knockout of 

CsrA has not been viable in laboratory studies (10). CsrA-R6H demonstrates lesser activity than 

wild-type CsrA (10). Unsurprisingly, CsrA is required for wild-type infection rates of V. 

cholerae. In contrast, an Arg6His point mutant, CsrA-R6H, demonstrates decreased competitive 

index in the infant mouse model (10). 

 

CsrA has been shown to positively regulate ToxR (10), which is in turn a transcriptional 

regulator of many virulence factors. ToxR is an intermembrane DNA-binding protein that up-

regulates ToxT, a transcriptional 

activator of  both cholera toxin, ctx, and 

the toxin-coregulated pilus, tcp (10, 15). 

In addition to ToxR’s indirect effects 

upon ctx and tcp, ToxR directly alters the 

composition of V. cholerae outer-

membrane porins. ToxR up-regulates 

expression of outer membrane porin U 

(OmpU), while inhibiting expression of 

outer membrane porin T (OmpT) (16, 

17). OmpT is the predominant porin 

when V. cholerae grows in minimal 

media, whereas OmpU is the 

predominant porin when V.cholerae 

occupies a nutrient-rich environment 

(18). OmpU is the preferred porin during 

host colonization because it results in 

lesser penetration of bile and 

antimicrobial peptides secreted by the 

host (19). 

 

Figure 1  Complex regulatory pathway of the V.cholerae carbon storage 

regulatory (Csr) system. In the V.cholerae Csr system, VarS functions as a 

predicted sensor kinase which activates VarA via phosphorylation. In turn, 

VarA activates transcription of the three Csr sRNAs: CsrB, CsrC, and CsrD. 

These sRNAs sequester CsrA by binding CsrA, thereby decreasing the amount 

of active CsrA in the cell (10). MshH is predicted to negatively regulate the Csr 

sRNAs, although prior to this work, MshH’s involvement in the Csr system had 

not been experimentally demonstrated. Dotted lines represent predicted, 

unconfirmed interactions supported by this thesis.  
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One useful tool for studying the Csr system is the use of four amino acids, Asn (N), Arg (R), Glu 

(E), and Ser (S) (cumulatively, NRES), added to a minimal medium: T-medium. These four 

amino acids have been shown to increase ToxR production in a CsrA-dependent manner via 

increases in toxR transcription (20). When added to T-medium, 12.5mM NRES induces 

switching from OmpT to OmpU in a manner that mimics rich media (20). Thus, the four amino 

acids in NRES, or their downstream metabolic products, serve as signals to activate the Csr 

system. By comparing non-supplemented, minimal T-medium to NRES supplemented T-

medium, it is possible to monitor changes to the Csr system. 

 

In V. cholerae, CsrA is regulated by three small RNAs (sRNAs): CsrB, CsrC, and CsrD (13) 

(Figure 1). These sRNAs act by binding to CsrA, preventing CsrA from acting on its cellular 

targets (10). This process is known as sequestration. Sequestration of CsrA decreases the amount 

of ‘free’, or active, CsrA within the cell (10). Small RNAs (sRNA) make interesting targets of 

study because their small size enables cells to rapidly manufacture and/or degrade sRNAs, 

allowing for rapid adjustment to changing extracellular environments. Additionally, the 

nucleotide sequence of an sRNA ensures specificity in the sRNA target, providing precise 

control that other important signaling molecules, such as cyclic di-GMP, cannot necessarily 

provide. Given the importance of CsrA to V. cholerae, it is not surprising that the levels of CsrB, 

CsrC, and CsrD in V. cholerae are tightly controlled. Previously, it was not known whether these 

three sRNAs play redundant roles in such a way as to simply magnify one another’s effect, or 

whether each sRNA has a unique cellular role in the V. cholerae Csr system.  

 

Transcription of the Csr sRNAs is turned on by VarA, a transcriptional activator that is in turn 

activated by a phosphorylation cascade initiated by VarS, a predicted sensor kinase (10). The 

molecules to which VarS responds in V. cholerae are currently unknown. The entire VarS/A  

sRNAs —| CsrA system, or the analogous Rsm system, functions across many bacterial species, 

including Escherichiacoli, Pseudomonas aeruginosa, Salmonella typhimurium, Legionella 

pneumonphila, Vibrio species, Yersinia pseudotuberculosis, Pectobacterium carotovorum, and 

Pseudomonas  syringae, to name a few (21). However, there are differences in the system’s 

architecture among these various species. For example, E. coli possesses only two Csr sRNAs: 

CsrB and CsrC. Unpublished sequence analysis conducted by Heidi Butz has revealed that E. 

coli CsrB and CsrC are more closely related to one another than to their analogously-named 

CsrB and CsrC in V. cholerae. Furthermore, each of the three V. cholerae Csr sRNAs are more 

closely related to one another than to any other species’ Csr sRNA, suggesting evolutionary 

divergence of the V .cholerae system and also suggesting that these three sRNAs in V .cholerae 

may have arisen from intra-species gene duplications. Thus, the overlap in naming and biological 

structure between E. coli and V. cholerae Csr components should not be interpreted as predicting 

synonymous function. 

