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Abstract 

 The murine attaching and effacing (A/E) pathogen, Citrobacter rodentium, is used as an 

infection model in vivo for the A/E pathogens enterohemorrhagic and enteropathogenic 

Escherichia coli (EHEC and EPEC). All three A/E pathogens harbor the Locus of Enterocyte 

Effacement (LEE) which encodes a Type III Secretion System (T3SS) and other virulence 

factors that are required for the adherence to intestinal epithelial cells, formation of pedestals and 

injection of effector proteins. During colonization, these pathogens face a myriad of challenges 

associated with the gastrointestinal tract including acidic pH, bile, oxygen gradients, mucus, and 

microbiome-mediated colonization resistance. To ameliorate the environmental stressors 

encountered, pathogens like C. rodentium, utilize two-component systems (TCS) to sense and 

appropriately respond to changes in the surrounding environment by moderating gene 

expression. The Cpx envelope stress response (ESR), consisting of the sensor histidine kinase 

CpxA and the response regulator CpxR, has previously been shown to be required for C. 

rodentium colonization and virulence in vivo. The purpose of this thesis was to investigate the 

observed attenuation by analyzing genes up and downregulated in the presence of the Cpx ESR 

to determine which, if any, were required for pathogenesis. Using transcriptomic and proteomic 

datasets from previous research as well as luminescent reporter assays to confirm Cpx-dependent 

upregulation, the genes yebE, ygiB, bssR, and htpX were chosen for further study. Here we 

showed that the virulence-inducing condition high-glucose Dulbecco’s modified Eagle medium 

(HG-DMEM) strongly activated the Cpx ESR and further induced the expression of our four 

genes of interest. After gene deletion by allelic exchange, it was determined that only the 

ΔcpxRA mutant had reduced colonization and was attenuated in vivo in C57Bl/6J and C3H/HeJ 

mice, while the ΔyebE, ΔygiB, ΔbssR, and ΔhtpX mutants remained virulent. To further 
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investigate the colonization defect seen in the ΔcpxRA mutant, we conducted growth experiments 

in buffered simulated colonic fluid (SCF). Interestingly, we were able to replicate the observed 

colonization abilities of our mutants seen in vivo as only the ΔcpxRA mutant experienced a 

growth defect in SCF. In addition, SCF highlighted an extreme sensitivity to sub-inhibitory 

levels of oxidative stress as well as various growth defects in our mutants. Niche differentiation 

and pathogen expansion via aerobic respiration is important for C. rodentium infection and our 

data suggests that the Cpx ESR is necessary in the colonic environment to mediate relevant 

stressors. Following these findings, we turned focus to investigate genes downregulated by the 

Cpx ESR. The downregulated genes espV, mpc, kfcC, pspA and pspF, identified from the 

transcriptomic and proteomic datasets, were confirmed to have reduced expression in the 

presence of the Cpx ESR in HG-DMEM. espV and mpc encode a non-LEE encoded T3SS and 

LEE regulator respectively, and the kfc operon encodes a putative fimbria. This data supports the 

notion that the Cpx ESR downregulates virulence factors and could implicate that controlled 

virulence gene expression contributes to cell viability in vivo. Finally, after bioinformatic 

analyses indicated an interaction between yebE and pspACE, all genes which undergo regulation 

impacted by the Cpx ESR, we generated various mutant strains and luminescent reporters to 

experimentally determine possible interactions. Here we found the presence of YebE influences 

the Phage Shock Protein (Psp) response, measured by pspA-lux expression, and the absence of an 

intact Psp response induces yebE expression. Overall, these data contribute to the overall 

knowledge surrounding C. rodentium colonization and virulence as well as proposes novel 

interactions between the inner membrane stress responses, CpxRA and Psp, as well as the inner 

membrane protein YebE.  
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1.1 Citrobacter rodentium 

Citrobacter rodentium is a Gram-negative attaching and effacing (A/E) pathogen of mice 

with the two most studied strains being ICC168 and DBS100 (1–4). It is a non-motile, facultative 

anaerobe and colonizes the cecum and colon of mice (2, 5–7). C. rodentium causes colonic crypt 

hyperplasia in mice which results in severe inflammation in the colon (2, 3, 6, 8–10). Colonic 

crypt hyperplasia is characterized by elongation of the intestinal crypts, disruption of the 

microvilli, and inflammation which results in dehydration and diarrhea (6, 11). Infections are 

lethal for some mouse strains like C3H/HeJ, while C57Bl/6 mice experience self-limiting 

infections (12, 13). C3H/HeJ mice have a mutation in tlr4 making them unable to respond to 

bacterial lipopolysaccharide (LPS) (13, 14). However, the specific sensitivity to C. rodentium 

infection by C3H/HeJ was found to be independent of LPS responsiveness and instead was due 

to the locus identified as Cri1 (Citrobacter rodentium infection 1) (13, 14). The susceptible Cri1 

allele is conserved in the mouse strains C3H/HeJ, C3H/HeOuJ, FVB, and AKR/J, which all 

succumb to C. rodentium infection, and it was determined mouse susceptibility from the Cri1 

locus was not due to altered C. rodentium colonization (14–16). Instead, the Cri1 locus contains 

the gene Rspo2, encoding the secreted protein R-spondin 2, which is strongly upregulated in the 

subepithelial stromal cells of the colonic mucosa in susceptible mouse strains upon infection 

with C. rodentium and causes the activation of Wnt signalling resulting in inhibition of colonic 

epithelial differentiation and disrupted intestinal homeostasis (16).  

 

1.1.1 Attaching and effacing pathogens 

C. rodentium is used as a model for the human A/E pathogens, enterohemorrhagic and 

enteropathogenic Escherichia coli (EHEC and EPEC, respectively), which are essentially non-
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pathogenic in mice (3, 11, 17). A/E pathogens utilize a type III secretion system (T3SS) to 

adhere to the intestinal epithelial cells allowing them to inject effector proteins which disrupt 

host cell function (3, 17, 18). C. rodentium is suspected to have undergone convergent evolution 

with human pathogenic E. coli with 67% of its genes also found in EPEC and EHEC (10, 19). 

Given this, there are a few differences between EHEC, EPEC, and C. rodentium which are 

important to note in the context of their epidemiology, pathology, and in vivo localization. EHEC 

O157:H7 is a Shiga toxin encoding gastrointestinal pathogen and is a large contributor of food-

borne illness in industrialized nations with bovine reservoirs capable of shedding the pathogen 

which contributes to its high transmissibility and outbreaks (10, 20–23). On the other hand, 

EPEC, like C. rodentium, does not encode a Shiga toxin and is a common water-borne pathogen 

causing disease in children throughout the developing world (10, 22–24). EPEC also encodes a 

Type IV fimbria known as the bundle-forming pilus (BFP) on the EPEC adherence factor (EAF) 

plasmid which is integral in initial adherence to epithelial cells (25–29). While C. rodentium 

doesn’t have an EAF encoded BFP, its genome contains 19 putative fimbrial operons including 

kfc, gcf, and a putative Type IV pili in the cfc operon (19, 30, 31). The cfc operon has significant 

homology to some of the genes that encode the BFP of EPEC and the components CfcC and CfcI 

are required for colonization in vivo (29, 30). Other differences are exemplified by C. rodentium 

having 29 T3SS effector proteins, including the 22 found in EPEC E2348/69 as well as C. 

rodentium harbors two Type VI secretion systems (T6SS), whereas EHEC only contains one 

T6SS which is genetically distinct (19). The C. rodentium T6SS genes are clustered into CTS1 

and CTS2 where CTS1 conferred a growth advantage in vivo during an interspecies competition 

assay while CTS2 is predicted to be non-functional (19, 32).  
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In humans, both EPEC and EHEC colonize the gastrointestinal mucosa with EPEC 

favoring the small intestine and EHEC localized initially to Peyer’s patches in the small intestine 

followed by colonization in the large bowel (23, 33–36). Similarly to EHEC, C. rodentium has 

been shown to initially colonize a lymphoid structure in the cecum known as the cecal patch 

followed by colonization of the colon and rectum (9, 10, 37, 38). While differences in 

epidemiology and pathology exist between EHEC, EPEC, and C. rodentium, due to limitations 

of studying EPEC/EHEC in animal models, studying the model organism C. rodentium in the 

context of mechanisms required for pathogenesis in a mouse model of infection is an important 

area for developing insights into A/E pathogen colonization and virulence. 

 

1.1.2 Locus of Enterocyte Effacement 

The A/E pathogens EPEC, EHEC, and C. rodentium all harbor the Locus of Enterocyte 

Effacement (LEE) pathogenicity island that contains five operons (LEE1-5) encoding key 

proteins which are responsible for the hallmark lesions formed upon intimate attachment to 

intestinal epithelial cells (39, 40). The LEE in C. rodentium is organized with LEE1, LEE3, 

LEE5 and LEE4 on the positive strand and LEE2 and R1/R2 on the negative strand (39). LEE1 

encodes the master regulator ler along with structural proteins for the T3SS. LEE3 is a 

polycistronic operon which encodes the regulator mpc and important structural proteins like the 

translocase, EscV, and ATPase, EscN (41–45). LEE5/Tir contains the genes tir and eae which 

encode the proteins Tir and intimin, respectively, and are required for the intimate attachment to 

epithelial cells (4, 39). LEE4 largely contains esp genes which encode for effector proteins 

secreted by the T3SS while LEE2 contains genes for structural proteins, chaperones, and 

secreted proteins (39).  
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In terms of homology, the LEE of C. rodentium contains significant differences from the 

LEE found in EHEC and EPEC.  In particular, the C. rodentium LEE is approximately 36kb 

whereas the EHEC/EPEC LEE is closer to 34 kb (39). The C. rodentium LEE contains two 

intergenic regions which differ from that of EHEC/EPEC and its R1/R2 operon is located on the 

opposite side of the LEE: downstream and in the opposite direction of LEE4, as opposed to 

EHEC/EPEC R1/R2 which is upstream and in the opposite direction of LEE1 (39). In addition, 

within the LEE of C. rodentium the homology of highly conserved proteins relative to 

EHEC/EPEC, which have 100% identity and similarity, is typically less than 95% (orf2, orf3, 

escS,  cesD, escJ, orf12/mpc, orf15, escF) (39). Lastly, the C. rodentium LEE is located in 

between the insertion sequence element, IS679, also found in the EAF plasmid, with the region 

upstream of IS679 homologous to plasmids in Salmonella and EHEC, and an ABC transporter 

operon (39). In EPEC and EHEC, the LEE is located within the selC tRNA gene (39). Despite 

these apparent differences in the LEE organization, gene homology, and location in the 

chromosome between A/E pathogens, the virulence mechanism of these organisms are highly 

similar indicating conservation for this mode of pathogenesis (39).  

 

1.1.3 LEE regulation 

There are numerous LEE-encoded regulators that influence LEE expression. The master 

regulator, Ler, is a transcriptional activator encoded in the LEE1 operon and activates the 

expression of LEE1-5 (46). Ler is a histone-like nucleoid structuring protein (H-NS) paralog 

which is thought to disrupt H-NS binding to the LEE thus enabling the transcription of LEE1-5 

(46–49). Ler also activates expression of the transcriptional activator, GrlA, and repressor, GrlR, 

encoded in the Ler-regulated grlRA operon (R1/R2) that act upon LEE1 thus forming a 
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regulatory loop (10, 39, 50, 51). GrlA contains a helix-turn-helix DNA binding motif and is 

required for the activation of ler likely by direct interaction with a cis-acting element upstream of 

LEE1 while GrlR represses GrlA activity through the formation of GrlR-GrlA heterodimers 

utilizing a surface-exposed Glu-Asp-Glu-Asp motif on the GrlR β-barrel (51, 52). There is also 

another, less characterized LEE-encoded regulator known as Mpc/CesL/l0036/orf12 which is the 

first gene in the polycistronic LEE3 operon (41, 44, 53). The presence of Mpc is essential for the 

expression of translocator proteins located in LEE3 and prevents premature secretion of effector 

proteins in conjunction with gatekeepers SepL/SepD, while overexpression of Mpc suppresses 

the LEE through interactions with Ler, suggesting that Mpc is important for the correct timing of 

the LEE-encoded T3SS assembly and activity (18, 41, 44, 53, 54).  

In addition to LEE-encoded regulators, there are numerous other direct and indirect 

regulators of the LEE studied in EHEC, EPEC, and C. rodentium which activate or inhibit its 

expression based on growth, cellular need, and sensed environmental stressors (50, 55, 56). In 

general, the LEE is largely regulated by nucleoid associated proteins (NAPs) which are highly 

conserved across Eukarya, Bacteria, and Archeae (56). ler is transcriptionally activated by the 

integration host factor (IHF) and the factor for inversion stimulation (FIS), as well as repressed 

by histone-like nucleoid structuring proteins H-NS and HhA (49, 56–61). It has been 

demonstrated in EHEC and EPEC that Ler alleviates repression by H-NS allowing for the 

transcription of the LEE operons and other virulence factors (49, 62, 63).  

Environmental factors also play a large part in the correct regulation of the LEE. While 

limited studies have been conducted on C. rodentium LEE regulation in response to various 

environmental conditions, the literature is much more expansive for EHEC and EPEC (55, 56). 

In EHEC, numerous environmental signals have been implicated in the regulation of the LEE 
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such as quorum-sensing molecules, glycolytic and gluconeogenic carbon sources, ethanolamine, 

fucose, butyrate, and biotin (reviewed by 56). In EPEC, growth phase, growth conditions, 

nutrient deprivation, and envelope stress responses are all associated with the altered regulation 

of the LEE (55). In C. rodentium, H-NS represses the σ70 promoter of grlA while RegA, an 

AraC-like regulatory protein, activates it in the presence of bicarbonate ions (50, 61, 64, 65). In 

addition, the leucine-responsive regulatory protein, Lrp, also directly represses transcription of 

ler which subsequently impacts the expression of other LEE genes, while the stationary phase 

sigma factor RpoS has been implicated in the positive regulation of the LEE (66, 67). ExuR, a 

sugar acid metabolism transcription factor, was shown to be required for the expression of Ler in 

EHEC with a putative binding site located in the regulatory region upstream of the P1 promoter 

of ler in EHEC (68). Reduced expression of LEE-encoded genes was also demonstrated in a C. 

rodentium ΔexuR mutant relative to wild-type cells suggesting this regulatory mechanism is 

conserved (68). The complex and multi-faceted regulation of the LEE suggests that A/E 

pathogenesis relies on the ability of cells to adequately sense the environment and correctly 

regulate the expression of virulence mechanisms to cause disease.  

 

1.2 Colonization of the gastrointestinal tract by C. rodentium 

As thoroughly reviewed by Collins et al. (10), C. rodentium colonization begins upon 

entrance into the gastrointestinal tract, where the bacteria initially colonize the caecum, followed 

by the colon and rectum (9, 37, 38). Like other A/E pathogens, there are three general phases of 

infection: initial adherence, T3SS-dependent translocation of effectors, and intimate attachment 

(10). The current model for C. rodentium initial attachment is proposed to be through the use of 

fimbria, pili or adhesins, in a similar manner to that of EPEC which utilizes its BFP to adhere to 
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human cells, and while the exact mechanism has yet to be characterized, speculations have been 

attributed to the Type IV Cfc pilus, the Kfc fimbria, and the adhesin AdcA of C. rodentium (10, 

28, 30, 64). Following attachment, A/E pathogens utilize the LEE-encoded T3SS to form a pore 

in the host cells membrane and inject the protein Tir followed by both LEE and non-LEE 

encoded effector proteins (10, 69). Tir inserts into the host cells membrane via a hairpin-loop 

structure and is required for the formation of pedestals via actin reorganization, colonization, and 

colonic hyperplasia (10, 70). Following translocation of Tir, the protein intimin, encoded by the 

eae gene, is localized to the bacterial membrane, and binds to Tir thus forming a stronger 

attachment to the intestinal cell (9, 10). This attachment promotes actin reorganization via 

translocated effector proteins which results in a pedestal being formed underneath the bacterial 

cell. The effector proteins cause cytoskeleton rearrangements that result in pedestal formation 

and microvilli effacement as well as impact numerous signaling pathways involved in cell health, 

integrity, and immune response (9, 10). Following intimate attachment, C. rodentium clonally 

expands to form microcolonies known as A/E lesions (71). The initial formation of these lesions 

via adherence of luminal planktonic bacteria is limited to the first 18 hours of infection and 

largely determines the severity of infection (71).  

 

1.2.1 Environmental challenges 

The gastrointestinal tract provides numerous physical challenges to colonization that C. 

rodentium must tolerate (see Figure 1.1). One of the most notable is the widely varying pH 

throughout the gut. The mouse stomach has a pH of approximately 3-3.5 which has been 

reported to increase to anywhere from 5-7 in the distal colon and feces (72–74). Strong acids and 

weak acids have differing effects on bacterial cells. In E. coli, the inner membrane is a barrier 
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which prevents the uptake of protons from strong acids with a pH of 5, which, when coupled 

with the buffering capacity of the cytoplasm, allows maintenance of a physiological cytoplasmic 

pH (75). In the stomach, weak organic acids are more easily able to pass through the inner 

membrane and overcome the buffering capacities of the cytoplasm which results in acid shock 

and can disrupt proton motive force (PMF) which is important for cellular energetics (75). The 

gastric acid present in the stomach has been shown previously to reduce the survivability of 

enteric pathogens and limit their ability to cause infection (76, 77). 

Acid-tolerance by EPEC and EHEC have been well-characterized over the years. E. coli 

has four currently identified mechanisms which are used to tolerate acid stress at levels below 

pH 3: the oxidative or glucose-repressed system, as well as the fermentative systems including 

glutamate- (GadABC), arginine- (AdiAC), and lysine-dependent acid resistance (CadAB) (75, 

78, 79). The oxidative acid response system was the first acid response system identified, does 

not require an external amino acid to mediate acidic stress and is thought to be modulated by the 

availability of key internal and external intermediates involved in cell metabolism (80). The 

amino acid-dependent mechanisms, which are more concisely defined, consist of a 

decarboxylase, which consumes a proton, and an antiporter, that exports a net positive charge out 

of the cell (75). The oxidative system is thought to utilize the decarboxylase from the glutamate-

dependent acid resistance mechanism to mediate acid stress in stationary-phase cells in the 

absence of glucose (80). Utilizing simulated gastric fluid, both EPEC and EHEC have shown 

enhanced resistance and recovery to stress caused by acid (81, 82). The alternative sigma factor 

σs, encoded by rpoS, which responds to conditions like nutrient deprivation, unfavourable 

conditions (pH, osmolarity, temperature), and stationary phase, is required for the activation of 

the oxidative acid response system, regulates the glutamate-dependent acid response system, and 
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is associated with the survival of various EHEC and EPEC strains in response to acid stress in 

vitro and in vivo (75, 79, 83–86). Regulators which influence the most-studied glutamate-

dependent acid resistance system (GadABC) include the EvgSA and PhoPQ two-component 

systems (TCS), the TrmE (MnmE) and ArcAB circuit, the GadXW AraC-like regulators, and 

sRNA GadY, which are largely condition-, pH-, and growth phase-dependent and contribute to 

the tightly controlled induction of gadA, gadBC, and gadE (75). A relatively new finding in the 

field of E. coli response to, and mediation of, acid stress involves the TCS CpxRA which 

upregulates the fatty acid biosynthesis genes fabAB resulting in altered membrane permeability 

and maintenance of pH homeostasis (87).  

Like E. coli, C. rodentium employs the alternative sigma factor RpoS in response to 

stress which contains 92% sequence identity with EPEC and EHEC strains (66). While the role 

of RpoS in C. rodentium tolerance to acid has not been tested directly, its importance in 

resistance to oxidative stress and tolerance to heat has been demonstrated (66). Different from 

other enteric pathogens, C. rodentium has lost the genes for glutamate-dependent acid-resistance 

which are found in E. coli and it has been shown that the addition of exogenous glutamate, 

proline, and lysine does not improve C. rodentium survival in acid shock media (78, 88). Cheng 

et al. (78) postulate this is because C. rodentium, a murine pathogen, is only required to 

withstand a stomach pH of 3 as opposed to E. coli which must tolerate the pH of a human 

stomach that is closer to 2.  

Bile is secreted by the liver where it disperses either to the small intestine for digestive 

purposes or to the gall bladder for storage (89, 90). Bile is considered an antimicrobial, primarily 

because it can disrupt the phospholipid bilayer and membrane proteins of bacteria (89, 91). 

Gram-negative enteric pathogens have resistance mechanisms in order to adapt to the toxic 
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effects of bile including the presence of LPS and use of efflux pumps (89, 92, 93). While 

mechanisms for bile resistance have yet to be characterized in C. rodentium, it has been 

demonstrated to grow efficiently in bile although becomes sensitive to elevated bile 

concentrations which reduce its colonization ability and increase its clearance rate in vivo (93, 

94). 

Oxygen gradients are prevalent both longitudinally and latitudinally in the 

gastrointestinal tract. In relative terms, the colon is more anoxic than the stomach, while the 

lumen is more anoxic than the mucosal surface (95, 96). Oxygenation of the gastrointestinal tract 

can also be impacted temporally as blood flow increases during active digestion which in turn 

raises oxygen levels while inflammation can reduce oxygen in the mucosa (96). An obvious 

stressor associated with the presence of oxygen is the development of reactive oxygen species 

(ROS) which are deleterious to cell function by numerous mechanisms including from direct 

killing by oxidative damage (97). On the other hand, the difference in oxygen levels within the 

gut contributes to the spatial organization of microbiome members where obligate anaerobes 

have higher prevalence in the colonic lumen whereas facultative anaerobes, like pathogens, are 

able to thrive closer to the epithelial cell surface (98–100). C. rodentium utilizes this spatial 

heterogeneity to its advantage during colonization. It has been demonstrated that C. rodentium 

can disrupt mitochondrial oxidative phosphorylation resulting in a switch to glycolysis which in 

turn increases the oxygen concentration in the colonic mucosa resulting in rapid luminal 

pathogen expansion via aerobic respiration (101–103). This interruption to hypoxia at the 

intestinal epithelial has been proposed as a mechanism for niche differentiation and overcoming 

competitors in the colonic mucosa (101, 102). 

Lastly, a prominent barrier in the gastrointestinal tract is the intestinal mucus that is 
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produced by goblet cells in the intestinal epithelial layer (104). In the colon, goblet cells are 

found along the crypts of the colon and secrete enough mucus, mostly consisting of the 

glycoprotein mucin 2 (Muc2), to form two layers above the epithelial cells (104). The top layer, 

closest to the lumen, is less-defined relative to the lower layer and contains mucus, bacteria, and 

dietary material (104). The bottom layer is maintained at a relatively constant thickness and is 

virtually free of bacteria. Relative to the small intestine, the colon secretes less antimicrobial 

peptides because the presence of bacteria is important for the generation of metabolites like short 

chain fatty acids and vitamins, therefore the antimicrobial peptides it does secrete are more 

geared towards inhibiting bacteria from crossing the mucosal barrier via size-exclusion and 

inhibiting motility (104). C. rodentium utilizes mucinases to breakdown the mucus layer in order 

to reach the intestinal epithelial cells (105). In addition, research has shown that breakdown of 

the mucus barrier by dysbiosis of the microbiome or diseases like inflammatory bowel disease or 

hyperglycemia can increase the susceptibility of hosts to gastrointestinal pathogens (104). The 

success of C. rodentium colonization and the subsequent colitis that is induced has been strongly 

associated with the breakdown or disruption of the mucosal barrier either from antibiotic 

treatment, improper diet, or genetic defects in immune regulatory genes (104, 106–111).  

 

1.2.2 Colonization resistance and the microbiome 

C. rodentium colonization is not only impacted by the physical parameters of the 

gastrointestinal tract but also the microbiome members present (see Figure 1.1). Colonization 

resistance occurs when the native microbiome prevents incoming bacteria, like pathogens, from 

colonizing the gastrointestinal tract by limiting the availability of space and nutrients, and 

producing deterrents like bacteriocins (112–115). As previously mentioned, C. rodentium 
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oxygenates the lumen via aerobic respiration to promote pathogen expansion and perhaps 

overcome microbiome competitors that are more sensitive to oxygen (101, 102). However, prior 

to the development of colonic crypt hyperplasia and aerobic respiration, it has been demonstrated 

that C. rodentium utilizes host derived H2O2 in order to facilitate anaerobic respiration which 

generates a specific niche for it to occupy in the early stages of colonizing the epithelial surface 

(116). Obligate anaerobes are typically sensitive to H2O2 which suggests this is a mechanism C. 

rodentium uses to subvert colonization resistance (116).   

As another strategy to overcome colonization resistance, C. rodentium is able to use 

numerous carbon sources demonstrated in vivo and in vitro, like galacturonic acid, 

monosaccharides like fructose, citric acid cycle intermediates including succinate, fumarate, and 

malate, as well as mono- and polyunsaturated fats (68, 111, 117–120). In addition, it has been 

demonstrated that C. rodentium upregulates the expression of amino acid biosynthesis enzymes 

which are required when there is a microbiota present in vivo, suggesting that it avoids 

competition for amino acids in the gut as a strategy to overcome colonization resistance (119, 

121, 122).  

The ability to stimulate, and duration of, C. rodentium colonization in the gastrointestinal 

tract has been shown to be highly dependent on the microbiome. Disruption to the microbiome 

from the exposure of the host to psychological stress or treatment with antibiotics improved C. 

rodentium colonization (106, 123). In addition, a western-style diet has been shown to influence 

the progression of C. rodentium colonization where it is initially lower but is able to persist in 

mice due to changes in microbiome composition (118). Interestingly, upon supplementation with 

a mouse commensal Proteobacteria, the western-diet fed mice were able to reduce the persistence 

of C. rodentium as were gnotobiotic mice that underwent fecal transplantation with feces derived 
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from normally fed mice (118). The concept of dysbiosis was further explored when mice were 

treated with either kanamycin, metronidazole, or vancomycin which differentially alter the 

microbiome (124). It was determined that only pre-treatment with kanamycin displaced C. 

rodentium colonization suggesting that specific commensal microbiome members are required 

for successful C. rodentium infection (124). This was supported by the finding that while C. 

rodentium could grow in germ-free mice to high titers, it was localized to the content of the 

cecum as opposed to cecal or colonic tissue (124). This data indicates that while dysbiosis aids in 

C. rodentium colonization, perhaps through the reduction of, or disruption to, colonization 

resistance, the presence of certain microbiome members is also required for proper C. rodentium 

infection. One member that has been shown to be beneficial for C. rodentium pathogenesis is 

Bacteroides thetaiaotaomicron whose presence increases gut permeability through accelerated 

degradation of the mucus layer and possibly regulates virulence mechanisms through the 

production of signaling metabolites like succinate (125).  

While some members of the microbiota are important for C. rodentium colonization, 

other members are deleterious. C. rodentium colonization, persistence or induced colitis was 

negatively impacted upon supplementation of the microbiome with phytonutrients causing 

increased levels of Clostridia species, probiotics, hyaluronan, Bifidobacteria produced surface 

exopolysaccharide, lactobacilli-enriched commensal culture, or dietary quercetin (108, 126–131). 

Upon investigation into why the composition of the microbiome impacts C. rodentium 

colonization, Osbelt et al. (117) found that the presence of butyrate-producing bacteria and 

higher levels of short chain fatty acids like butyrate, propionate, and acetate were associated with 

increased resistance to infection. It was also shown that exogenous supplementation of butyrate 

lowered the susceptibility of mice to C. rodentium infection once a certain concentration of 
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butyrate had been reached in the cecum (117). In addition, commensal microbiome members, 

including E. coli, have been shown to compete with C. rodentium for monosaccharides which 

results in reduced colonization and increased pathogen clearance (120). These studies highlight 

the reliance of C. rodentium colonization and persistence on the presence, composition, and 

symbiosis of the microbiome.  

 

1.3 The gram-negative bacterial cell envelope 

The gram-negative bacterial cell envelope, consisting of an outer membrane, periplasm, 

and inner membrane, is responsible for differentiating and protecting the cell from the 

surrounding environment. It plays an important role in the maintenance of cellular homeostasis, 

the import and export of nutrients and toxins, energizing the cell, and sensing external cues 

including physical stressors and chemical signals.  

 

1.3.1 Envelope structure 

The outer membrane is made up of an inner leaflet of phospholipids and an outer leaflet 

of glycolipids, mainly lipopolysaccharide (LPS) (132). LPS is an endotoxin and functions as a 

barrier to protect cells from hydrophobic molecules like detergents and antibiotics as well as 

stressors like harsh pH (132–134). LPS consists of lipid A (endotoxin), a conserved inner core 

oligosaccharide, a more variable outer core, and a highly variable region known as the O-antigen 

(134). Embedded in the outer membrane are mainly β-barrel proteins which are folded and 

inserted by the Bam (β-barrel assembly machine) complex and are largely associated with the 

transport of molecules across the outer membrane into or out of the periplasm or cytoplasm (132, 
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135). For example, TolC is an outer membrane β-barrel protein that, in conjunction with AcrAB, 

works as a transmembrane efflux pump to export toxic molecules, like antibiotics, from the 

cytoplasm out of the cell (132, 136, 137). The combination of LPS with the membrane-

embedded β-barrel proteins allows for the selective permeability of the outer membrane (132). 

Lipoproteins are proteins connected to a lipid which can integrate into either the outer or inner 

membrane via the Sec or Tat translocon (see below) and the Lol (localization of lipoproteins) 

export pathway (132, 138). The most abundant protein in E. coli is the lipoprotein Lpp, which 

functions to connect the outer membrane to the peptidoglycan layer in the periplasm (132, 139).  

The periplasm of Gram-negative bacteria contains a thin peptidoglycan layer made up of 

crosslinked repeating disaccharide units consisting of N-acetyl glucosamine and N-acetyl 

muramic acid which forms a “mesh” around the cell and helps with cell shape and rigidity (132). 

Within the periplasmic space that is not occupied by peptidoglycan, there are metabolites, 

solutes, and numerous proteins, both soluble and membrane associated. These proteins include 

degradative enzymes, periplasmic binding proteins, and chaperones and proteases, which aid in 

the folding and/or degradation of proteins as well as the facilitation of proteins moving from the 

inner to the outer membrane (132).  

The last component of the gram-negative cell envelope is the inner membrane which 

consists of a phospholipid bilayer that is studded with numerous transmembrane and membrane-

associated proteins. Proteins associated with the inner membrane have a wide range of functions 

like those involved in energetics through the generation of adenosine triphosphate (ATP) and 

proton motive force (PMF), quality control, envelope stress, motility, and secretion systems as 

well as numerous uncharacterized proteins. The proteins are either transported across the 

membrane via the Sec translocon or the twin-arginine translocation (Tat) pathway (132). The Sec 
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translocon consists of inner membrane proteins SecYEG, which form a channel in the inner 

membrane, cytoplasmic export factor SecA, chaperone SecB, and an auxiliary component, the 

insertase YidC (140). Proteins can either be transported co- or post-translationally as unfolded 

peptides in a chaperone-dependent or -independent manner (140). If proteins are destined for the 

inner membrane, they can either by inserted via SecYEG directly, or with the assistance of the 

auxiliary insertase YidC, or solely by YidC (140–142). On the other hand, if proteins are to be 

transported to the periplasm, they are typically met by a chaperone, such as SurA, DegP, Skp or 

DsbA, to assist with proper protein folding (132). The other form of translocation is via the Tat 

pathway which moves folded proteins across the membrane relying solely on PMF (143). The 

Tat pathway was recently demonstrated as important for C. rodentium resistance to bile and 

fitness in vivo (93).  

 

1.3.2 Stress responses 

Due to the integral role of the envelope in overall cell health, it contains numerous 

proteins which are involved in sensing perturbations to this compartment known as stress 

responses. A well-known and conserved mechanism for the altered regulation of genes is through 

the production of alternative sigma factors which can be generated in response to several 

different stressors. The E. coli general stress response consisting of the alternative sigma factor 

σS , encoded by rpoS, is required when cells experience stress in stationary phase (86, 144). It 

competes with σ70 , the housekeeping sigma factor, for RNA polymerase which results in the 

increased expression of genes that can enhance survival of the bacterial cell by making it 

generally more resistant to stress (144). The regulatory networks of σS are very complicated but it 
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is known to affect regulation at the transcription, translation, and protein and transcript 

degradation levels of σS -dependent genes as well as some already expressed by σ70 (86). 

A specific stress response associated with the maintenance of the outer membrane and 

periplasm is the σE envelope stress response (ESR). Thoroughly reviewed by Hews at al. (145), 

σE is an extracytoplasmic sigma factor, encoded by rpoE and essential in E. coli, that senses 

misfolded or mistranslocated outer membrane proteins in the outer membrane and periplasmic 

space. Regulation of the σE response involves the inhibitors RseA and RseB, which are localized 

to the inner membrane and periplasm, respectively (146). RseA inhibits σE activity in the 

cytoplasm, which is amplified by RseB (147). Upon induction by misfolded proteins in the 

periplasm, the proteases DegS and then RseP, cleave RseA thus releasing RseA-σE into the 

cytoplasm upon which it is further cleaved by ClpXP after binding to SspB (145, 148–151). The 

σE ESR is induced by numerous stressors like heat or acid shock, oxidative stress, and carbon 

starvation, which can cause disruptions to LPS and outer membrane biogenesis by impacting 

protein folding and translocation within the periplasm (145, 152).  