 

MshH may be involved in the V. cholerae Csr system 

Given the importance of regulating Csr sRNA levels in order to maintain stable amounts of 

CsrA, it is not surprising that multiple proteins have been identified as regulating the sRNA 

levels. In E.coli, CsrD has been shown to enable degradation of the Csr sRNAs by recruiting 

RNAse E (22). Furthermore, this degradation process is dependent upon RNAse E (22). 

Vakulskas et al. conducted a highly detailed structural study of CsrB in E.coli utilizing RNA 

decay Northern blotting , 3’RACE, in-line probing, and RNase E cleavage assays (14). They 
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have shown that CsrD can outcompete CsrA binding to CsrB, allowing RNase E access to the 3’ 

end of CsrB and prompting CsrB degradation (14). In effect, their data suggest a model in which 

CsrD modulates between cell states in which the small RNAs should be protected (i.e. bound to 

CsrA) versus cell states in which the small RNAs should be degraded (i.e. degraded by RNAse 

E)(14).  

 

MshH is a protein in V. cholerae possessing 33% identity to E. coli CsrD. Like E. coli CsrD, 

MshH, mannose-sensitive hemagglutinin protein H, is a membrane-spanning protein predicted to 

exist within the inner-membrane of V. cholerae. MshH, and E. coli CsrD contain GGDEF/EAL 

domains. However, both proteins lack the conserved amino acid sequences required for turnover 

or regulation of cyclic-di-GMP (22). The two membrane-spanning domains of E. coli CsrD are 

dispensable for turn-over the sRNAs; however, the HAMP, GGDEF, and EAL domains are 

required (22). The amino acid homology of V. cholerae MshH and E. coli CsrD, has led to the 

assumption that MshH plays the same role as E. coli CsrD: namely, negatively regulating the 

three V .cholerae Csr sRNAs. However, this assumption has not been clearly established in the 

literature. Additionally, the Csr sRNAs found in V. cholerae do not align with E.coli sRNAs 

(data not shown), warranting the use of caution when inferring synonymous function between the 

Csr systems of V. cholerae and E. coli. A major aim of this work was to systematically determine 

how MshH affects the Csr sRNAs: via altering sRNA transcription, stability, or both. 

 

 

RESULTS 

 

CsrA positively affects CsrB, CsrC, and CsrD levels. 

Mey et al. have demonstrated that the CsrA-R6H mutation results in significantly reduced ToxR 

production in T-medium and after stimulation of the Csr system through addition of NRES (10). 

The results of their western-blot and qPCR analysis suggest that CsrA-R6H is a less active form 

of CsrA, with decreased ability to up-regulate transcription of toxR. 

 

When the Csr system was stimulated by supplementation of 12.5mM NRES, the levels of CsrB, 

CsrC, and CsrD transcripts significantly decreased in the CsrA-R6H mutant as compared to wild-

type (Figure 2). Each of these phenotypes was restored by supplementation of wild-type CsrA on 

pCC1, single-copy vector (13). Additionally, CsrB and CsrD levels are significantly lower in 

CsrA-R6H than in wild-type in T-medium (Figure 2). These qPCR data further support the 

hypothesis put forth by Mey et al. that CsrA-R6H is a less active form of wild-type CsrA. In the 

presence of mutant CsrA-R6H, CsrA is less active and thus less able to efficiently affect its 

transcriptional regulon. We propose that V. cholerae responds to this stressor by lowering the 

levels of CsrB, CsrC, and CsrD in order to minimize the downstream effects of the CsrA-R6H 

mutation. Thus, by lowering the amount of negative regulator, the cell offsets the effects of 

decreased activity caused by the R6H substitution.  
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Figure 2 Reverse-transcriptase quantitative PCR of CsrB, CsrC, and CsrD transcript levels in wild-type (N16961), CsrA-R6H, 

and CsrA-R6H/pFcsrA cells grown in T-medium (-) or T-medium supplemented with 12.5mM NRES (+). CsrB, CsrC, and CsrD 

transcript levels are decreased in the CsrA-R6H mutant in T-medium + NRES; this can be rescued via pFcsrA. CsrB and CsrD 

transcript levels are decreased in CsrA-R6H T-medium; again, this phenotype can be rescued via pFcsrA. This qPCR reveals the 

Csr sRNAs respond differentially to NRES. qPCR conducted with SYBR green dye. Ct values normalized using secA. Relative 

fold-change calculated using ΔΔCt method, and compared back to wild-type N16961 in T-medium. All transcript levels represent 

cells grown to OD650 0.6-0.8. Error bars represent ±1stdev. Data represents four biological replicates. Horizontal bars represent 

statistically significant differences using Student’s t-test * =p<0.05, **=p<0.01. Data presentation was formulated by Heidi Butz, 

experiment and statistics formulated by Ashley Ciosek. 