A much less understood ESR is the Phage Shock Protein (Psp) inner membrane stress 

response that consists of the pspABCDE operon, the response enhancer pspF, and auxiliary gene 

pspG (Figure 1.2) (153). In E. coli, the Psp response is required for bacterial survival in the 

presence of β-lactam antibiotics despite its small regulon suggesting it has a crucial role as an 

effector in reducing cell susceptibility under stress (154). The Psp response is thought to sense 

disruptions to the cell envelope and PMF as it is induced by numerous factors including 

mislocalization of outer membrane pore-forming proteins known as secretins, temperature 

extremes, ethanol, and compounds that disrupt PMF (153, 155, 156). Upon induction, the 

transmembrane proteins PspBC alter conformation which recruits the periplasmic protein PspA 
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to the inner membrane (155, 157, 158). Apart from this, PspB and PspC are also important in the 

prevention of cell death from mislocalized secretins (159, 160). Upon recruitment to the inner 

membrane, PspA releases its inhibition of the response enhancer, PspF, which binds upstream of 

the σ54-driven promoter for the pspABCDE operon and pspG to promote their transcription (153, 

155, 157, 161–164). pspF is an auto-regulated gene under the control of a σ70 promoter, therefore 

its transcription is maintained at a constant low level (163, 165, 166). PspA has also been shown 

to form large multimers which are thought to bind to the inner membrane to help stabilize it 

while under stress (167). When the stress to the inner membrane has been relieved, PspA 

resumes its inhibition of PspF by binding to it in the cytoplasm which reduces transcription of 

the pspABCDE operon and pspG gene to essentially turn off the Psp response (153, 155, 166). 

The Psp response has been mainly studied in non-pathogenic E. coli as well as Yersinia 

enterocolitica, a T3SS-utilizing pathogen like C. rodentium, which requires the Psp ESR for full 

virulence (168–170). The Psp response has not been studied in C. rodentium though its genome 

indicates the presence of pspABCD and pspG, therefore it is unclear how it contributes to C. 

rodentium fitness and virulence (19).  

 

1.3.3 Two-component systems in C. rodentium 

Beyond alternative sigma factors and the Psp response, bacterial cells have numerous 

two-component systems (TCS) which sense a variety of environmental stressors. TCS consist of 

a membrane-bound sensor histidine kinase that autophosphorylates and transfers a phosphoryl 

group to a cytoplasmic response regulator which goes on to bind to specific sites upstream of 

genes and function as a transcription factor (171, 172). The general steps for TCS activity are 

signal detection, kinase activation, phosphotransfer, and response generation (171, 172). Some 
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histidine kinases also act as a phosphatase to deactivate the response regulator in non-inducing 

conditions (171, 172). C. rodentium has 26 identified TCS with the RcsBC, ArcAB, and CpxRA 

ESRs strongly associated with pathogenesis in vivo where mutants lacking the respective 

response regulators were significantly attenuated relative to wild-type cells (173). The TCS 

RstAB, UhpAB, and ZraRS also had a significant impact on C. rodentium pathogenesis, though 

their effect on survival post-infection was less significant than the TCS previously mentioned 

(173).  

The RcsBC ESR is a modified version of a TCS called a phosphorelay, as it uses the 

sensor histidine kinase RcsC and response regulator RcsB which are induced by a plethora of 

signals such as those from perturbations to peptidoglycan, cell surface sensing like LPS integrity, 

and disruptions to lipoprotein localization (174). However, the full Rcs phosphorelay requires the 

RcsF lipoprotein in the outer membrane to sense outer membrane perturbations and the inner 

membrane localized regulators IgaA and RcsD (174–176). IgaA interacts with and inhibits RcsD 

in the absence of induction, which is a phosphotransfer protein in the inner membrane that 

transfers the phosphoryl group from RcsC to RcsB, the response regulator (174, 177, 178). RcsA 

is an additional regulator that, in conjunction with RcsB, affects the transcription of a specific 

suite of genes like those involved in flagella or capsule synthesis (174, 179, 180). The absence of 

the Rcs phosphorelay was shown to reduce C. rodentium virulence in vivo, possibly due to 

altered capsule production, while colonization levels remained unaffected (173).  

Another TCS that significantly alters C. rodentium virulence is the ArcAB ESR (173). In 

this TCS, ArcB, the histidine kinase, is induced in oxygen limiting conditions (anaerobic and 

microaerobic), where it phosphorylates the response regulator ArcA which then represses genes 

involved in the tricarboxylic acid (TCA) cycle and glyoxylate pathways to allow adaptation to 
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the redox environment (181, 182). Thomassin et al. (2017) showed that C. rodentium ΔarcB 

mutants could localize to the mucosal surface but had a significant adherence and colonization 

defect in vitro and in vivo, respectively, which was attributed to severely affected T3SS 

regulation and expression.  

 

1.4 The Cpx envelope stress response  

Originally identified in the 1990s, the Cpx (conjugative pilus expression) ESR is a TCS 

which consists of the sensor histidine kinase CpxA and the response regulator CpxR (Figure 1.2) 

(183–185). CpxA is in the inner membrane and consists of two transmembrane domains, a 

periplasmic loop, and a large cytosolic domain (186). Upon activation, CpxA autophosphorylates 

and transfers a phosphoryl group to CpxR, which then binds to a consensus sequence upstream 

of Cpx regulon members leading to altered gene expression (145, 184, 185, 187). The CpxR 

binding consensus sequence 5’-GTAAA(N)4-8GTAAA-3’ is conserved to varying degrees 

however nucleotide deviations from the consensus sequence do not predict the strength of the 

Cpx regulation of the downstream gene (188–190).  

There are two auxiliary proteins associated with the regulation of the Cpx ESR in 

response to stress. CpxP is a periplasmic protein strongly regulated by the Cpx ESR which has 

structural homology to the periplasmic chaperone Spy (145, 190–193). When overexpressed or 

tethered to the inner membrane, it inhibits Cpx response activation, hypothetically through 

interactions with the periplasmic domain of CpxA (185, 194–197). It is currently hypothesized 

that under stressful conditions, CpxP is titrated away from CpxA thus relieving repression of the 

sensor kinase to allow for increased phosphorylation (198). The second auxiliary protein, 
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associated with Cpx response activation is the outer membrane lipoprotein NlpE (199). 

Overexpression of NlpE induces the Cpx response and the lipoprotein has been shown to interact 

with CpxA when the cell is experiencing lipoprotein trafficking and oxidative folding defects 

(145, 199, 200). 

 

1.4.1 Inducing cues 

While the sensing mechanism used by CpxA is poorly defined, inducing cues of the Cpx 

ESR include alkaline pH, salt, defects in peptidoglycan synthesis, antimicrobial peptides, and 

misfolded or defective secretion of inner membrane and periplasmic proteins (145, 185, 189–

191, 201–203). In addition, the level with which the Cpx ESR is activated is dependent on the 

type of signal and the growth phase of the cells as it has been shown to be more active during 

stationary phase (187, 204, 205). It is thought that these signals can induce the Cpx ESR in 

different ways as they can affect either the cytosol, like metabolism and growth cues, which 

activate CpxR independently of CpxA, be sensed by the transmembrane domains of CpxA, or are 

sensed by the outer membrane lipoprotein NlpE which then activates CpxA (202, 206). Some 

signals also rely entirely on CpxA to be sensed like alkaline pH, P pilus subunit overexpression, 

and envelope damage caused by EDTA (185, 206).  

 

1.4.2 Regulon members 

The Cpx ESR regulon was first characterized in E. coli strain MC4100 using both a Cpx 

null and overactivation mutants as well as luminescent reporters (190). Genes that were strongly 

induced by the Cpx ESR included members cpxP, degP, dsbA, yebE, yccA, spy, ppiA and cpxRA, 
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supporting previous findings (188, 190). The majority of these genes are involved in envelope 

biogenesis or maintenance specifically with regards to protein folding (190). Besides cpxP, degP 

and dsbA are two of the most studied regulon members of the Cpx ESR. DegP is a periplasmic 

protease inducible by the heat shock response, σE (207). It was first identified as a member of the 

Cpx regulon in 1995 by Danese et al (207). Later, it was shown that DegP could degrade CpxP 

in the periplasm and this proteolysis was increased in the presence of misfolded proteins (198, 

208). In addition to interactions with CpxP, DegP has also been implicated in the regulation of 

the T3SS in EPEC and its presence is required for C. rodentium pathogenesis (209, 210). 

Another prominent member of the Cpx regulon, DsbA, is a thiol disulfide oxidoreductase which 

along with DsbB aids in the formation of disulfide bonds in envelope proteins (188, 211). Like 

DegP, DsbA is required for T3SS elaboration in EPEC along with efficient expression as well as 

assembly of the bundle-forming pilus required by EPEC for colonization (209, 212, 213). The 

expression of two other Cpx regulon members, yebE and yccA are both copper-inducible in a 

CpxRA-dependent manner and encode predicted inner membrane proteins (189, 214, 215). The 

function of YebE is uncharacterized (216). YccA is a proposed substrate for the protease FtsH 

and it acts to inhibit or limit FtsH-mediated degradation of SecY when the cell’s translocation 

machinery is jammed and could lead to cell death (215, 217). Finally, spy and ppiA both encode 

proteins, a chaperone and isomerase respectively, which are important for proper protein folding 

in the cell envelope (188). The identification and characterization of these Cpx regulon members 

supported the model that the Cpx response is induced by improper inner membrane and 

periplasmic protein folding and therefore upregulates the expression of genes which encode 

proteins that could alleviate those stressors (185, 187).  
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1.4.3 Interactions with other stress responses 

As previously reviewed, the Cpx regulon also appears to include the regulators of other 

stress responses providing evidence for the Cpx ESR to act as a modulator of other stress 

responses (185, 187, 218). The Cpx ESR has been shown to downregulate the operon encoding 

the alternative sigma factor, σE, which senses disruptions to outer membrane biogenesis (185, 

187). It also induces the expression of the inner membrane-localized protein MzrA, which 

activates the EnvZ/OmpR stress response through direct interaction between MzrA and EnvZ 

(185, 187, 219, 220). The EnvZ/OmpR stress response is induced via changes in osmolarity and 

regulates the porins OmpF and OmpC, whose expression is also influenced by the presence of 

CpxRA (187, 221, 222). The BaeSR TCS has a regulon which largely overlaps with the Cpx 

ESR and is most well characterized as a regulator for the mdt-bae operon, which encodes a 

multidrug transporter, and tolC, an outer membrane channel that works in conjunction with 

efflux pumps to remove toxic metabolites from the cell (187, 218, 223). In addition, BaeSR, the 

Rcs phosphorelay, induced by perturbations to the outer membrane and peptidoglycan, and the 

Cpx ESR have been shown to activate the expression of the chaperone spy (195, 218, 224). The 

Rcs phosphorelay and the Cpx ESR are also induced by some of the same extracytoplasmic 

stressors such as defects in lipoprotein trafficking and outer membrane biogenesis, the presence 

of certain antibiotics like polymyxin B, adhesion to surfaces and disruptions to peptidoglycan 

(201, 218, 225–227). A CpxRA-RcsBC interaction associated with virulence has also been 

suggested whereby the Cpx ESR may repress the Rcs phosphorelay which in turn affects the 

expression of the Ysc-Yop T3SS in Yersinia pseudotuberculosis (228). Lastly, as another inner 

membrane stress response, the Psp response has been associated with the Cpx ESR by induction 

under similar conditions and overlap in some regulon members (218, 229). Thus, it has been 
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proposed that the Cpx ESR may act as a modulator of other envelope stress responses thus 

incorporating numerous signals that generates a highly regulated response to encountered 

stressors (187, 218, 225). 

 

1.4.4 The Cpx response and C. rodentium pathogenesis 

Previous studies investigating the role of the Cpx ESR in other pathogens have suggested 

mechanisms by which the Cpx ESR may impact, both negatively and positively, colonization 

and virulence. Some of these mechanisms in EPEC include the negative regulation of perC 

resulting in reduced ler expression, efficient expression of the bundle-forming pilus involved in 

initial host cell attachment, and induction of genes required for maintaining envelope protein 

integrity and the regulation of virulence factors (55, 145, 209, 212, 230). Overall, it has been 

concluded that the Cpx ESR facilitates adaptation to envelope stressors because it downregulates 

virulence genes and large protein complexes while upregulating envelope and protein modifying 

factors, although the specific reasons for its impact on pathogenesis in vivo have not been 

definitively demonstrated in most cases (145).  

In C. rodentium, it has been concluded that the Cpx ESR is activated in vivo based on the 

observation of increased expression levels of cpxP (231). Given that C. rodentium is an A/E 

pathogen relying on the LEE and the encoded T3SS for virulence, it is important to note that the 

absence of CpxRA does not impact the secretion of T3SS effector proteins in vitro, indicating its 

presence has a limited impact on the overall activity of the LEE (210, 231). Differing results 

have been observed in terms of cell health and the presence of CpxRA when grown in virulence-

inducing conditions. Thomassin et al. (231) measured an extended lag phase for cells lacking 
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CpxRA while Vogt et al. (210) found no growth defect in similar conditions. The Cpx regulon in 

C. rodentium has been previously defined by microarray, RNA-seq, and SILAC proteomic 

analysis (210, 232). The data produced from these two studies was extensive and the impacts of 

numerous genes of interest on virulence have not been investigated. Giannakopoulou et al. (232) 

determined that the auxiliary proteins, CpxP and NlpE, were not required for colonization or 

virulence in C. rodentium. On the other hand, Vogt et al. (210) showed that the Cpx regulon 

members degP and dsbA were required for C. rodentium virulence in C3H/HeJ mice, however 

the Cpx regulation of these genes was not responsible for the virulence defect seen when cpxRA 

was absent. The Cpx regulon is extensive with the presence of CpxRA contributing to the 

differential expression of over 330 transcripts in C. rodentium (210, 232). The roles of some of 

the more strongly upregulated genes in both studies, such as yebE, ygiB, bssR and htpX which 

are investigated in this thesis, are not defined in C. rodentium. 

 

1.5 Thesis objectives and hypotheses 

1. Investigate genes in the Cpx regulon to determine whether their Cpx-dependent 

expression could contribute to the attenuation of the ΔcpxRA mutant. We 

hypothesized that the ΔcpxRA mutant was avirulent because members of the Cpx 

regulon were not being appropriately expressed thus negatively impacting cell health 

and colonization ability.  

2. Identify interactions between the Cpx ESR, the Psp response, and the 

uncharacterized inner membrane protein YebE utilizing knockout mutants and 

luminescent reporters.  
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Overall, the research conducted for this thesis was carried out to further elucidate the 

ever-expanding role for the Cpx ESR in C. rodentium colonization and virulence as well 

as to characterize novel interactions between the Cpx response and its regulon members.  
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1.6 Figures 

 

 

Figure 1.1. Citrobacter rodentium faces numerous challenges associated with transit 

through, and colonization of, the mouse gastrointestinal tract. During gastrointestinal transit, 

C. rodentium viability is challenged by the presence of reactive oxygen species (ROS) and 

antimicrobial peptides (AMPs) as well as various stressors unique to the stomach, small 

intestine, and colonic environments. In the stomach, the highly acidic environment from the 

presence of gastric juice activates the general stress alternative sigma factor σs, as well as the 

transcription of genes associated with fatty acid biosynthesis to maintain the cells pH 

homeostasis (evidence for underlined terms demonstrated in Escherichia coli). As C. rodentium 

passes through the small intestine, its lipopolysaccharide (LPS) layer as well as the expression of 

efflux pumps protects it from bile which disrupts bacterial membranes and membrane proteins. 

Once C. rodentium has reached the colon, it competes with host microbiome members for 

nutrients by activating genes involved in amino acid (AA) biosynthesis and using alternative 

carbon (C) sources. Its ability to infect is also negatively impacted by the butyrate produced by 

Clostridia species that contributes to the oxidative phosphorylation (OXPHOS) carried out by 

intestinal epithelial cells (IECs) mitochondria which promotes the presence of mucosal-

associated obligate anaerobes through the maintenance of an anerobic environment. To 

successfully reach and adhere to the IECs, C. rodentium breaks down the mucus layer, largely 

consisting of the glycoprotein mucin 2 (Muc2) utilizing mucinases. The degradation of mucus 

causes the commensal member Bacteroides thetaiotaomicron to secrete succinate, which is a 

signal expression of the type III secretion system (T3SS) used by C. rodentium. Upon attachment 
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via the T3SS, C. rodentium utilizes H2O2, derived from IEC’s NADPH oxidase 1 (NOX1) as well 

as superoxide dismutase (SOD), to anaerobically respire prior to the development of colonic 

crypt hyperplasia. Following secretion of effector proteins by the T3SS, the IEC’s mitochondria 

switch from OXPHOX to glycolysis which oxygenates the colonic mucosal surface resulting in a 

change in microbiome composition and reduction of butyrate-producing obligate anaerobes 

which further reduces OXPHOS. Oxygenation allows C. rodentium and other facultative 

anaerobes like those in Enterobacteriaceae to rapidly expand in the colon. In a mild model of 

infection, Enterobacteriaceae also contributes to the clearance of avirulent luminal C. rodentium. 