MshH affects the V. cholerae OMP profile by acting upstream of CsrA 

Previous studies in the Payne laboratory have demonstrated that the composition of wild-type V. 

cholerae  (N16961) outer membrane porins switches from OmpT to OmpU in the presence of 

12.5mM NRES amino acid mix (20). This switching is mediated through an increase in ToxR 

(20) and is reliant upon VarA, thereby acting through the Csr system (10). Furthermore, an 

Arg6His (R6H) point mutant in CsrA demonstrates the inability to switch from OmpT to OmpU 

(10) (also shown in Figure 3). With a means of stimulating the Csr system and easy detection of 

positive (N16961F) and negative control (CsrA-R6H), we sought to analyze whether a knockout 

of mshH would affect the OMP profile.  
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Figure 3 Denaturing SDS-PAGE comparing OmpT/U switching in the absence (-) and presence (+) of 12.5mM NRES in T-

medium. (A) In NRES, wild-type cholera switches from OmpT to primarily OmpU expression. The ΔmshH mutant expresses 

both porins after stimulation with NRES, but overall favors OmpT. The effects of knocking out mshH can be reversed by 

supplying mshH on a low copy number vector. (B) The CsrA-R6H mutant is completely unable to induce CsrA-mediated 

switching to OmpU, and continues to produce only OmpT in the presence of NRES. Knocking out mshH in the CsrA.R6H 

mutant results in the same phenotype as the CsrA.R6H mutant. All cells grown to OD650 0.6-0.8.  Both of the above gels are 

representative of three biological replicate trials. 

In minimal medium (T-medium), ΔmshH demonstrates no observable abnormality in OMP: its 

predominant porin is OmpT. However, upon addition of 12.5mM NRES to the minimal T-

medium, ΔmshH fails to switch completely to OmpU as is observed in wild-type. ΔmshH thus 

exhibits incomplete OmpTOmpU switching (Figure 3). This was the first phenotype observed 

in ΔmshH, as no notable difference in growth rate, colony size, or rugosity was observed while 

creating the allelic knockout (data not shown).  

 

In order to demonstrate that the effects of incomplete OMP switching were due to the knockout 

of mshH and not due to mutations elsewhere in the genome, this phenotype was complemented 

by supplying MshH on a plasmid (Figure 3). MshH, along with 1000 bp upstream of its predicted 

CDS, was cloned onto pWKS30 a low-copy number plasmid (23). Restoration of wild-type 

OmpT/U switching was observed when MshH was supplied on pWKS30 but was not due to the 

presence of pWKS30 alone, suggesting that the incomplete switching observed in ΔmshH was in 

fact due to the knockout of mshH.  

 

Knocking out mshH in the CsrA.R6H mutant results in the same phenotype as the CsrA.R6H 

mutant. This result suggests that CsrA operates epistatically to MshH in V.cholerae, supporting 

the model in which MshH acts upstream of CsrA by affecting the expression of the small RNAs.  

MshH is required for the significant increase of CsrC transcript levels seen in response to 

NRES 

 

After identifying a phenotype in ∆mshH which manifests downstream of the Csr system (i.e. the 

OMP phenotype), we set out to determine whether MshH affects the V. cholerae sRNAs. Given 

the 32% identical homology to CsrD in E.coli, it was hypothesized that MshH acts upon the three 

A) 

B) 
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V .cholerae Csr sRNAs (22). By comparing the levels of CsrB, CsrC, and CsrD in wild-type vs.  

∆mshH, we aimed to elucidate any effects of MshH on the Csr sRNAs.  

 

As a control, it was observed that the CsrA.R6H mutation resulted in decreased CsrB, CsrC, and 

CsrD levels in these same samples, which was also observed in our earlier studies (Figure 2, 

Figure 4). Knocking out mshH significantly affected only CsrC transcript levels in NRES (Figure 

4B); in contrast, knocking out mshH was not observed to significantly affect CsrB or CsrD levels 

in NRES (Figure 4A,C). CsrC transcript levels were lower in ΔmshH than in the wild-type in 

NRES. This result is notable because we have observed that CsrC levels increase drastically 

(~10-fold) in response to NRES supplementation (data not shown). Thus, it appears as if the 

CsrC response to NRES depends in part upon the presence of mshH. This observation provides 

further evidence of mshH involvement in the V. cholerae Csr system.  

 

Furthermore, this qPCR analysis revealed no significant difference between CsrA.R6H and the 

double mutant, CsrA.R6HΔmshH, in any of the three sRNAs (Figure 4). Like CsrA.R6H, the 

double mutant (CsrA.R6HΔmshH) displays significantly lower levels of CsrB, CsrC, and CsrD 

as compared to WT cells in NRES (Figure 4). This observation matches the results seen in our 

earlier OMP profile studies wherein CsrA.R6HΔmshH displayed the same OMP profile as the 

CsrA.R6H mutant (Figure 3B). Thus, like the OMP profile studies, the qPCR data suggests that 

CsrA operates epistatically to MshH in the V. cholerae system. 

 

Figure 4 Reverse-transcriptase quantitative PCR of CsrB, CsrC, and CsrD transcript levels in wild-type (N16961) and ΔmshH. 

(B) Knocking out mshH significantly diminishes the cell’s ability to increase CsrC levels in response to NRES. In contrast, 

knocking out mshH does not affect the total amount of CsrB or CsrD transcript in exponential phase cells in NRES. Cells were 

grown to exponential phase in T-medium +12.5mM NRES. Error bars represent ±1stdev. Data represents three biological 

replicates. Statistically significant differences were calculated using Student’s t-test * =p<0.05, **=p<0.01, ns= not significant, 

p>0.05. 

 

MshH is required for wild-type transcription rates of CsrB/C/D 

 

We hypothesize that there are strong pressures for the cell to keep Csr sRNA levels steady. From 

qPCR analysis, it was apparent that MshH affects CsrC. However, it remained unclear whether 
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MshH affected CsrB and CsrD. This is because even if MshH affects CsrB/D levels, the effects 

of the knockout may not have been revealed in the qPCR due to feedback regulation. One such 

way V. cholerae may keep CsrB and CsrC levels steady in ∆mshH is by altering their rate of 

transcription. In light of this reasoning, we decided to look at the effects of ∆mshH on CsrB, 

CsrC, and CsrD transcription using β-galactosidase assays. 