Figure created with BioRender.com and adapted from (6, 233). 

  



30 

 

 

Figure 1.2. Model of the Cpx envelope stress response and the Psp response. The Cpx ESR 

is a two-component system consisting of the sensor histidine kinase CpxA and the response 

regulator CpxR, along with the auxiliary proteins CpxP (inhibitor) and NlpE (activator) which 

are localized to the periplasm and outer membrane, respectively. Upon induction by envelope 

stress, CpxA autophosphorylates and transfers a phosphoryl group to CpxR in the cytoplasm 

where it binds to the consensus sequence 5’-GTAAA(N4-8)GTAAA-3’ and influences the 

expression of downstream genes. Genes upregulated by the Cpx ESR include envelope proteases 

and folding factors as well as genes associated with antimicrobial resistance (AMR). Induction of 

the Cpx ESR also results in reduced expression of multi-protein envelope complexes and 

virulence factors. In E. coli, the Psp response is made up of proteins encoded in the pspABCDE 

operon, the upstream gene pspF as well as pspG which is located elsewhere on the chromosome. 

PspA is a negative regulator of the Psp response and effector capable of forming multimeric 

complexes that localize to the inner membrane. PspB and PspC are inner membrane proteins 

which alter conformation upon induction and bind PspA to relieve repression of PspF. PspF is an 

enhancer binding protein under negative autogenous regulation which binds upstream from the 

σ54 promoters of pspABCDE and pspG. PspF is required to fully activate the Psp response which 

aids in membrane stabilization and the maintenance of proton motive force. Figure created with 

BioRender.com and adapted from (145, 155, 234).  
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2.1 Bacterial strains and growth conditions 

Bacterial strains and plasmids used are listed in Table 2.1. Unless otherwise indicated, 

cells were grown in either lysogeny broth (LB; 10 g/L tryptone, 5 g/L yeast extract, and 5 g/L 

NaCl), high-glucose Dulbecco’s Modified Eagle Medium with no phenol (GibcoTM, cat. no. 

31053028) (HG-DMEM), low-glucose Dulbecco’s Modified Eagle Medium (GibcoTM, cat. no. 

11885084) (LG-DMEM), or simulated colonic fluid first developed by Beumer et al. (235), 

using ox bile in lieu of porcine bile (SCF; 6.25 g/L proteose-peptone, 2.6 g/L glucose, 0.88 g/L 

NaCl, 0.43 g/L KH2PO4, 1.7 g/L NaHCO3, 2.7 g/L KHCO3, and 4.0 g/L ox bile). Cultures were 

grown at 37oC with aeration at 225 rpm and LB agar plates were incubated at 37oC for 16-18 

hours. For luminescence assays and growth curves, HG-DMEM, LG-DMEM and SCF were 

buffered with 0.1M MOPS to maintain physiological pH of 7.4 and 7.0, respectively, unless 

otherwise indicated. SCF was prepared fresh for each experiment and filter sterilized. When 

required, media was supplemented with; 30 ug/ml kanamycin, 100 ug/ml ampicillin, 25 ug/ml 

chloramphenicol, 0.3mM diaminopimelic acid, 5% sucrose (filter-sterilized).  

 

2.2 Luminescence assays 

2.2.1 Construction of lux-reporter plasmids 

Luminescent reporters were constructed using the pNLP10 lux-reporter plasmid (190). 

Primers listed in Table 2.2 were designed to amplify ~500bp upstream and 50 bp downstream of 

the translation start site apart from ygiB, where the amplified promoter was a ~300 bp region. 

The restriction enzymes EcoRI and BamHI were incorporated into the forward and reverse 

primers, respectively (unless otherwise indicated). Promoter regions were amplified by PCR 
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using Taq polymerase (Invitrogen, USA), cloned into pNPL10 and transformed into OneShot 

TOP10 chemically competent cells (Invitrogen, USA). TOP10 colonies harboring the pNLP10 

plasmid were confirmed for insert presence using colony PCR with primers flanking the pNLP10 

multiple cloning site as well as with Sanger sequencing. Plasmids with the correct insert were 

mini-prepped and transformed into electrocompetent C. rodentium DBS100 wild-type or mutant 

cells. 

 

2.2.2 Luminescent assays in liquid media 

For spin down induction assays, cells were grown overnight in LB containing kanamycin 

in biological triplicate, then subcultured 1:100 and grown to an OD of 0.4-0.6. After 

approximately 2 hours growth, 1 ml of culture was centrifuged, the supernatant was removed, 

and the cells were resuspended in 1 ml pre-warmed induction media containing kanamycin (T = 

0). 200 ul of induced cells were transferred into a black walled clear bottom 96-well plate and 

incubated at 37oC shaking, unless otherwise stated. For growth curve luminescence assays, cells 

were grown overnight in LB containing kanamycin in biological triplicate, then subcultured 

1:100 directly into a black walled clear bottom 96-well plate containing LB with kanamycin and 

incubated at 37oC shaking. For all assays, empty wells were left between strains to prevent 

contaminating luminescence from adjacent wells. OD600 and luminescence measurements were 

taken over time using the Victor X3 2030 multilabel plate reader (Perkin Elmer). lux activity was 

measured in counts per second (CPS) and normalized using the measured OD600 of the same well 

to accommodate for differences in cell number between cultures. Luminescence assays were 

repeated at least twice in biological triplicate.  
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2.2.3 Solid agar assays 

Overnight cultures of strains harboring luminescent reporters in LB with kanamycin were 

standardized to an OD600 of 1.0 and serially diluted to 10-6 in 1X Phosphate Buffered Saline 

(PBS). 10 ul of each dilution was spotted onto LB supplemented with kanamycin and grown for 

18 hours at 37oC. Luminescence was measured using a ChemiDoc MP imaging system (Bio-

Rad). Assays were repeated twice with one representative plate shown.  

 

2.3 Strain Construction 

All deletion mutants were generated using allelic exchange in the methods described by 

Vogt et al. (210). In summary, in-frame deletion constructs were generated using overlap 

extension PCR with Phusion Taq polymerase (Invitrogen, USA) and the primers listed in Table 

2.2. Amplicons were then digested using the restriction enzymes XbaI and SphI/PaeI, ligated into 

pUC18, and transformed into OneShot TOP10 chemically competent cells (Invitrogen, USA). 

Plasmids were mini-prepped and sent for Sanger sequencing for amplicon confirmation. Once 

confirmed, the deletion construct was digested from pUC18 and ligated into the suicide vector, 

pRE112, where it was transformed by electroporation into MFDpir cells (236, 237). MFDpir 

cells containing the deletion construct underwent conjugation with C. rodentium DBS100 and 

single-crossover colonies were selected with chloramphenicol and confirmed by PCR using 

primers designed to flank the deletion site by ~50 bp on each side (Table 2.2). Loss of pRE112 

was determined by plating on LB -NaCl with 5% sucrose (filter-sterilized) and grown on 
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benchtop for 2 days. Colonies that were sucrose-resistant and chloramphenicol-sensitive were 

screened by PCR using Taq polymerase (Invitrogen, USA) to confirm intended deletion.  

 

2.4 C57BL/6J and C3H/HeJ Mouse Infections 

All animal experiments were performed under conditions specified by the Canadian 

Council on Animal Care and were approved by the McGill University Animal Care Committee. 

C57BL/6J and C3H/HeJ mice were purchased from the Jackson Laboratory (Bar Harbor, ME, 

USA). Five-week-old female mice (n = 5 per group) were infected by oral gavage with 0.1 ml of 

LB medium containing 2-3 × 108 colony-forming units (CFU) of bacteria. The infectious dose 

was verified by plating serial dilutions of the inoculum onto MacConkey agar (Difco). For 

survival analysis of C3H/HeJ mice, the mice were monitored daily and were killed if they met 

any of the following clinical endpoints: 20% body weight loss, hunching and shaking, inactivity, 

or body condition score of <2 (238). To monitor bacterial colonization, fecal pellets or the 

terminal centimeter of the colon were homogenized in PBS, serially diluted, and plated on 

MacConkey agar. Plates containing between 30 and 300 colonies were counted. Spleens were 

removed and weighed, and splenic indexes were calculated [√(weight of spleen × 100/weight of 

mouse)]. The mouse data represents a single trial for each mouse strain.  

 

2.5 Growth curves 

C. rodentium wild-type and mutant strains were grown in biological triplicate overnight. 

Cells were washed and standardized to an OD600 of 1.0 in 1X PBS and diluted 1:100 into growth 

media pre-aliquoted in a clear 96-well plate. Plates were read in an Epoch2 microplate reader 
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(Biotek, USA) set to 37oC with continuous orbital shaking at a frequency of 237 cpm (4mm) at 

slow speed. Blank wells were subtracted from corresponding culture wells prior to calculations. 

Biological triplicates were averaged with the standard deviation indicated by error bars. Growth 

curves were completed at least twice with the data from one experiment shown. Susceptibility 

assays were prepared in the same manner with the addition of hydrogen peroxide or copper 

chloride to a final concentration of 1mM. 
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2.6 Tables 

Table 2.1. Strains and plasmids used in this study. 

Strain or Plasmid Description Source or 

Reference 

Citrobacter rodentium strains 

DBS100 Citrobacter rodentium ATCC 51459 (2)  

DBS100 ΔcpxRA  (231)  

DBS100 ΔyebE  This study 

DBS100 ΔygiB  This study 

DBS100 ΔbssR  This study 

DBS100 ΔhtpX  This study 

DBS100 ΔpspF  This study 

DBS100 ΔpspA  This study 

Escherichia coli strains 

MFDpir Conjugal donor for biparental matings; DAP auxotroph (237) 

Plasmids 

pNLP10 Very low copy luminescence reporter plasmid 

containing promoterless luxCDABE operon; KanR 

(190) 

pNLP10PcpxP C. rodentium cpxP promoter cloned into pNLP10; KanR This study 

pNLP10PyebE C. rodentium yebE promoter cloned into pNLP10; KanR This study 

pNLP10PygiB C. rodentium ygiB promoter cloned into pNLP10; KanR This study 

pNLP10PbssR C. rodentium bssR promoter cloned into pNLP10; KanR This study 

pNLP10PhtpX C. rodentium htpX promoter cloned into pNLP10; KanR This study 

pNLP10PtolC C. rodentium tolC promoter cloned into pNLP10; KanR This study 

pNLP10Pler C. rodentium ler promoter cloned into pNLP10; KanR This study 

pNLP10Pmpc C. rodentium mpc promoter cloned into pNLP10; KanR This study 
pNLP10PespV C. rodentium espV promoter cloned into pNLP10; KanR This study 
pNLP10PkfcC C. rodentium kfcC promoter cloned into pNLP10; KanR This study 
pNLP10PpspA C. rodentium pspA promoter cloned into pNLP10; KanR This study 
pNLP10PpspF C. rodentium pspF promoter cloned into pNLP10; KanR This study 
pUC18 General cloning vector; AmpR Thermo Fisher 

Scientific 

pRE112 Suicide vector for allelic exchange; CamR (236) 
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Table 2.2. Oligonucleotide primers used in this study. 

Primer Name Sequence* Use 

pNLP10_F GCTTCCCAACCTTACCAGAG Amplify MCS of pNLP10 (190) 

pNLP10_R CACCAAAATTAATGGATTGCAC Amplify MCS of pNLP10 (190) 

crcpxP_F3_EcoRI 
TTTGAATTCGGGATGTCAACTCTCGG

TCAT 

cpxP promoter for lux plasmid pNLP10 

crcpxP_R3_BamHI 
AAAGGATCCCTGAATGCCAGCGTTG

AGG 

cpxP promoter for lux plasmid pNLP10 

yebE_F_EcoRI TTATAGAATTCCTGAGTCATTGTGCG yebE promoter for lux plasmid pNLP10 

yebE_R_BamHI 
AAATAGGATCCCGAGCAACGATTGT

A 

yebE promoter for lux plasmid pNLP10 

ygiB_F_EcoRI 
TTATAGAATTCACTAAGCGTTACCCG

ATGG 

ygiB promoter for lux plasmid pNLP10 

ygiB_R_BamHI 
ATATAGGATCCGTGCGCTCCAGTTTT

TAC 

ygiB promoter for lux plasmid pNLP10 

bssR2_F_EcoRI 
ATATAGAATTCTCTGCATCGTCATAG

CTCGGG 

bssR promoter for lux plasmid pNLP10 

bssR2_R_BamHI 
TATGGATCCCTGTTCAGCAGGTCGGT

TC 

bssR promoter for lux plasmid pNLP10 

htpX_2_F_XhoI 
ATTACTCGAGTTGCCCGCTTCAATGC

G 

htpX promoter for lux plasmid pNLP10 

htpX_2_R_KpnI 
TATCGACTGGTACCCGGTCAGACTCA

G 

htpX promoter for lux plasmid pNLP10 

tolC_F_EcoRI 
ATATAGAATTCTGGTGTCATAAGCCG

CG 

tolC promoter for lux plasmid pNLP10 

tolC_R_BamHI 
TACTAGGATCCACTTGCATCAGGTTC

TCTG 

tolC promoter for lux plasmid pNLP10 

ler_F_EcoRI 
TTTGAATTCTACGCGATCTGTTGCCC

TG 

ler promoter for lux plasmid pNLP10 

ler_R_BamHI 
TTTGGATCCTCAGCTGAATGTATGGG

CTTG 

ler promoter for lux plasmid pNLP10 

mpc_F_EcoRI 
TGTGAATTCGTCAAACCACCTAAAA

CACC 

mpc promoter for lux plasmid pNLP10 

mpc_R_BamHI 
TTGGATCCTTCAACACGATTATCAAG

C 

mpc promoter for lux plasmid pNLP10 

espV_F_EcoRI TTGAATTCCGATGACAGCCATTC espV promoter for lux plasmid pNLP10 
espV_R_BamHI TTGGATCCTCATCATTTGCCCCC espV promoter for lux plasmid pNLP10 

kfcC_F_EcoRI 
TTTGAATTCGACGAATAGAAAAGCC

CCATC 

kfcC promoter for lux plasmid pNLP10 

kfcC_R_BamHI 
TTGGATCCATTAACAGTACCGCTGTT

C 

kfcC promoter for lux plasmid pNLP10 

pspA_F_EcoRI TTTGAATTCCATCAAGAAACAGCG pspA promoter for lux plasmid pNLP10 
pspA_R_BamHI TTTGGATCCTTCTGCGGATCTTCC pspA promoter for lux plasmid pNLP10 

pspF_F_EcoRI 
TTTGAATTCGCGTATCTTCCACCAGC

GTCA 

pspF promoter for lux plasmid pNLP10 

pspF_R_BamHI 
TTTTGGATCCTCCAGAAAGCTATTGG

CTTCGC 

pspF promoter for lux plasmid pNLP10 
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yebEupF 
TCCGGAGTATTACATTTTTGCCCCTC

AAGTACTGACAA 

Overlap extension PCR for ΔyebE 

yebEupR_XbaI 
TTTCTAGAAGTTCTCCGGAACCCAAT

AACATC 

Overlap extension PCR for ΔyebE 

yebEdnF_SphI_2 TTTGCATGCATCAGCGTTTCCCACTG Overlap extension PCR for ΔyebE 

yebEdnR 
CAAAAATGTAATACTCCGGATGCAG

CATGTTTCGC 

Overlap extension PCR for ΔyebE 

ygiBupF_XbaI 
TTTTCTAGAGACAAGCCGCAGCCGG

TG 

Overlap extension PCR for ΔygiB 

ygiBupR 
TCCATGCGGATCACATATTCGTCTTC

CAGGAC 

Overlap extension PCR for ΔygiB 

ygiBdnF 
AGACGAATATGTGATCCGCATGGAA

AGAGTCAGTATC 

Overlap extension PCR for ΔygiB 

ygiBdnR_SphI 
AAAGCATGCGTCGCCAAACTTCGGC

AG 

Overlap extension PCR for ΔygiB 

bssRupF_XbaI 
TTTTCTAGACGTGCGGATACGGATAG

ACG 

Overlap extension PCR for ΔbssR 

bssRupR 
CCTTGTGTCAGGCGAACATACTTCGT

TCCTCC 

Overlap extension PCR for ΔbssR 

bssRdnF 
CGAAGTATGTTCGCCTGACACAAGG

G 

Overlap extension PCR for ΔbssR 

bssRdnR_SphI 
TTTGCATGCTGATAAAAAGCCATTCC

GCTGAC 

Overlap extension PCR for ΔbssR 

htpXupF_XbaI TTTTCTAGAGCGCTGACCGAGGCG Overlap extension PCR for ΔhtpX 

htpXupR 
GCCAGTGATAACCGTCGCTTACTTCA

TCATAATTTTCTTTTAACC 

Overlap extension PCR for ΔhtpX 

htpXdnF 
GAAAATTATGATGAAGTAAGCGACG

GTTATCACTG 

Overlap extension PCR for ΔhtpX 

htpXdnR_SphI TTTGCATGCGGACCAACGATTGCC Overlap extension PCR for ΔhtpX 

pspAupF_XbaI TTTTCTAGAGACGTCGGCCTGTGCC Overlap extension PCR for ΔpspA 

pspAupR 
CCGCCAGATCTTATTAACCCATAATT

CAATCCTCAC 

Overlap extension PCR for ΔpspA 

pspAdnF 
GGATTGAATTATGGGTTAATAAGAT

CTGGCGGCGTCTG 

Overlap extension PCR for ΔpspA 

pspAdnR_SphI 
TTTGCATGCGGTAAAATTAGCTGTCA

ATGC 

Overlap extension PCR for ΔpspA 

pspFupF_XbaI 
TTTTCTAGAACTCCTTACAGGTGATG

AACGGC 

Overlap extension PCR for ΔpspF 

pspFupR 
GCAGTAATCGCTAAATCATGATGAA

TTTCGCC 

Overlap extension PCR for ΔpspF 

pspFdnF 
TTCATCATGATTTAGCGATTACTGCC

ACCTGATCG 

Overlap extension PCR for ΔpspF 

pspFdnR_SphI 
TTTGCATGCCTTATCGGTATTGAACG

CCAGATAG 

Overlap extension PCR for ΔpspF 

yebEgene_F2 ATAATTTGCGCATCTTTTGCCG Flanking yebE to confirm knockouts 

yebEgene_R2 TCGGCAGCATGTCACTGTTC Flanking yebE to confirm knockouts 

ygiBgene_F2 CCGCCTTCTCGCTTCATTTTCAAC Flanking ygiB to confirm knockouts 

ygiBgene_R2 
GAAACCGTATTCAGTAGCTTTATCGC

G 

Flanking ygiB to confirm knockouts 
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bssRgene_F2 
TTCCCGGTGAATTATTGATCTTTGGC

A 

Flanking bssR to confirm knockouts 

bssRgene_R2 AGCGAGGGGCGCAAC Flanking bssR to confirm knockouts 

htpXgene_F TAGCCACACTACCCATACGATGTG Flanking htpX to confirm knockouts 

htpXgene_R TTTCAGAGTTACCGTTTTGCCGGATG  Flanking htpX to confirm knockouts 
pspAgene_F AAGGCTTAAAAAGTTGGCACG Flanking pspA to confirm knockouts 

pspAgene_R TACTCCTTACAGGTGATGAACGG Flanking pspA to confirm knockouts 
pspFgene_F ATGTACAGATTTACCTCAGCCTG  Flanking pspF to confirm knockouts 
pspFgene_R CAGGTAAAAATCACGACGG Flanking pspF to confirm knockouts 

*Restriction sites are underlined, enzymes indicated in primer name. 
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Chapter 3. Results 

 

 

 

 

 

 

 

 

 

Note: The data presented in Figure 3.1.6 and Figure 3.1.7A-B was collected and analyzed by 

Christina Gavino from the Gruenheid lab at McGill University.  

Note: Devanshi Pandit assisted with the collection of data presented in Figure 3.3.2, Figure 

3.3.3, Figure 3.3.4, and Figure 3.3.5 as well as did the transformation to generate the ΔpspF 

strain harboring the pspA-lux reporter plasmid 
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3.1 Individual Cpx-regulon members tested do not contribute to C. rodentium 

virulence however do impact bacterial fitness in simulated colonic fluid 

3.1.1 Identification and confirmation of Cpx regulon members 

Previous research done by two independent groups collected proteomic, RNA-seq and 

microarray data to identify genes that were differentially expressed in the absence of CpxRA 

(210, 232). Using the data collected, the 11 genes listed in Table 3.1.1 were selected for further 

study based on their predicted function, expression levels, and/or lack of previous investigation. 

htpX and yebE were selected as they had some of the highest transcript abundance changes 

besides cpxP and yccA, which have both been previously investigated in C. rodentium (210). 

SILAC data for htpX was insignificant due to the detection of only 1 peptide while yebE had a P-

value of 0.08. ygiB, malE, and dps had significantly higher transcript abundances in one or both 

transcriptomic studies as well as peptide counts in the presence of CpxRA as indicated by bolded 

values (dps microarray; P-value = 0.081) (Table 3.1.1). tolC was also included as it is located 

198 bp upstream of ygiB and has previously been presumed to be expressed in an operon with 

ygiBC (239). The additional maltose transporter complex genes including malG, malK, and lamB 

were included due to the significant increase in sequence abundance uncovered by microarray in 

the presence of CpxRA (232). bssR and bdm are involved in biofilm regulation and had 

significantly higher transcript abundance in wild-type cells in both transcriptomic studies despite 

an absence of detection in the SILAC data (Table 3.1.1).  

Using the lux-reporter plasmid pNLP10, reporters for the 11 genes of interest as well as 

the Cpx-regulated gene cpxP, used as a positive control and indicator of Cpx activity, were 

constructed and initially screened in LB and LB with alkaline pH for Cpx-dependent expression 

(data not shown). While some of these genes, namely yebE and htpX, have had Cpx-dependent 
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expression confirmed experimentally in previous studies using other bacterial strains, their 

expression has never been studied in C. rodentium DBS100 (189, 190, 240, 241). Following this, 

reporter strains were tested in LB broth as well as the virulence-inducing media, high-glucose 

Dulbecco’s Modified Eagles Medium, which lacked phenol red and was buffered with 0.1M 

MOPS (HG-DMEM) (70, 190, 242). Of the 11 reporters initially selected, yebE, ygiB, bssR, and 

htpX along with the positive control, cpxP, had significantly higher luminescence in wild-type 

cells relative to the ΔcpxRA mutants in both LB broth and HG-DMEM (Table S1, Figure 

3.1.1A). Interestingly, the re-suspension of log-phase cells in HG-DMEM significantly activated 

the Cpx ESR as seen by the near 10-fold increase in cpxP-lux activity relative to re-suspension in 

LB, indicating that HG-DMEM is a stress-inducing condition for C. rodentium (Figure 3.1.1A). 

Of the four remaining genes of interest, yebE-lux relied the most on the Cpx ESR for its 

expression as seen by minimal luminescence detected in both LB and HG-DMEM in the absence 

of CpxRA (Figure 3.1.1A, Table S1). Furthermore, like the cpxP-lux reporter, yebE-lux 

expression was not induced in HG-DMEM in the ΔcpxRA mutant relative to LB expression 

(Figure 3.1.1A). On the other hand, the expression of ygiB-, bssR-, and htpX-lux reporters 

exhibited higher levels of expression in HG-DMEM relative to LB regardless of the Cpx ESR.  

When comparing ygiB-, bssR-, and htpX-lux reporters between wild-type and ΔcpxRA cells, there 

is a clear indication that the presence of the Cpx ESR results in higher expression in both medias 

tested (Figure 3.1.1A, Table S1). Finally, each gene of interest, except for yebE, had increased 

luminescence in wild-type cells when grown on solid LB agar relative to ΔcpxRA cells (Figure 

3.1.1B, Figure S1A). Luminescence produced by the yebE-lux reporter on LB agar was below 

the threshold of detection therefore we could not determine the impact of the Cpx ESR on yebE 

expression using this assay.  
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tolC was originally included in this study due to its proximity to the predicted translation 

initiation site of downstream ygiB and the presumption that it resides in an operon with ygiBC 

(239). To confirm whether these genes were in an operon together, their expression in both LB 

and HG-DMEM (without MOPS) was measured over 6 hours. From this, we determined there 

was no measurable difference in the expression of tolC between the wild-type and ΔcpxRA 

mutant in LB (Figure 3.2.1A).  In HG-DMEM, the transcription of tolC reduced over time in 

wild-type cells and increased in ΔcpxRA cells (Figure 3.1.2B). This contrasts with the higher 

levels of luminescence detected from the ygiB-lux reporter in wild-type cells when grown in 

either medium (Figure 3.1.2A-B). Finally, as indicated by Figure 3.1.2C, a putative CpxR 

binding site is located in between tolC and ygiB, 91 base pairs upstream from the predicted 

translation initiation site of ygiB (188). From this, we can conclude that tolC and ygiBC are 

perhaps transcribed together as suggested by Dhamdhere et al. (2010), however when required, 

the Cpx ESR has the ability to differentially express these two genes in both conditions tested.  

To determine how the four selected genes of interest, yebE, ygiB, bssR, and htpX, are 

being expressed over time relative to the phases of cellular growth, lux-reporter activity was 

monitored for 12 hours from initial inoculation to stationary phase growth in LB. Interestingly, 

yebE-lux activity followed a near identical trend to the expression of the positive control cpxP-

lux reporter in both wild-type and ΔcpxRA cells (Figure 3.1.3A). This suggests that the 

expression of yebE-lux is almost entirely dependent on the Cpx ESR or at least utilizes the same 

mechanisms that are responsible for the expression of cpxP, furthering curiosity as to its 

proposed function in terms of stress response and overall cell health. In addition, ygiB-lux and 

bssR-lux reporters showed a similar trend of expression to that of cpxP-lux in wild-type cells 

with a lower level of activity in ΔcpxRA cells (Figure 3.1.3B-C). It is evident for both ygiB and 
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bssR that, unlike yebE, there are other regulators for these genes outside of CpxRA as they both 

had measurable basal expression, well above the low background levels seen for the cpxP- and 

yebE-lux reporters in ΔcpxRA cells. In addition, the peak of luminescence for cpxP-, yebE-, ygiB- 

and bssR-lux in wild-type cells was reached after approximately 7-8 hours growth which 

coincides with late exponential phase (Figure 3.1.2A-C, Figure S2). This supports previous 

studies which have shown that the Cpx ESR is most active during late exponential and early 

stationary phase (204, 205). On the other hand, htpX-lux had higher luminescence in wild-type 

cells and was consistently expressed over the measured 12 hours of growth suggesting that its 

expression is less dependent on growth phase (Figure 3.1.3D). It should however be noted that 

the presence of CpxRA allowed for the maintenance of htpX-lux activity throughout late 

exponential and stationary phase as opposed to the steady decline in luminescence seen in the 

ΔcpxRA cells (Figure 3.1.3D, Figure S2). This further highlights the importance of the Cpx ESR 

for gene regulation in stationary phase growth.  

 

3.1.2 The activity of the Cpx ESR is influenced by the absence of htpX and growth 

conditions 

Provided our evidence indicates yebE, ygiB, bssR, and htpX rely on the presence of 

CpxRA for proper expression, we questioned whether the absence of these genes would impact 

the envelope stress experienced by cells thus altering the activity of the Cpx ESR. Using allelic 

exchange, C. rodentium knockout mutants were generated for yebE, ygiB, bssR, and htpX. These 

strains were transformed with the reporter cpxP-lux and grown in LB or HG-DMEM where the 

luminescence was measured. Our results indicate that only ΔhtpX cells had significantly 

increased expression of cpxP, supporting previously reported findings observed in E. coli K-12 
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strain MC4100 (Figure 3.1.4A-B, Figure S1B) (240). This could be seen on LB agar plates as 

well as in both LB broth and HG-DMEM at an increase of 2.1- and 1.9-fold, respectively (Figure 

3.1.4A-B, Figure S1B).  

Unexpectedly, it was determined the expression pattern over time of cpxP-lux and by 

extension, the activity of the Cpx ESR, differs vastly depending on the media used for growth. 

When the same subculture was split and re-suspended in either LB or HG-DMEM, despite 

having similar growth trends over 6 hours, cpxP-lux activity increased over time when grown in 

LB but decreased over time in HG-DMEM (Figure 3.1.5A-B). In addition, while having a less 

substantial impact on the activity of the Cpx ESR, cultures that were grown shaking in LB 

induced cpxP-lux more so than static cultures, whereas the opposite was true for HG-DMEM 

cultures where static cultures had higher cpxP-lux activity (Figure 3.1.5C-D). These results 

suggest that while the Cpx ESR may be influenced by growth and is most active in late 

exponential or early stationary phase in LB broth, the same may not remain true for cells 

experiencing perhaps more stressors or other Cpx ESR inducing signals when grown in HG-

DMEM. 

 

3.1.3 Cpx regulon members yebE, ygiB, bssR, and htpX are not individually required for 

colonization or virulence in vivo 

With yebE, ygiB, bssR, and htpX expression confirmed to be upregulated by the presence 

of CpxRA, we then tested whether these genes were required for the colonization or virulence of 

C. rodentium which could provide a possible explanation for why the removal of cpxRA is 

detrimental to pathogenesis (210, 231, 232). In our first set of experiments, we used C57Bl/6J 
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mice which experience a self-limiting form of disease to determine whether colonization was 

negatively impacted by any of the mutants (12). As seen in Figure 3.1.6A-C, only ΔcpxRA cells 

could not consistently colonize to the same level as wild-type and the other mutants (Day 4; 

*P<0.05, Day 9 and 12; **P<0.01, Mann-Whitney U Test). While the ΔyebE mutant exhibited a 

slight lag in colonization levels on day 9 (*P<0.05) and the ΔbssR mutant showed an increase in 

colonization of the colon on day 12 (*P<0.05), these minor statistical significances are not 

reflected in the degree of disease-state measured using a splenic index (Figure 3.1.6D). All 

strains caused a similar level of disease relative to wild-type except for ΔcpxRA, which had a 

significantly lower splenic index indicating attenuated virulence, thus confirming the results of 

previous studies (Figure 3.1.6D) (231, 232). 

Similarly, in a C3H/HeJ mouse trial, testing disease progression and survival, only the 

ΔcpxRA mutant exhibited a colonization defect as seen by an approximate 2-fold reduction in 

colony forming units (CFUs) for three mice and undetectable levels in two on day 4 post-

infection (Figure 3.1.7A). In addition, the ΔcpxRA mutant had significant attenuation of 

virulence as seen by the fact that all five infected mice survived until day 30 (Figure 3.1.7B).  

 

3.1.4 Cpx-regulated genes impact C. rodentium fitness in simulated colonic fluid (SCF) 

Previous research has shown differing results regarding the effect of removing the Cpx 

ESR on C. rodentium growth. Vogt et al. (210) showed no growth defects associated with a 

ΔcpxRA mutant in shaking LB broth or static HG-DMEM with 5% CO2. On the other hand, 

although the exact nature of the culture conditions used are unclear, Thomassin et al. (231) found 

that C. rodentium ΔcpxRA cultures had a longer lag phase in DMEM but eventually would grow 
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to a comparable OD to the wild-type and complemented strains. In this study, all the mutants 

tested grew comparably in LB, however in buffered HG-DMEM, all the mutants grew to a 

reduced level relative to wild-type cells, with the most significant reduction experienced by 

ΔcpxRA cells (Figure 3.1.8A-B). One predominant issue to note with C. rodentium in HG-

DMEM is an overall poor growth phenotype as seen by the OD maximum of 0.2 (Figure 3.1.8B). 

To circumvent this as well as to mimic the in vivo conditions experienced by C. rodentium cells 

during colonization, the strains were grown in simulated colonic fluid (SCF), first developed by 

Beumer et al. (235). Interestingly, when comparing unbuffered and buffered growth in SCF, it 

becomes evident that while unstable pH is toxic to ΔcpxRA cells, resulting in zero growth, there 

is also a growth defect evidenced by a longer lag phase in MOPS buffered SCF at pH 7 (Figure 

3.1.8C-D). Importantly, when pH is controlled in buffered SCF, only the ΔcpxRA cells grow 

significantly different from wild-type cells, mimicking the colonization defect seen in both 

C57Bl/6J and C3H/HeJ mice (Figure 3.1.6A-C, Figure 3.1.7A, Figure 3.1.8D). The ΔcpxRA cells 

also exhibited severe growth defects when grown in buffered SCF and challenged with the 

presence of either oxidative or copper stress, suggesting an extreme sensitivity to sub-inhibitory 

levels of stressors in the colonic environment (Figure 3.1.9). An additional observation to be 

noted in unbuffered SCF is that both the ΔygiB and ΔhtpX mutants experienced an extended lag 

phase as well as had increased variability between biological replicates (Figure 3.1.8C). This 

could indicate a susceptibility to unstable pH as well as suggests a contributing factor to the pH 

sensitivity experienced by ΔcpxRA cells (Figure 3.1.8C).  