 

First, lacZ was knocked out of WT and ∆mshH strains to create NF∆lacZ and NF∆lacZ/∆mshH. 

This ensured any beta galactosidase activity detected was due to the activation of the Csr 

promotors. The promotor region of V. cholerae CsrB, CsrC, or CsrD was fused to lacZ on a 

pQF50 backbone, allowing for use of β-galactosidase levels as a proxy of CsrB/C/D 

transcription. For each of the three Csr sRNAs, two constructs were made, each differing in the 

length of the native sRNA promotor region. F1 constructs represent the full-length promotor, 

while F2 constructs begin 50 nucleotides downstream, omitting the 5’ VarA binding site (Figure 

5). pQF50 was chosen as the vector because it is a low copy number plasmid in V .cholerae (24). 

Retaining low copy numbers of the Csr promoters was important in this assay so as to prevent 

high background transcription rates. 

 

Figure 5 Schematic of lacZ reporter plasmid construction into pQF50, a low copy-number vector. The predicted VarA binding 

site was included on the  pQFCsrB/C/DF1 constructs. In contrast, the VarA binding site was not included on the pQFCsrB/C/DF2 

constructs.  

 

Figure 6 Transcriptional reporters of CsrB, CsrC, and CsrD as determined by β-galactosidase assay. All constructs used in this 

figure included the putative VarA binding site. In NRES, CsrB, CsrC, and CsrD require MshH in order to be transcribed at WT 

rates. In ΔmshH, transcription of CsrB/C/D are significantly decreased. In N16961F, CsrB is transcribed at a significantly higher 

rate than either CsrC or CsrD. Cells were grown to exponential phase (OD650 0.6-0.8) in T-medium supplemented with 12.5 mM 
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NRES. All constructs were made on pQF50, a low copy-number vector. Error bars represent ±1stdev. Data consists of four 

biological replicates. Horizontal bars represent statistically significant differences using Student’s t-test * =p<0.05, **=p<0.01. 

In the presence of 12.5mM NRES, each of the three V. cholerae Csr sRNAs show significantly 

decreased transcription rates in ΔmshH compared to wild-type (Figure 6). Thus, MshH is 

required to maintain wild-type transcription rates of CsrB, CsrC, and CsrD in V. cholerae. 

Additionally, in the wild-type strain, CsrB was transcribed at a significantly higher rate than 

either CsrC (p=0.012) or CsrD (p=0.015) (Figure 6). 

 

The VarA binding site is required for WT levels of CsrC transcription 

The role of the VarA binding site in mediating response to NRES was investigated by comparing 

transcription rates between the F1 and F2 CsrC constructs. Transcription rate was significantly 

decreased in the CsrC F2 constructs compared to the CsrC F1 constructs (Figure 7). This 

indicates that the wild-type transcription rate of CsrC in NRES requires the VarA binding site. 

No significant difference was observed between the wild-type and ΔmshH strains in the F2 

construct, suggesting that the effects of MshH on CsrC transcription rate operate through VarA.   

 

 

Figure 7 Transcriptional reporters of CsrC comparing transcription rates of the F1 and F2 constructs. F1 constructs contain the 

putative VarA binding site, while F2 constructs do not. The VarA binding site appears to be required for wild-type transcription 

rates; exclusion of the VarA binding site from the transcriptional reporter results in markedly decreased transcription rates. In 

ΔmshH, transcription of CsrC is significantly decreased. Furthermore, without the VarA binding site, there appears to be no 

difference in the transcription rate of the NΔlacZ and NΔlacZ/ΔmshH strains. This suggests the mechanism by which ΔmshH 

affects sRNA transcription acts through VarA, rather than independently affecting transcription. Cells were grown to exponential 

phase (OD650 0.6-0.8) in T-medium supplemented with 12.5 mM NRES. All constructs were made on pQF50, a low copy-

number vector. Error bars represent ±1stdev. Data represents four biological replicates. Horizontal bars represent statistically 

significant differences using Student’s t-test * =p<0.05, **=p<0.01, NS= not significant, p-value > 0.05.   

NS 
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DISCUSSION 

 

The Csr system is found across bacterial lineages and is important to biofilm formation (11), 

quorum sensing (13), glycogen metabolism (13), virulence (10), and membrane composition 

(20). However, the three V. cholerae Csr sRNAs are more similar to one another than to any 

other organism’s Csr sRNA. This warrants detailed study into the mechanisms of V. cholerae Csr 

regulation. Although CsrD in E. coli has been confirmed to negatively regulate the E. coli Csr 

sRNAs, prior to this study, there did not exist strong evidence demonstrating MshH impact upon 

the V. cholerae Csr sRNAs.   

 

OMP expression represents a significant phenotype that is important to V. cholerae 

pathogenicity. OmpU expression confers microbial resistance to bile and antimicrobial peptides 

produced in the lumen of the human small intestine (20), and was the most frequently identified 

protein found in stool shed from V. cholerae patients (26). Thus, the incomplete switching 

demonstrated in ΔmshH represents a notable phenotype (Figure 3). Incomplete OmpT to OmpU 

switching in ΔmshH (Figure 3A), as well as the diminished up-regulation of CsrC levels in 

ΔmshH (Figure 4B) suggest that MshH is involved in the Csr system. Furthermore, epistatic 

analysis of OMP switching in the CsrA.R6H/ΔmshH mutant suggests that MshH operates 

upstream of CsrA (Figure 3B). Interestingly, recent work using epistatic analysis and RNA-seq 

has been used to determined that E .coli CsrD operates upstream of CsrA (28), drawing further 

parallels between the V. cholerae and E.coli Csr systems. Our β-galactosidase assays using 

sRNA promoters demonstrate that knocking out mshH results in significantly decreased 

transcription of CsrB, CsrC, and CsrD in NRES (Figure 6). To our knowledge, OMP profiling 

and β-galactosidase assays collectively provide the first convincing evidence of MshH 

involvement in the V. cholerae Csr system.  

 

The results of β-gal assays and qPCR analysis of ∆mshH currently allow two different theories of 

MshH function: 1) MshH is a positive transcriptional regulator of CsrB/C/D, or 2) MshH 

normally functions to degrade, destabilize, or sequester the sRNAs; thus, in ΔmshH, the cell must 

decrease transcription rates through VarA to prevent dangerous buildup of sRNAs. The second 

hypothesis is better supported by studies of E. coli CsrD. E. coli CsrD has been shown to 

associate with RNAse E to degrade CsrB from the 3’ end, thereby affecting Csr sRNA stability 

(14). In the future, we aim to determine whether MshH affects CsrB/C/D stability through the 

use of northern blotting. Late exponential phase cells will be treated with rifampicin to inhibit 

transcription, and full-length biotinylated probes will be used to monitor CsrB/C/D degradation 

over time in WT vs. ∆mshH. The proposed experiment will allow for determination of CsrB/C/D 

half-life in the wild-type and ∆mshH mutant. If it is found that MshH significantly affects Csr 

sRNA half-life, the effects of ∆mshH on transcription seen in this study (Figure 6) would likely 

be attributed to feedback regulation, rather than MshH acting as a transcriptional activator (i.e 

hypothesis 2 over hypothesis 1).  

 

In this paper, we have shown that eliminating the VarA binding site from transcriptional 

reporters in WT and ΔmshH strains results in virtually non-existent transcription rates in CsrC 

(Figure 7, comparison of NFΔlacZ/pQFCsrCF1 vs. NFΔlacZ/pQFCsrCF2). We speculate that the 

decreased transcription of CsrB/C/D seen in the ΔmshH strain results from a feedback loop 

dependent upon the presence of the VarA binding site in the Csr promotor. The existence of a 
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feedback loop between CsrA and VarA is further supported by qPCR analysis of CsrA.R6H 

(Figure 2). By comparing CsrB, CsrC, and CsrD transcript levels in wild-type vs. CsrA-R6H 

backgrounds, we have demonstrated that CsrB, CsrC, and CsrD require wild-type CsrA in order 

to be expressed at wild-type quantities. Importantly, the decreased levels of CsrB, CsrC, and 

CsrD in the CsrA-R6H mutant can be reversed through complementation of CsrA on a single-

copy vector. This suggests that CsrA is in part responsible for regulating CsrB/C/D levels.  These 

results provide preliminary evidence of a CsrA feedback loop in V. cholerae. Such feedback 

mechanisms have been characterized previously in E.coli (25). Identification of the precise 

feedback mechanism in V. cholerae is currently under study by Heidi Butz.  

 

The data presented herein suggest that CsrB, CsrC, and CsrD are non-redundant in their 

abundance and expression patterns. In T-medium + 12.5mM NRES, CsrB is transcribed at a 

higher rate than either CsrC or CsrD, whose rates are comparable (Figure 6). CsrC was the only 

Csr sRNA shown to significantly differ in transcript abundance between wild-type and ∆mshH 

strains (Figure 4). Because of differences in sequence and abundance of GGA binding motifs, it 

is likely that CsrB/C/D have different affinities for CsrA. Thus, their differing expression 

patterns and abundance may play a role in fine-tuning CsrA activity levels. 

 

FUTURE DIRECTIONS and LIMITATIONS 

 

MshH may be a poor name for this V .cholerae protein because MshH is dispensable for wild-

type formation of the MSHA pilus (26). Curiously, however, the genetic landscape of MshH 

appears to suggest that MshH is co-transcribed with other proteins required for MSHA pilus 

formation. This idea is further supported by evidence suggesting that mshH, mshI, and mshB are 

negatively controlled by ToxT (19). Deciphering why mshH is regulated in the same manner as 

the MSHA pilus remains to be determined and lies outside the scope of this investigation. 

Emerging literature indicates that MshH plays a role in integrating the phosphotransferase 

system (PTS) to the Csr system (27). This integration of two major regulatory systems would 

appear to be evolutionarily advantageous because glucose availability is indicative of the 

extracellular environment (i.e. high-glucose host environment, or low-glucose oceanic 

environment). Future studies are needed to determine what other proteins and/or mRNAs MshH 

interacts with. Additionally, future research will be required in order to determine what role (if 

any) the GGDEF and EAL domains of MshH play in regulating the Csr system. In E .coli, CsrD 

was not detected to possess c-di-GMP catalytic activity (22). If it is confirmed that MshH also 

lacks c-di-GMP catalytic activity, it is conceivable that these domains now function in aiding 

mRNA binding. 