Due to the susceptibility to stressors exhibited by the ΔcpxRA mutant in SCF, we 

investigated whether our Cpx-regulated gene mutants also experienced increased sensitivity 

when in the presence of oxidative stress. While growth was observed in the presence of oxidative 
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stress in buffered LB, the knockout mutants ΔyebE, ΔygiB, and ΔhtpX all exhibited varying 

degrees of susceptibility to sub-inhibitory levels of hydrogen peroxide when grown in buffered 

SCF, with ΔygiB and ΔhtpX mutants showing the greatest defects (Figure 3.1.10). Finally, a 

reduction in OD indicating cell lysis was also observed in SCF buffered with MOPS as cells 

transitioned from exponential to stationary phase (Figure 3.1.8D, Figure 3.1.10B-D). The cause 

of this reduction requires further study. These results indicate that SCF mimics the colonization 

defect of the ΔcpxRA mutant measured in vivo which suggests that it may be a better media to 

use when evaluating potential in vivo growth phenotypes. In addition, SCF appears to be a media 

that can highlight subtle growth defects that might not be as easily detected in an animal model 

as seen with the ΔyebE, ΔygiB, and ΔhtpX mutants.  

 

3.2 The Cpx response downregulates genes associated with virulence, large 

protein complexes, and the phage shock protein response 

 To develop a well-rounded understanding of the role of the Cpx ESR in colonization and 

virulence, we next looked at identifying genes with reduced expression in the presence of 

CpxRA as their proper regulation may also be important for colonization and infection. The Cpx 

ESR has been associated with the downregulation of virulence genes and large protein 

complexes (reviewed by 145). Like EPEC and EHEC, C. rodentium contains the LEE 

pathogenicity island which encodes virulence factors and a T3SS required to attach and efface 

intestinal epithelial cells (39, 40). Since the Cpx ESR is required for C. rodentium virulence and 

has been shown to impact LEE gene expression in EPEC and EHEC, we hypothesized that the 

Cpx ESR may alter the expression of the LEE master regulator ler, in C. rodentium, which may 
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contribute to the attenuation of virulence in vivo (231, 243, 244). In addition, we also wanted to 

investigate genes previously identified in transcriptomic and proteomic datasets, that had reduced 

expression in the presence of the Cpx ESR and could play a role in colonization and virulence 

such as those encoding fimbria or pili components (210, 232). In EPEC, the Cpx ESR plays an 

important role in the timing of expression and elaboration of the bundle-forming pilus (212). 

Under Cpx-inducing conditions, the Cpx ESR inhibits the bfp gene cluster, however under 

normal conditions, the Cpx ESR is required for proper pilus expression and formation likely 

through the upregulation of protein folding factors like DegP and CpxP (212). Therefore, using 

luminescent reporter genes, we proceeded to further explore the Cpx ESRs effect on the LEE 

master regulator ler, as well as confirm and evaluate the role of the Cpx ESR in the reduced 

expression of genes identified by transcriptomic and proteomic studies (210, 232). 

 

3.2.1 Simulated physiological conditions and the Cpx ESR impact the expression of the 

LEE master regulator ler. 

 Previous studies have demonstrated the C. rodentium ΔcpxRA mutant does not have a 

significantly altered T3SS secreted protein profile in vitro, while there is reduced transcription of 

LEE operons upon activation of CpxRA and reduced expression and secretion of translocator 

proteins in EPEC and EHEC (210, 231, 243, 244). Utilizing lux reporter genes, we asked 

whether the attenuation of the C. rodentium ΔcpxRA mutant could be in part due to altered 

transcription of the LEE operon by measuring the luminescence of a ler-lux reporter. When cells 

were grown statically in simulated colonic fluid (SCF), a media that simulates the lumen of the 

colon, the expression of ler was independent from the presence of the Cpx ESR (Figure 3.2.1A) 

(235). On the other hand, when cells were grown statically in the virulence-inducing condition, 
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HG-DMEM, ler expression was higher in ΔcpxRA mutant cells indicating that the presence of 

the Cpx ESR reduces the expression of C. rodentium’s primary LEE regulator (Figure 3.2.1B). 

These results could be reproduced in both high- and low-glucose DMEM as well as in static and 

shaking conditions (Figure 3.2.2). Therefore, in media simulating the colonic lumen, the Cpx 

ESR has no impact on the expression of ler while in the virulence-inducing condition DMEM, 

the presence of the Cpx ESR was associated with reduced ler expression.   

 

3.2.2 The Cpx ESR downregulates the genes mpc, espV, the kfc operon, and the Psp 

response genes, pspA and pspF 

 From microarray, RNA-seq, and SILAC data previously collected, ten genes of interest 

were selected based on their reduced expression in the presence of CpxRA and predicted 

function for confirmation utilizing luminescent reporters (Table 3.2.1) (210, 232). One gene of 

interest was pspA, which encodes a negative regulator and effector of the Psp response, as it had 

significantly reduced expression in the presence of CpxRA in all three datasets (155, 245, 246). 

Since PspF is the transcriptional activator for the Psp response, it was also included even though 

the RNA-seq dataset showed higher levels of pspF expression in wild-type cells relative to the 

ΔcpxRA mutant while the microarray showed reduced expression (Table 3.2.1) (163). Despite 

only appearing in the microarray data, cfcC was of specific interest due to its predicted protein 

function as a Type IV pilus biogenesis protein while cfcA, which encodes the Cfc fimbrial 

subunit, was included as it has been previously identified to have a ribosome binding site 

upstream and therefore is likely an operon leader of the cfc gene cluster (30). Vogt et al. (210) 

previously confirmed the Cpx-mediated downregulation of the kfc operon, which encodes a K99 

fimbrial homolog, utilizing RT-qPCR of kfcC (64). Therefore, we used a kfcC-lux reporter as a 
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positive control as well as data evaluating its expression over time could contribute to the overall 

understanding of its Cpx-mediated regulation. We also included kfcF as it was significantly 

downregulated in both transcriptomic studies while kfcC was only downregulated in the RNA-

seq data (Table 3.2.1). cts1G, espV, and mpc also had predicted functions involving the structure 

or regulation of virulence secretion systems and had significantly higher expression in the 

absence of CpxRA in the microarray data (232). cts1G is in the CTS1 T6SS gene cluster and is 

predicted to encode a protein in the valine-glycine repeat (VgrG) family that forms the tip of the 

T6SS apparatus (19, 32, 232). espV encodes a non-LEE T3SS effector protein while mpc is the 

first gene in LEE3 associated with LEE regulation in EHEC and EPEC (19, 41, 53, 247). yehD, a 

fimbrial protein, was included due to its significantly reduced expression in the presence of 

CpxRA in the RNA-seq dataset and the previously demonstrated role of the Cpx ESR in 

regulating the expression of adhesive structures, although the microarray data indicates 

contradictory findings (Table 3.2.1). 

 Of the ten reporters constructed in the pNLP10 luminescent reporter gene plasmid and 

tested in the virulence-inducing condition HG-DMEM buffered with 0.1M MOPS, mpc-, espV-, 

kfcC-, pspA-, and pspF-lux constructs had reduced expression in the presence of CpxRA (Figure 

3.2.3) (70, 190, 242). In the ΔcpxRA mutant, mpc-lux expression increased sharply, relative to 

the wild-type control, between 0.5 and 1 hour followed by a slow decrease in expression over the 

next 5 hours (Figure 3.2.3A). In addition, the standard deviation for mpc-lux activity was larger 

relative to wild-type cells despite growth between ΔcpxRA replicate cultures having little 

variability suggesting uncontrolled expression (Figure 3.2.3A; growth data not shown). The 

espV-lux plasmid also had a small increase in expression between 0.5 and 1 hour in the ΔcpxRA 

mutant relative to wild-type cells which then proceeded to decline over time (Figure 3.2.3B). 
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kfcC-lux expression had an approximate 4-fold increase in the absence of CpxRA at 2 hours 

post-induction relative to wild-type cells indicating that the presence of the Cpx ESR moderates 

its expression which supports previous RT-qPCR results (Figure 3.2.3C) (210). The data 

presented here highlights the importance for the presence of the Cpx ESR to reduce the 

expression of virulence factors in a virulence-inducing condition. 

 Furthermore, the presence of the Cpx ESR was confirmed to negatively impact the 

expression of the Psp response genes pspA and pspF (Figure 3.2.3D-E). The activity of the pspA-

lux reporter overtime remained low in wild-type cells but increased between 4 to 6 hours post-

induction in the ΔcpxRA mutant (Figure 3.2.3D). More intriguingly, the reporter for pspF, which 

is thought to maintain a low level of expression regardless of stressors encountered due it its 

autoregulation and weak promoter, had an increased level of expression in the absence of 

CpxRA as well as high variability between replicates (Figure 3.2.3E) (155, 165). This suggests 

that perhaps either the Cpx ESR negatively regulates the expression of pspA by reducing or 

controlling the transcription of the psp operon activator, pspF, or in the absence of CpxRA, there 

is a disruption to PMF which induces the Psp response.  

 

3.3 Evidence for an uncharacterized interaction between the Cpx and Psp 

envelope stress responses 

 After investigation into the function of YebE, the bioinformatics database BioGRID 

v.4.4.203, which is a repository for protein and genetic interaction data, showed interactions 

between yebE and pspACE based on data collected from a high-throughput quantitative genome-

wide genetic interaction screen in E. coli W3110 (BioGRID alias: Y75_p1822) (248–250). This 
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screen demonstrated aggravating growth defects in the double mutants ΔyebEΔpspA and 

ΔyebEΔpspE while ΔyebEΔpspC alleviated growth defects (250). PspA is a cytoplasmic 

negative regulator which acts by inhibition of PspF, as well as is a membrane-associated 

oligomeric protein that has been proposed to aid in the maintenance of membrane potential (155, 

245, 246). PspC is an inner membrane transmembrane protein, which along with PspB, is 

thought to undergo a conformational change under inducing conditions that results in recruitment 

of PspA and subsequent release of the repression of PspF which binds to regions upstream of 

pspA to enhance the transcription of the pspABCDE operon (see model in Figure 1.2) (163, 234, 

245). In light of our previous evidence indicating a role for the Cpx ESR in the regulation of 

yebE and pspA gene expression and the negative interaction identified by high-throughput 

genetic screening, we assayed luminescent reporter gene expression in a variety of genetic 

backgrounds to investigate potential connections between YebE and the Cpx and Psp ESRs 

(Figure 3.1.1A, Figure 3.1.3A, Figure 3.2.3D) (250). 

 

3.3.1 The Cpx ESR and the Psp response can be differentially induced using alkaline or 

ethanol stress 

We wished to identify a way to induce the Cpx and Psp responses distinctly to further 

study potential Cpx ESR, YebE, and Psp response interactions. It is known that the Cpx ESR is 

induced by alkaline pH and the Psp response is transiently induced by ethanol stress, but it was 

important to determine if either stressor would also have an impact on the opposite response 

(191, 251). Utilizing the luminescent reporters cpxP-lux and pspA-lux for the Cpx and Psp 

responses respectively, wild-type cells were grown in either LB, LB pH 8, or LB with 5% 

ethanol to measure the influence of each stressor on both stress responses. As seen in Figure 
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3.3.1A, alkaline pH strongly induced the activity of the Cpx ESR while ethanol had a minimal 

effect at 0.5- and 6-hours post-induction though it did induce the response relative to LB between 

1- and 4- hours. On the contrary, while the induction is delayed, the expression of pspA-lux is 

significantly higher during ethanol stress as opposed to alkaline stress where expression is 

minimally different from the activity measured in LB (Figure 3.3.1B). These results indicate that 

these two stress responses are both induced to varying levels by alkaline and ethanol stress, 

however the Cpx ESR responds more strongly to alkaline pH while stress induced by ethanol 

activates the Psp response more so than high pH.  

 

3.3.2 The absence of YebE reduces the activity of the Psp response  

 To further investigate the genetic interaction predictions presented in BioGRID from 

Babu et al. (250), we wanted to determine whether the presence of YebE would affect the 

expression of pspA thus confirming an interaction between YebE and the Psp response (248, 

249). Using luminescent reporter genes, we found that in LB, the presence of YebE had little to 

no influence on the activity of the Psp response as seen by the luminescence produced from 

pspA-lux (Figure 3.3.2A). Interestingly, when cells were grown in LB at a pH of 8, a condition 

known to induce the Cpx stress response, the activation of the Psp response was higher when 

YebE was present relative to the ΔyebE mutant (Figure 3.3.2B) (191). Moreover, in the Psp-

inducing condition of 5% ethanol, the same trend could be seen where pspA-lux expression was 

increased in wild-type cells relative to the ΔyebE mutant (Figure 3.3.2C). These results indicate 

an influence of YebE on the expression of pspA in the presence of alkaline and ethanol stress 

which coincides with the genetic interactions between yebE and the genes pspACE presented by 

BioGRID (248–250).  
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3.3.3 PspF enhances the activity of the Psp response in C. rodentium 

 The Psp response has been studied most in Yersinia enterocolitica and E. coli whereas its 

function and regulation in C. rodentium has not been characterized (245). Originally identified in 

E. coli, PspF is encoded in the opposite direction from pspABCDE and is under the control of a 

σ70 promoter where it undergoes negative transcriptional auto-regulation to remain at low 

intracellular concentrations (163, 165). It has been identified as an enhancer of the Psp response 

under inducing-conditions through transcriptional activation of a σ54 promoter upstream of 

pspABCDE (163). To test the reliance of the Psp response on PspF in C. rodentium, we did 

luminescence assays in LB and LB with 5% ethanol in wild-type and ΔpspF mutant cells 

harboring a pspA-lux reporter. In LB, it was evident that wild-type cells had higher pspA-lux 

expression relative to the ΔpspF mutants however there was still luminescence, or Psp response 

activity, in the absence of PspF (Figure 3.3.3A). When cells were exposed to ethanol stress, 

pspA-lux activity in the ΔpspF mutant was highly variable over time and in between replicates 

relative to wild-type cells (Figure 3.3.3B). This could be attributed to the slight growth defect 

measured for the ΔpspF mutant in ethanol stress which is perhaps a result from the inability to 

properly regulate the Psp response (growth data not shown). These results highlight how PspF is 

required for the proper expression of the pspABCD operon however its removal does not abolish 

the activity of the Psp response completely. 
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3.3.4 The Cpx ESR is not affected by the absence of PspF or PspA 

 As previously demonstrated, both pspA and pspF expression are negatively influenced by 

the presence of the Cpx ESR (Figure 3.2.3D-E). To determine if the Cpx ESR is influenced by 

the presence of the Psp response, cpxP-lux activity was measured in both Cpx- and Psp-inducing 

conditions in ΔpspA and ΔpspF mutant strains. The ΔpspF mutant strain has reduced Psp 

response activity in LB while the ΔpspA mutant would be expected to lose the effector abilities 

of an oligomeric PspA complex which is associated with stabilizing the membrane and PMF 

(Figure 3.3.3A) (155, 245, 246). Regardless of condition, the level of cpxP-lux expression 

measured was consistent between wild-type and both mutant strains (Figure 3.3.4A-C). While 

this assay should be replicated, this preliminary data indicates that the Cpx ESR mediates 

envelope stress caused by alkaline pH and ethanol stress independently from the presence of Psp 

response components.  

 

3.3.5 The expression of yebE is increased in the absence of major Psp response components 

 Whilst the presence of YebE had an impact on the Psp response, it was important to 

investigate the impact of Psp response components on the expression of yebE. In LB, there was 

no significant difference in yebE-lux between wild-type, ΔpspA and ΔpspF over time (Figure 

3.3.5A). Upon Cpx-induction in LB pH 8, the overall expression of yebE-lux was increased 

relative to LB alone (Figure 3.3.5A-B). Interestingly, there was also a further increase in the 

activity of the yebE-lux construct in both the ΔpspA and ΔpspF mutants (Figure 3.3.5B). This 

increase could also be seen when cells were grown in the presence of ethanol stress, which is 

known to induce the Psp response (Figure 3.3.5C). While these are preliminary results, the 

influence on yebE-lux expression by the absence of either pspA or pspF when cells experience 
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stress exemplifies an unknown interaction between YebE and the Psp response which warrants 

further investigation.  
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3.4 Tables and Figures 

 

Table 3.1.1. Mined RNA-Seq and SILAC data from Vogt et al. (210) and microarray data 

collected in Giannakopoulou et al. (232) for potential CpxRA upregulated genes. 

Bolded values indicate Padj< 0.05 (RNA-Seq), FDR< 0.05 (SILAC), t-test< 0.05 (microarray). 

1Calculated wild-type/ΔcpxRA  

2Negative value indicates higher expression in wild-type (WT) DBS100 

3Protein function as described by UniProtKB for E. coli K12 

4Included due to potential operon leader of gene of interest 

  

Data 

Source 

Dataset S3- Vogt et al. 