  

One of the limitations of this work is its inability to extrapolate the action of MshH and the Csr 

sRNAs in biofilm conditions. All data presented herein has been derived from aerobic, 

planktonic, log-growth cells, OD650 = 0.6-08.  The carbon storage regulatory system is 

hypothesized to respond to changes in external environment. Thus, it is expected that MshH and 

the three sRNAs would respond differentially based upon cell growth phase and type (biofilm v. 

planktonic cultures). Tandem affinity purification conducted by Pickering et al. indeed supports 

this hypothesis; MshH presumes the role of the primary binding partner of EIIA-Glc in biofilm, 

but demonstrates greatly decreased binding in the planktonic state (28). Thus, it is likely that the 

effects of MshH upon the Csr sRNAs are dependent upon cell condition.  



14 
 

 

MATERIALS AND METHODS 

 

Bacterial strains, plasmids, and media.  All strains used in this study were stored at -80˚C in 

tryptic soy broth plus 20% glycerol. The minimal medium, T-medium, used in these studies 

consists of: 0.2% wt/vol sucrose, 20 µM FeSO4, and a 1X mixture of vitamins (made from 100X 

VitaMix stock, stored at -20˚C, as described online at: 

https://www.genome.wisc.edu/resources/protocols/ezmedium.htm).  The NRES mix refers to 

3.125mM each of Asn, Arg, Glu, and Ser, dissolved in water to for a final amino acid 

concentration of 12.5mM. Overnight cultures were grown in Luria-Bertani broth consisting of 

1% tryptone, 1%NaCl [wt/vol], 0.5% yeast extract. When required, antibiotic concentrations 

used with V. cholerae  were: carbenicillin (125 µg/ml), polymyxin B (20 µg/ml), and kanamycin 

(25 µg/ml). Antibiotic concentrations were higher in E. coli: carbenicillin (250 µg/ml) and 

kanamycin (50 µg/ml). 

 

PCR. All primers were purchased from Sigma-Aldrich (St.Louis, MO), and are listed in Table 

S2. Verification PCR was performed using Taq DNA Polymerase (Qiagen, Valencia, CA). PCR 

performed during strain construction utilized Phusion DNA Polymerase (New England Biolabs, 

Ipswich, MA). Template was generally derived from whole cell suspensions suspended in 1mL 

dH2O. All strains’ DNA sequences were confirmed prior to use. 

 

Sequence analysis. DNA sequencing was carried out at the University of Texas, Institute for 

Cellular and Molecular Biology DNA Core Facility using Applied Biosystems 3730/3730XL 

DNA Analyzers (Foster City, CA) and BigDye Terminator v3.1 chemistry. Raw sequence data 

was analyzed using SnapGene, v.4.1.5. BLAST nucleotide and protein searches used the 

National Center for Biotechnology Information (NCBI) free public database. Figures and tables 

were assembled using both Microsoft Excel and GraphPad Prism 7.02. 

 

Construction of strains. In order to create a strain in N16961F containing a chromosomal 

deletion of the mshH gene, two fragments, MshH.del1 and MshH.del2, were ordered from Sigma 

Aldrich. mshH.del1 and mshH.del2 contain a short overlapping region used to create two PCR 

products using mshHF and mshHR primers. Splice overlap PCR was used to combine the two 

fragments into one. The fragment was cloned into the Sma1 site of pCVD442N (Amp
r
), a suicide 

vector in V.cholerae. The resulting plasmid was transformed into chemically competent E.coli 

DH5α(λpir), creating DH5α/pSMshH. Three strains were then mated to achieve double-

crossover of the ΔmshH construct: DH5α/pSMshH, MM294/pRK2013 (containing tra 

mobilization elements), and N16961F. The single crossover was selected for using Amp and 

PolyB. The double crossover was selected for using LB/10% sucrose plates. Candidate double-

crossover colonies were screened for Amp
s
 and PolyB

r
. Putative double crossover candidate 

colonies were sequenced at UT Austin ICMB. The NFΔmshH sequence was confirmed using the 

following primers: MshH.F2, MshH.F_seq3, MshH.F_seq4, MshH.F_seq5, MshH.F.seq6, 

MshH.F_seq7, and MshHseq1R (see Table S2). All primer sequences are shown in Table S2. 

 

NFΔlacZ/∆mshH was created by knocking out lacZ from the previously generated NΔmshH. 

SM10/pSlacZ::kan was mated with NΔmshH. The single crossover was selected via PolyB
r
, Kan

r
 

and Carb
r
. Single crossovers were also verified for sucrose sensitivity. The candidate single 

https://www.genome.wisc.edu/resources/protocols/ezmedium.htm
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crossover colonies were then sub-cultured from Kan overnight cultures into Kan + 1% sucrose 

cultures grown 4hrs at 37C. Cultures were plated onto Kan and 10% sucrose LBA. Plates were 

grown overnight, then left to sit at room temperature two days to test for sucrose resistant 

colonies. Putative Suc
r
 colonies were re-streaked several rounds on Kan and 10% sucrose LBA 

plates until colonies appeared healthy. Sucrose sensitive colonies were there screened for 

carbenicillin sensitivity, as this was indicative of the double crossover. Suc
s
 Carb

r
 colonies were 

then verified by blue/white screening using Xgal for absence of functional lacZ.  

 

Electroporation was used to transfer purified pQFCsrB/C/D/F1/F2/F3 plasmids out of the 

parental host constructed by Heidi Butz (NΔlacZ) and into NFΔlacZ/∆mshH background. Each 

of these plasmids contained the predicted full-length promotor region of the sRNA, beginning 20 

nucleotides upstream of the putative VarA binding site. F1 constructs represent the full length 

promotor, while F2 constructs begin 50 nucleotides downstream, occluding the 5’ VarA binding 

site. F3 constructs (data not used in this study) were truncated an additional 50 nucleotides 

downstream of the F2 start site. Transformants were selected for using Carb
r
. Originally, pQF50 

was chosen as a the vector for these transcriptional reporters because it is a low copy-number 

plasmid (24), thereby decreasing background transcription rates and more accurately maintaining 

biological levels of the sRNA transcripts.  

 

SDS PAGE. Single-colony cultures were grown overnight in LB medium and diluted 1:100 into 

fresh medium, either T-medium or T-medium + 12.5mM NRES.  Cultures were grown to OD650 

= 0.6-0.8 and were resuspended in Laemmli Sample Buffer. Resuspended cells were stored at-

20˚C. Prior to running in electrophoresis, cells were boiled <5min. The SDS PAGE presented in 

this work consisted of 10% agarose stained with Coomassie Brilliant Blue dye. OmpT and 

OmpU positions have been previously identified by (58) and were also confirmed through 

conversion of the NCBI OmpT and OmpU nucleotide compositions to predicted protein 

sequences through any free online protein translation tool.  

 

RNA purification. RNABee was used to stabilize RNA, followed by isopopanol and ethanol 

washes, per manufacturer’s instructions. Samples were treated with DNAseI (New England 

Biolabs, Ipswich, MA), then treated with final concentration of 5mM EDTA, followed by 

sodium acetate and two additional ethanol precipitation treatments.  

 

qPCR. RNA isolated via RNABee treatment (described previously) was converted to cDNA 

using High capacity cDNA Reverse Transcription Kit (Applied Biosystems, Foster City, CA). 

Primers used in qPCR are listed in Table S2. Power SYBR Green PCR Master Mix (Applied 

Biostystems, Foster City, CA) was used as the detection probe, with secA cDNA used for Ct 

normalization and sample control. Melting curves of the raw data (not shown) were analyzed to 

ensure each sample contained only one melting point, with melting temperatures of each probe 

relatively overlapping. Relative fold change was calculated using the ΔΔCt method. Vertical 

error bars depict standard error of the Ct values. 

 

β-galactosidase transcriptional reporter assays. Overnight culture of each reporter strain was 

grown overnight in LB, then diluted 1:100 into T-medium + 12.5mM NRES. Cells were grown 

to OD650 = 0.6-0.8, then suspended 1:10 into Z-buffer (40mM Na2HPO4*7H2O, 60mM 

NaH2PO4*H2O, 10mM KCl, 1mM MgSO4*7H2O, pH7). Chloroform and 0.1% SDS were used 
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to lyse the cells, followed by brief, ~5second, vortexing. Cells were allowed to lyse for 15 

minutes, prior to addition of 4mg/mL ONPG (o-nitrophenyl-β-D-galactoside) to make a final 

concentration of 0.8mg/mL ONPG. Time of incubation with ONPG was recorded immediately 

upon addition of ONPG. Reaction was stopped upon addition of 0.33M final concentration of 

Na2CO3 immediately after cultures attained slight yellow hue. Raw Miller Units were calculated 

according to the following formula (29):  

       U     = 1000*(([OD420]-(1.75*[OD550]))/(Time (min)*Cell Volume (mL)*[OD650])) 
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SUPPLEMENTS 

Table S1 Strains and plasmids used in this study and/or created as a part of this thesis. 

V.cholerae   

N16961 V.cholerae El Tor biotype R.A. Finkelstein 

NΔmshH V.cholerae El Tor 

background with mshH 

chromosomal deletion 

This study 

NΔmshH/pWKS30 V.cholerae El Tor 

background with mshH 

chromosomal deletion and 

pWKS30 empty vector. 

This study 

NΔmshH/pWMshH V.cholerae El Tor 

background with mshH 

chromosomal deletion. 

MshH supplemented on 

pWKS30. 

This study 

NFΔlacZ/∆mshH V.cholerae El Tor 

background with mshH 

chromosomal deletion and 

lacZ chromosomal deletion 

This study 

NFΔlacZ V.cholerae El Tor 

background with lacZ 

chromosomal deletion 

Constructed by Heidi Butz, 

Payne Lab graduate student. 

NFΔmshHΔlacZ/pQFCsrBF1 V.cholerae El Tor 

background with both mshH 

and lacZ chromosomal 

deletions. Corresponding Csr 

sRNA promotor  is 

supplemented on pQF50 

backbone 

This study 

NFΔmshHΔlacZ/pQFCsrBF2 This study 

NFΔmshHΔlacZ/pQFCsrBF3 This study 

NFΔmshHΔlacZ/pQFCsrCF1 This study 

NFΔmshHΔlacZ/pQFCsrCF2 This study 

NFΔmshHΔlacZ/pQFCsrCF3 This study 

NFΔmshHΔlacZ/pQFCsrDF1 This study 

NFΔmshHΔlacZ/pQFCsrDF2 This study 

NFΔmshHΔlacZ/pQFCsrDF3 This study 

NFΔmshHΔlacZ/pQF50 pQF50 lacks lacZ promotor, 

allowing for insertion of 

promotor of choice for 

expression studies. 