(2019) 

Giannakopoulou 

et al. (2018) 

Protein Function3 
Gene 

Name 

Fold change 

RNA-Seq1 

Fold change 

SILAC1 

log2 fold change 

ΔcpxRA-WT 

microarray2 

htpX 12.10 10.77 -0.93 Membrane-localized protease 

yebE 24.52 5.36 -1.92 
Inner membrane protein with 

transmembrane domain 

ygiB 3.54 2.24 -0.99 Outer membrane protein 

tolC4 N/A N/A N/A 
Outer membrane channel required for 

several efflux systems 

dps 2.12 1.43 -2.49 DNA protection during starvation 

malE 2.55 1.26 -5.88 
Maltose/maltodextrin-binding 

periplasmic protein 

malG 2.12 n.d. -5.48 
Maltose/maltodextrin transport system 

permease 

malK4 N/A N/A -4.27 
Maltose/maltodextrin import ATP-

binding protein 

lamB N/A N/A -5.91 Maltoporin in the outer membrane 

bssR 3.72 n.d. -3.36 

Biofilm regulator involved in 

catabolite repression and stress 

response 

bdm 2.81 n.d. -2.54 Biofilm-dependent modulation protein 
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Figure 3.1.1. Confirmation of upregulated genes in the presence of CpxRA using lux-

reporter assays in both LB and HG-DMEM. (A) Wild-type and ΔcpxRA strains harboring a 

lux-reporter plasmid for either the positive control, cpxP, or genes of interest yebE, ygiB, bssR, 

and htpX were grown in LB (yellow) and HG-DMEM buffered with 0.1M MOPS (teal) or (B) on 

LB agar plates. Data represents the mean and standard deviation of three biological replicate 

cultures. The asterisks indicate a statistically significant difference between the mean 

luminescence produced in LB compared to HG-DMEM for each strain and reporter tested 

(*P < 0.05, **P < 0.01, ****P < 0.0001, n.s. not significant, Student’s t-test). See Table S1 for 

significance values comparing wild-type and ΔcpxRA strains in each condition. All assays were 

completed at least twice, with one representative experiment shown.  
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Figure 3.1.2. Expression of ygiB- and tolC-lux over time indicates CpxRA-dependent 

regulation. (A-B) Wild-type (solid line) and ΔcpxRA (dotted line) cells harboring either ygiB-lux 

(blue) or tolC-lux (green) reporter plasmids and wild-type cells containing cpxP-lux (gray) were 

grown in either (A) LB or (B) HG-DMEM without MOPS. Data represents the mean and 

standard deviation of three biological replicate cultures. (C) Diagram of tolC and ygiBC in C. 

rodentium DBS100. The CpxR putative binding site is indicated with the black outlined box. 

Numbers in brackets indicate the number of nucleotides. 
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Figure 3.1.3. yebE, ygiB, and bssR exhibit expression profiles like that of cpxP over time in 

wild-type cells. Luminescence from wild-type (line with filled circle) and ΔcpxRA (dashed line 

with empty square) cells harboring lux-reporter plasmids grown in LB broth for 12 hours. The 

positive control cpxP-lux (gray), indicating Cpx activity, is plotted alongside the genes of 

interest: (A) yebE (dark purple), (B) ygiB (blue), (C) bssR (green), and (D) htpX (light purple). 

Data represents the mean and standard deviation of three biological replicate cultures. Gaps in 

data represent time points where no luminescence was detected thus could not be plotted on the 

log scale. The experiment was done twice with the results from one representative experiment 

shown. 
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Figure 3.1.4. CpxRA is induced in the absence of htpX. (A) Wild-type and mutant strains 

harboring cpxP-lux reporters spotted on LB agar supplemented with kanamycin. (B) Strains 

harboring cpxP-lux reporter plasmids were grown in either LB (yellow) or HG-DMEM buffered 

with 0.1M MOPS (teal). The asterisks (***) indicate a statistically significant difference from 

the wild-type DBS100 strain in the same media type (P < 0.001, one-way ANOVA with 

Dunnett's multiple comparison test). Experiments were repeated twice with one set of 

representative data shown. 
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Figure 3.1.5. CpxRA activity is dependent on culturing conditions. (A) cpxP-lux activity and 

(B) growth measured in wild-type cells over time in either LB (yellow) or HG-DMEM buffered 

with 0.1M MOPS (teal). Cells were also grown in either (A) LB or (B) HG-DMEM buffered 

with 0.1M MOPS under static (solid line) or shaking (dashed line) conditions. Data represents 

the mean and standard deviation of three biological replicate cultures. 
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Figure 3.1.6. Genes of interest do not significantly contribute to C. rodentium colonization 

or virulence in C57Bl/6J mice. (A-C) Bacterial burden, per gram of feces at days 4 and 9 post-

infection or the terminal centimeter of the colon on day 12, was measured in colony forming 

units (CFUs) by selective plating on MacConkey agar. (D) Spleens were harvested from 

euthanized mice and the spleen index was determined relative to mice infected with wild-type C. 

rodentium. (A-D) Horizontal lines indicate the median of n=5 mice and asterisks show 

significant differences between mice infected with wild-type versus those infected with a mutant 

strain (*P<0.05, **P<0.01, Mann-Whitney U Test).  
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Figure 3.1.7. Genes upregulated by the Cpx ESR do not impact C. rodentium colonization 

or virulence in C3H/HeJ mice. (A) Colonization level was determined 4 days post-infection 

and measured in colony forming units (CFUs) per gram of feces. Horizontal lines indicate the 

median of n=5 mice and asterisks show significant differences between mice infected with wild-

type versus those infected with a mutant strain (**P<0.01, Mann-Whitney U Test). (B) Data 

depicts percent survival of mice infected with C. rodentium DBS100 strains over 30 days. Mice 

were euthanized if they reached any one of the following critical endpoints: 20% body weight 

loss, hunching and shaking, inactivity, or body condition score of <2.  
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Figure 3.1.8. Simulated colonic fluid (SCF) promotes C. rodentium growth whilst indicating 

fitness defects in ΔcpxRA, ΔygiB, and ΔhtpX. Strains were grown in (A) LB, (B) HG-DMEM 

with 0.1M MOPS, (C) SCF, and (D) SCF with 0.1M MOPS. Data represents the mean of three 

biological replicates and the error bars indicate the standard deviation. The experiment was 

completed twice with the data from one experiment shown.   
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Figure 3.1.9. Simulated colonic fluid (SCF) highlights severe fitness defects in ΔcpxRA cells 

in response to sub-inhibitory levels of pH, oxidative, and copper stress. Strains were grown 

in (A, E, F) SCF with 0.1M MOPS, (B, C) LB with 0.1M MOPS or (D) SCF. Sub-inhibitory 

levels of the stressors (B, E) H2O2 to stimulate oxidative stress and (C, F) CuCl2 for copper stress 

were added to cultures containing wild-type (black) or ΔcpxRA (grey) cells. Data represents the 

mean of three biological replicates and the error bars indicate the standard deviation. The 

experiments were completed three times with one representative experiment of each stressor 

shown. 
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Figure 3.1.10. ΔyebE, ΔygiB and ΔhtpX cells experience fitness defects in simulated colonic 

fluid (SCF) with oxidative stress. Strains were grown in (A) LB with 0.1M MOPS or (B-D) 

SCF with 0.1M MOPS. Sub-inhibitory levels of 1mM H2O2 was added to all wells containing 

either wild-type (black), ΔyebE (dark purple), ΔygiB (blue), or ΔhtpX (light purple) cells. Data 

represents the mean of three biological replicates and the error bars indicate the standard 

deviation. The experiments were completed three times with one representative experiment of 

each stressor shown. 
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Figure 3.2.1. C. rodentium ΔcpxRA mutants show altered expression of LEE regulator, ler, 

in virulence-inducing conditions. Wild-type (solid line) and ΔcpxRA (dotted line) cells 

harboring ler-lux (pink) reporter plasmids and wild-type cells containing cpxP-lux (black) were 

grown in either (A) SCF buffered with 0.1M MOPS or (B) HG-DMEM buffered with 0.1M 

MOPS. Data represents the mean and standard deviation of three biological replicate cultures.  
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Figure 3.2.2. Expression of the LEE master regulator, ler, over time indicates reduced 

expression in the presence of CpxRA. Wild-type (solid line) and ΔcpxRA (dotted line) cells 

harboring ler-lux (pink) reporter plasmids and wild-type cells containing cpxP-lux (black) were 

grown under static and shaking conditions in either (A and C) low-glucose DMEM buffered with 

0.1M MOPS or (B and D) HG-DMEM buffered with 0.1M MOPS. Data represents the mean and 

standard deviation of three biological replicate cultures. (D) Same data as presented in Figure 

3.2.1B. 
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Table 3.2.1. Mined RNA-Seq and SILAC data from Vogt et al. (210) and microarray data 

collected in Giannakopoulou et al. (232) for potential CpxRA downregulated genes. 

Bolded values indicate Padj< 0.05 (RNA-Seq), FDR< 0.05 (SILAC), t-test< 0.05 (microarray). 

1Locus tag for C. rodentium ICC168 

2Calculated wild-type/ΔcpxRA 

3Positive value indicates lower expression in wild-type (WT) DBS100 

4Protein function as described by UniProtKB for C. rodentium ICC168 

  

Data Source 
Dataset S3- Vogt et al. 

(2019) 

Giannakopoulou 

et al. (2018) 

Protein Function4 

Gene Name1 

Fold 

change 

RNA-Seq2 

Fold 

change 

SILAC2 

log2 fold change 

ΔcpxRA-WT 

microarray3 

pspA 0.31 0.46 4.49 Phage shock protein A 

pspF 2.03 1.04 1.10 Psp operon transcriptional activator 

cfcA 

(ROD_RS22960) 
N/A N/A -0.86 Putative type IV pilin 

cfcC 

(ROD_RS22970) 
N/A N/A 1.99 

Putative type IV pilus biogenesis 

protein 

kfcC 

(ROD_RS20355) 
0.39 0.46 0.22 Putative fimbrial subunit 

kfcF 

(ROD_RS26805) 
0.46 n.d. 1.65 Putative fimbrial subunit 

cts1G 

(ROD_RS13655) 
N/A N/A 2.83 VgrG family T6SS protein 

espV 

(ROD_RS09465) 
N/A N/A 2.43 Putative T3SS effector protein 

mpc 

(ROD_RS14755) 
N/A N/A 1.74 T3SS regulator (LEE-encoded) 

yehD 

(ROD_RS11070) 
0.35 n.d. -0.61 Fimbrial protein 
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Figure 3.2.3. Virulence genes and the Psp response components, pspA and pspF, have 

reduced expression in the presence of CpxRA. Wild-type (solid line) and ΔcpxRA (dotted line) 

cells harboring reporter plasmids for the genes of interest mpc (A, pink), espV (B, green/blue), 

operon leader kfcC (C, yellow/green), pspA (D, blue), and pspF (E, orange) were grown in HG-

DMEM buffered with 0.1M MOPS. Data represents the mean and standard deviation of three 

biological replicate cultures. The experiment was done twice with the results from one 

representative experiment shown.  
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Figure 3.3.1. The activity of the Cpx response is strongly induced by alkaline pH while the 

Psp response is strongly induced by ethanol stress over time. Wild-type cells harboring either 

the reporter plasmid (A) cpxP-lux or (B) pspA-lux were grown in either LB (green), LB pH 8 

buffered with 0.1M MOPS (pink), or LB with 5% ethanol (blue). Data represents the mean and 

standard deviation of three biological replicate cultures.  
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Figure 3.3.2. ΔyebE mutants exhibit lower levels of Psp activity relative to wild-type cells. 

Wild-type (solid line) and ΔyebE (dashed line and dark purple) cells harboring the reporter 

plasmid pspA-lux, indicative of the activity of the Psp response, were grown in either (A) LB, 

(B) LB pH 8 buffered with 0.1M MOPS, or (C) LB with 5% ethanol. Data represents the mean 

and standard deviation of three biological replicate cultures. The experiment was done twice with 

the results from one representative experiment shown.  
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Figure 3.3.3. The Psp response regulator PspF is required for full and proper expression of 

pspA over time. Wild-type (black) and ΔpspF (orange) cells harboring the reporter plasmid 

pspA-lux, indicative of the activity of the Psp response, were grown in either (A) LB or (B) LB 

with 5% ethanol. Data represents the mean and standard deviation of three biological replicate 

cultures.  
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Figure 3.3.4. The activity of the Cpx response does not depend on the presence of an intact 

Psp response. Wild-type (black), ΔpspA (blue), and ΔpspF (orange) cells harboring the reporter 

plasmid cpxP-lux, indicative of the activity of the Cpx response, were grown in either (A) LB, 

(B) LB pH 8 buffered with 0.1M MOPS, or (C) LB with 5% ethanol. Data represents the mean 

and standard deviation of three biological replicate cultures.  
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Figure 3.3.5. The absence of the Psp response members, pspA and pspF, moderately 

increases the expression of yebE. Wild-type (black), ΔpspA (blue), and ΔpspF (orange) cells 

harboring the reporter plasmid yebE-lux were grown in either (A) LB, (B) LB pH 8 buffered with 

0.1M MOPS, or (C) LB with 5% ethanol. Data represents the mean and standard deviation of 

three biological replicate cultures.  
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4.1 Induction of the Cpx ESR over time is condition-specific 

Throughout this study, we identified numerous growth conditions which influenced the 

activity of the Cpx ESR. HG-DMEM is commonly used for inducing the expression of virulence 

factors in vitro (70, 242). A previous study published microarray data indicating that HG-DMEM 

also moderately induced cpxP gene expression in EPEC cells overexpressing NlpE, relative to 

cells grown in LB, though they did not comment on this result being DMEM-dependent (241). 

Whilst DMEM has been used in previous Cpx-related studies to induce virulence gene 

expression, to our knowledge this is the first study to distinctly demonstrate a strong induction of 

the Cpx ESR in HG-DMEM relative to LB (Figure 3.1.1A) (210, 212, 230, 241, 243, 244). The 

Cpx ESR is associated with monitoring proper membrane protein biogenesis, the repression of 

virulence factors, and maintaining cell wall integrity (145). Therefore, its increased level of 

activity in HG-DMEM highlights the importance of stringent regulation of envelope functions 

under conditions where virulence factor expression is upregulated and suggests that the proper 

coordination of virulence factor production with envelope homeostasis may be just as important 

as their presence for pathogenesis in vivo.  

Interestingly, while previous studies have shown that Cpx ESR activity is highest in late 

exponential or early stationary phase in LB, we found the activity of the Cpx ESR in HG-

DMEM, indicated by the expression of the cpxP-lux reporter, was highest during log phase 

growth and reduced over time (Figure 3.1.5A-B) (204, 205). If HG-DMEM was a simple 

activator of the Cpx ESR, one would expect the pattern of expression for the positive control, 

cpxP, to remain the same albeit with the luminescence levels increased, however this was not 

observed (Figure 3.1.5A). These observations over time indicate the dynamic nature of the Cpx 

ESR and how the integration of numerous, likely intrinsic and extrinsic, signals can alter its 
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activity. While single time points can indicate activation or repression by the Cpx ESR, 

collecting data over time allows for a further understanding of the reliance a gene’s expression 

has on the Cpx ESR throughout growth as evidenced by Figure 3.1.3. 

In addition, not only did the media affect the activity levels of the Cpx ESR over time but 

also cultures grown in shaking versus static conditions impacted the level of Cpx activity in a 

media-dependent manner (Figure 3.1.5C-D). Expression of the cpxP-lux reporter was influenced 

differently by a shaking versus static culture depending on the medium used as opposed to the 

speed of growth, as both cultures grew faster in shaking conditions (data not shown). Previous 

studies have shown that static and shaking cultures can impact gene regulation and resulting 

phenotypes. In Salmonella enterica, it has been shown that the expression of hilA is CpxA-

dependent in low pH and it’s expression is increased when cultures are grown statically (252). In 

uropathogenic E. coli, the agglutination titer was opposite for wild-type and strains lacking the 

small RNA, RyfA, when either grown shaking or statically in both LB and human urine (253). 

Therefore, our study highlights the importance of culture conditions on the activity of the Cpx 

ESR and prompts questions as to the nature of the envelope stressors in the media tested and by 

extension how those conditions could impact the physiology of growing cells. 