This study 

NFΔlacZ/pQFCsrBF1 V.cholerae El Tor 

background with lacZ 

chromosomal deletion. 

Corresponding Csr sRNA 

promotor  is supplemented 

on pQF50 backbone 

Constructed by Heidi Butz 

NFΔlacZ/pQFCsrBF2 Constructed by Heidi Butz 

NFΔlacZ/pQFCsrBF3 Constructed by Heidi Butz 

NFΔlacZ/pQFCsrCF1 Constructed by Heidi Butz 

NFΔlacZ/pQFCsrCF2 Constructed by Heidi Butz 

NFΔlacZ/pQFCsrCF3 Constructed by Heidi Butz 

NFΔlacZ/pQFCsrDF1 Constructed by Heidi Butz 
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NFΔlacZ/pQFCsrDF2 Constructed by Heidi Butz 

NFΔlacZ/pQFCsrDF3 Constructed by Heidi Butz 

NFΔlacZ/pQF50  Constructed by Heidi Butz 

   

E.coli   

DH5α (λpir) Cloning strain J.Kaper 

      SM10(λpir) Cloning strain  

Plasmids   

pWKS30 Low copy number cloning 

vector; Carb
r 

(23) 

pCVD442N Suicide vector containing 

sacB; Amp
r
Suc

s
 

(30) 

pFCsrA CsrA cloned onto single-

copy vector pCC1; Carb
r
 

(10) 

pAML23 ryhB-lacZ transcriptional fusion 

in pQF50 
Mey et al., 2005 
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Table S2 Primers created as a part of this thesis. 

Primer Sequence Length Tm Secondary Notes 

MshH.F2 CACCGGGACGGGCAGATTCAA 21 75.2 moderate used in constructing Product A 

MshH.del1 TACAGACCCGGGGCTCAGTTTTAATGTCGG 30 77.5 moderate used in constructing Product A 

MshH.R CCCACCCCTGCGTACCCAAGCA 22 77.4 weak used in constructing Product B 

MshH.del2 CTGAGCCCCGGGTCTGTAAAGCCCATCGGC 30 84.1 moderate used in constructing Product B 

MshH.F_seq3 GGCAAGCCGTGGCGTGAACA 20 75.8 none sequencing ΔMshH construct 

MshH.F_seq4 GGGGACAACCACAACAACCG 20 69.7 none sequencing ΔMshH construct 

MshH.F_seq5 GTTGTGGTGCAGCCAGAGCA 20 70.1 weak sequencing ΔMshH construct 

MshH.F_seq6 GCGATTTGGGGATTGGTGGG 20 72.4 none sequencing ΔMshH construct 

MshH.F_seq7 GCGCGCAATATCCCGCAAGA 20 74.1 moderate sequencing ΔMshH construct 

MshHdiagF GCCACAGGTGAACAGAAGGA 20 65.3 none sequencing ΔMshH construct 

MshHdiagR CCAATCCCCAAATCGCTTGC 20 70.5 none sequencing ΔMshH construct 

pMshH.For CTGCAAACGCGTAAGTGGC 19 66.8 none PCRing pMshH from WT 

pMshH.Rev CCACTGCTATTTGGTTCGCC 20 66.5 weak PCRing pMshH from WT 

pMshH.F2 TCAAGATCGCTACTCAACCG 20 63 none PCRing pMshH from WT 

pMshH.R2 CTATTTGGTTCGCCATCGATT 21 64.7 weak PCRing pMshH from WT 

pMshH_seq2F CCGCCGATGGATTTTGATGAC 21 70.4 none Sequencing pMshH from WT 

pMshH_seq3F TTTTAAAGCGGTGCCTCCCT 20 66.6 none Sequencing pMshH from WT 

pMshH_seq4F TCCAACATAGTACAGCGTATCC 23 61.7 very weak Sequencing pMshH from WT 

pMshH_seq5F TCAGCTTTAAAACGGTCGGC 20 66.1 none Sequencing pMshH from WT 

pMshH_seq1R TGTCCCCAACTTCCTTGCTG 20 67.4 none Sequencing pMshH from WT 

pMshH_seq2R CTTGAAGCATTTTGGGCATCC 21 67.5 none Sequencing pMshH from WT 

pMshH_seq3R AGCGCCACTCTCCAGTAAAG 20 63.4 very weak Sequencing pMshH from WT 

pMshH_seq4R ACGATAACAGGCTTGGCGAT 20 65.6 none Sequencing pMshH from WT 

pMshH_seq5R TGATTTTCATGGCGTTGGTCAA 22 69.3 very weak Sequencing pMshH from WT 

M13for TGTAAAACGACGGCCAGT 18 61.8 none PWKS30 PCR 

M13rev CAGGAAACAGCTATGACCATG 21 62.1 none PWKS30 PCR. 

MshHseq1R TTTCACTGACCTTGTTTGCCC 21 66.1 none sequencing ΔmshH construct 
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