 

4.2 Elucidating the regulation of uncharacterized genes by the Cpx ESR 

One of the objectives of this study was to develop an understanding of the Cpx-dependent 

regulation for the relatively uncharacterized genes yebE and ygiB. In E. coli, YebE is an 

uncharacterized predicted inner membrane protein that shares homology with TerB-like proteins 

and contains putative metal binding sites (UniProtKB Accession no. P33218, GenBank 
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CAD6012101.1). According to the protein prediction software InterProScan and TMHMM 

Server v. 2.0, YebE has two transmembrane domains, a linker in the cytoplasm, and a large 

globular protein structure in the periplasm (254–257). YebE is a widely conserved protein 

largely in the classes alpha-, delta- and gammaproteobacteria with homologs identified in 

Pseudomonales, Enterobacterales, Rhizobiales, and Burkholderiales among others, as identified 

by the database eggNOG 5.0 (258). Previous genome screens and microarrays have correlated 

the induction of yebE expression in E. coli with fluoroquinolone resistance, and in response to 

alkaline pH, copper stress, and UV irradiation though minimal work has been done to 

characterize the function of the encoded protein (189, 259, 260). yebE is unique in this study as 

its expression appears to rely largely on the presence of the Cpx ESR in the conditions tested 

(Figure 3.1.1A, Figure 3.1.3A). While other genes, like ygiB, bssR, and htpX, maintained 

expression in the ΔcpxRA mutant, the expression of yebE was mostly abolished in LB, and in 

wild-type C. rodentium closely resembled the expression pattern of cpxP over time (Figure 

3.1.1A, Figure 3.1.3A). While we have found that YebE is not required for colonization nor 

virulence in vivo, our results indicate the encoded protein could perhaps aid in maintaining cell 

membrane integrity and/or mediating oxidative stress during growth in simulated colonic fluid 

providing direction for future study of this gene (Figure 3.1.10B).  

YgiB is a predicted outer membrane lipoprotein which was originally suggested to be 

encoded in an operon with tolC (239). According to the bioinformatic database EcoCyc’s 

transcription unit predictor, ygiB in E. coli MG1655 is transcribed along with tolC from 

promoters upstream of tolC (BioCyc ID: TU0-14701) (239, 261, 262). However, the ygiB-lux 

reporter constructed for this thesis contained only the base pairs in between the predicted end of 

tolC and approximately 50 base pairs downstream from the predicted translation start site of ygiB 
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and did not contain any previously known or predicted promoters (239, 261, 262). Therefore, our 

results indicate that ygiB is under the control of its own promoter and can be differentially 

expressed from tolC by the Cpx ESR in that ygiB expression is induced upon stress while tolC is 

reduced (Figure 3.1.2A-B).   

Currently the only major phenotypes associated with ygiB include an exacerbation of 

ΔtolC growth defects in minimal media with glucose when cells are lacking the YgiBC and 

YjfMC proteins as well as an induction of expression during mature biofilm formation (239, 

263). YjfMC are homologous to YgiBC but are encoded in a different section of the E. coli 

chromosome (239). When grown in simulated colonic fluid in the presence of hydrogen peroxide 

to induce oxidative stress, ΔygiB cells were unable to grow until approximately 10 hours post-

inoculation where apparent suppressor mutations developed as indicated by the large deviations 

in growth between biological replicates (Figure 3.1.10C). In addition, albeit slight, we found that 

ΔygiB cells have a reduced growth rate relative to wild-type cells in the presence of copper stress 

when grown in SCF (data not shown). Numerous studies have shown that tolC is required for 

resistance to bile as a part of the AcrAB-TolC efflux pump in E. coli as well as colonization in 

vivo for various pathogenic bacteria (92, 264–267). Given the exacerbation of the ΔtolC mutant 

growth defect with the absence of ygiBC demonstrated by Dhamdhere et al. (2010), the 

differential regulation of tolC and ygiB by the Cpx ESR seen in this study, and the susceptibility 

of ΔygiB cells to additional stressors when grown in SCF containing bile, it is intriguing to 

suggest that perhaps YgiB complements the function of TolC in stressful conditions under the 

control of the Cpx ESR. In other words, the Cpx ESR may act to minimize large membrane 

proteins like TolC from integrating into a stressed membrane and instead upregulate YgiB to 
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carry out similar functions in the meantime. Since evidence for the function of ygiB is largely 

lacking in current literature, these results could provide an interesting avenue for future work. 

 

4.3 SCF is beneficial for determining colonization efficacy and susceptibilities 

of mutants to stressors 

While HG-DMEM has been a frequent media used to induce virulence gene expression 

and mimic an in vivo environment prior to conducting animal model experiments, we chose to 

investigate the fitness of our mutants in a medium relevant to the conditions present in the colon 

by using SCF (70, 242). SCF is a relatively uncommon media in individual pathogen fitness 

studies as in the past it has primarily been used for determining drug solubility and delivery 

systems which involve looking at the microbiota’s effect on drug release (268, 269). A more 

frequently used gastrointestinal fluid is simulated gastric fluid (SGF) which has been used to 

demonstrate acid-tolerance of pathogens like EPEC, EHEC, Vibrio cholerae, Listeria 

monocytogenes, and Salmonella (81, 270–272). One study in Salmonella demonstrated 

differences in cell viability upon exposure to gastrointestinal fluids where they found gastric 

juice with a pH of 4 or 5 in conjunction with bile salts from simulated intestinal juice reduced 

cell viability greater than acidic pH alone (272). In this study we show that simulating the 

conditions C. rodentium cells face during colonization of the colon using SCF was able to 

uncover growth defects and susceptibilities in ΔcpxRA cells and the mutants of our genes of 

interest that would have been unidentified in LB or HG-DMEM (Figure 3.1.8, Figure 3.1.9, 

Figure 3.1.10). Of note, wild-type C. rodentium grew to a significantly higher OD in SCF 

relative to LB and HG-DMEM and had an increased growth rate relative to that in HG-DMEM 
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suggesting that this media simulates an environment this gastrointestinal pathogen has adapted to 

(Figure 3.1.8). In addition, the growth phenotypes in buffered SCF paralleled the in vivo colon 

colonization of each mutant thus highlighting the versatility and replicability of using simulated 

physiological conditions (Figure 3.1.7A, Figure 3.1.8D). Furthermore, mutant cells grown in 

SCF were more susceptible to extraneous stressors than wild-type C. rodentium which could 

allow for greater insight into the function of genes, like yebE and ygiB, which previously had no 

known associated growth phenotypes (Figure 3.1.10B-D). 

Interestingly, the ΔcpxRA mutant had an increased lag phase when grown in the presence 

of oxidative stress in LB while growth was abolished in SCF with H2O2 (Figure 3.1.9B and E). 

As detailed thoroughly in recent reviews, it is understood that C. rodentium utilizes aerobic 

respiration to outcompete host microbiota during colonization (6, 103, 119). A previous study 

found that deletion of the cydAB genes in C. rodentium, which contribute to aerobic respiration 

in low-oxygen environments, resulted in a severe reduction of growth in vivo (101, 273). 

Following this, it was determined that disruption to the mitochondrial respiration of intestinal 

epithelial cells is largely responsible for C. rodentium infection causing oxygenation of the 

mucosal surface (102). The Cpx ESR has been implicated in the regulation of aerobic respiration 

in EPEC where it has been shown that removal of cpxRA reduced the oxygen consumption 

capabilities of cells which was attributed to problems with cytochrome bo3 oxidase biogenesis or 

function (274). Similar conclusions have been made in Salmonella typhimurium which also 

utilizes aerobic respiration to expand in the gastrointestinal tract and experiences colonization 

defects in the absence of CpxRA (275, 276).  

A follow up study to Lopez et al. (101) found that prior to expansion by aerobic 

respiration, C. rodentium utilizes host derived H2O2 as an electron acceptor during anaerobic 
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respiration via cytochrome c peroxidase (ccp) (116). Both wild-type and Δccp mutant cells could 

survive in LB in the presence of mM concentrations of H2O2, though in the absence of ccp there 

was increased expression of the catalase-peroxidase, katG, suggesting that cells were 

experiencing higher levels of oxidative stress. In the RNA-seq data from Vogt et al. (210), katG 

expression was also significantly induced in the cpxRA mutant grown in HG-DMEM which 

suggests the cells were experiencing elevated levels of oxidative stress (data not shown). Given 

that rapid expansion by aerobic respiration is a proposed mechanism of C. rodentium 

pathogenesis in overcoming colonization resistance and the production of reactive oxygen 

species by intestinal epithelial cells is an important defense mechanism, our results utilizing SCF 

support the implication that the Cpx ESR is required to successfully adapt to encountered 

oxidative stressors during colonization in the gastrointestinal tract (101, 124, 277, 278). 

The formulation of SCF used in this study, with the substitution of ox bile for porcine 

bile, was developed by Beumer et al. (235) with the intention of isolating non-culturable but 

viable Campylobacter jejuni coccoid cells. The recipe for this media proved unique from other 

versions of colonic fluid that have been used to study EHEC as it contained proteose-peptone, 

used porcine bile as opposed to bile salts, as well as lacked Bacto tryptone (279, 280). Utilizing 

formulations different from those in this study, Musken et al. (279) used simulated intestinal 

fluids mimicking the ileum and colon to demonstrate differential expression of a major fimbrial 

subunit in sorbitol-fermenting EHEC while Polzin et al. (280) found that EHEC proteins 

involved in nucleotide biosynthesis and the expression of Shiga toxins were increased in 

simulated ileal and colonic environments. In addition, it was found that outer membrane vesicle 

(OMV) production and cytotoxicity, which is an important virulence factor, as well as OMV-

associated Shiga toxin 2a in EHEC was increased in both simulated ileal and colonic 
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environments (281). On the other hand, OMV cytotoxicity and OMV-associated Shiga toxin 2a 

were not increased in DMEM which was confirmed with RT-qPCR for stx2a expression (281). 

These studies, in conjunction with the data presented here, highlight the importance of using a 

physiologically relevant environment when it comes to monitoring gene and protein expression 

in cells to predict gastrointestinal survival, colonization, and virulence. While we found that HG-

DMEM is superior at inducing the expression of the virulence factor ler, we propose that SCF 

would be a useful medium to screen genes that have the potential to be involved in or required 

for colonization (Figure 3.2.1).  

 

4.4 The presence of the Cpx ESR negatively impacts the expression of master 

LEE regulator, ler 

Previous studies have shown that the Cpx ESR negatively impacts the expression of 

virulence factors. In EPEC, overexpression of the response regulator CpxR reduced the 

activation of LEE1, LEE4, and LEE5 while the removal of CpxR resulted in increased 

expression of all five LEE operons when in a non-pathogenic E. coli background that lacked ler 

indicating the regulation of the LEE by the Cpx ESR was likely ler-independent (244). In EHEC, 

it has also been shown that the Cpx ESR negatively regulates virulence factors, including those 

that are LEE-encoded through Sigma factor 32 and the Lon protease (243). On the other hand, a 

recent study by Kumar et al. (282) proposed a model for EHEC suggesting that CpxR 

upregulates the expression of ler directly and that serotonin is an inhibitor of the Cpx ESR which 

results in reduced transcription of the LEE. The authors used RT-qPCR and growth in low-

glucose DMEM to show that ler was reduced in the absence of CpxR in EHEC and was reduced 



88 

 

in C. rodentium ΔcpxA (282). Due to these findings, we wished to verify the impact of the Cpx 

ESR on the expression of ler to determine whether the avirulence associated with the ΔcpxRA 

mutant could be due to reduced expression of the LEE in C. rodentium. Unlike Kumar et al. 

(282), our data indicates that in SCF, the impact of the Cpx ESR on ler expression is minimal 

with a slight increase in expression in the absence of the Cpx ESR (Figure 3.2.1A). We also 

found that in both high- or low-glucose DMEM, in static and shaking conditions, the expression 

of ler is consistently higher in the absence of the Cpx ESR (Figure 3.2.1B, Figure 3.2.2). 

Therefore, our data suggests the colonization and virulence phenotypes observed for the ΔcpxRA 

mutant is not due to reduced expression of ler but perhaps could be in part from the 

overexpression of ler which may contribute to reduced fitness and inappropriately timed 

virulence mechanisms in vivo. 

 

4.5 Virulence factors are more stringently expressed in the presence of 

CpxRA  

Originally known as l0036 in EHEC and orf12 in EPEC, mpc (multiple point controller) 

was first characterized as a regulatory protein of the LEE in EHEC (41). mpc is the operon leader 

of polycistronic LEE3, which encodes numerous structural proteins of the T3SS apparatus like 

EscV, a translocase, and EscN, the ATPase (41–44). In EPEC, orf12 is required for T3SS protein 

secretion, pedestal formation, and virulence in vivo (18). In terms of regulatory function, mpc 

translation is required for the expression of downstream genes while overexpression represses ler 

activity (41, 44). Using RT-qPCR, Sun et al. (2016), found that the expression of mpc was under 

tight control as transcripts levels remained low relative to the other LEE3 genes. Interestingly, 
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our results suggest that in the absence of CpxRA, the expression of mpc is significantly increased 

relative to wild-type cells in a virulence-inducing condition (Figure 3.2.3A). Given that the 

transcription of mpc has been suggested to be under stringent regulation for proper T3SS 

expression, it is intriguing that the presence of the Cpx ESR would influence its expression (41, 

44). Due to the complex regulation of mpc including that exerted by Ler and histone-like 

nucleoid structuring protein (H-NS), which also regulate each other and are influenced by 

secondary regulators like SspA, the nature of the interaction between the Cpx ESR on mpc 

transcription has yet to be determined (46, 49, 62, 283). One hypothesis is that in the absence of 

CpxRA, ler expression is increased which subsequently increases the expression of the entire 

LEE, including mpc (Figure 3.2.1 and Figure 3.2.2) (50, 55). On the other hand, it is possible that 

the change in expression of mpc is an indirect result from having the removal of the Cpx ESR 

impact the functionality of the inner membrane which could subsequently impact sensors or 

regulators associated with the T3SS (145, 185, 187). To this end, Mpc, also known as Orf12 and 

CesL, is proposed to be a class I chaperone that interacts with SepL and SepD, which have been 

identified as gate keepers of initial T3SS translocator and effector secretion through interaction 

with basal apparatus components EscU and EscV (53, 284–287). Under host-adapted conditions, 

transcript levels of mpc isolated from C. rodentium were increased relative to bacteria grown 

anaerobically on fecal media suggesting that the expression of mpc is important in vivo, perhaps 

for the critical and in vivo induced timing of LEE gene expression (288). Although the T3SS 

secreted protein profile in C. rodentium has been shown to be unimpacted by the absence of 

cpxRA in vitro, suggesting the T3SS remains functional, it could be postulated that the timing of 

the secretion or order with which the proteins are secreted could be affected in vivo in a ΔcpxRA 

mutant with contribution from the dysregulation of mpc (210, 231).    
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EspV, an effector protein that is dependent on T3SS translocation in EPEC 2348/69 but 

not EHEC O157:H7, has been shown in vitro via ectopic expression and in cell culture to induce 

morphological changes like condensed nuclei, dendritic-like projections, and cell rounding in 

eukaryotic cells (247, 289). Despite this, it is not required for C. rodentium colonization or 

virulence as a ΔespV mutant infection was insignificantly different from that of wild-type cells in 

both C3H/He and C57Bl6 mice (247). While the function of EspV is relatively uncharacterized 

in C. rodentium, the reduced expression of espV-lux in the presence of CpxRA provides an 

avenue for future research (Figure 3.2.3B). Previous research has shown differential effects of 

the presence of the Cpx ESR on effector protein expression. In the microarray data generated by 

Giannakopoulou et al. (232), the absence of CpxRA downregulated the expression of T3SS 

effector protein espO, which has been implicated in stimulating the secretion of IL-22 and 

antimicrobial peptides with higher ΔespO bacterial burdens present in late infections due to 

reduced immune response (290, 291). IL-22 is important for controlling C. rodentium early 

infection and clearance of pathogens (292, 293). On the other hand, the RNA-seq data from Vogt 

et al. (210) indicated significantly lower expression of numerous T3SS effector proteins in the 

presence of CpxRA and through verification by RT-qPCR, determined the Cpx ESR influenced 

the non-LEE encoded effector nleB1 transcriptionally. This suggests that the presence of CpxRA 

can differentially impact the expression of numerous effector proteins in C. rodentium which 

may, individually or collectively, contribute negatively to the colonization and virulence defects 

associated with a ΔcpxRA mutant.  

The kfc operon (C-H) has been implicated in a moderate disruption to C. rodentium 

colonization duration in vivo and is induced by bicarbonate-mediated induction of RegA through 

removal of H-NS repression (64, 65). Both kfcC and kfcF were chosen for luminescent reporter 
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construction however no luminescence was produced from the kfcF-lux plasmid in HG-DMEM 

(data not shown). On the other hand, kfcC was moderately expressed in HG-DMEM and 

experienced a significant increase in expression relative to WT in the absence of CpxRA (Figure 

3.2.3C). Vogt et al. (210) previously hypothesized that the reduction in expression of kfc in the 

presence of CpxRA may constitute a mechanism for preventing high amounts of large protein 

complexes from being assembled in a stressed inner membrane. Previous RNA-seq data has 

indicated that kfcC expression is induced under host-adapted conditions relative to LB in C. 

rodentium (288). Therefore, regulation or control over this induction could be important for 

overall fitness in vivo. Our results support the conclusions by Vogt et al. (210) where the 

ΔcpxRA mutant had increased activation of the kfcC promoter which we determined is prolonged 

over time and may be detrimental in vivo.  

 

4.6 The Cpx ESR influences the activity of the Psp response 

The Psp response was originally characterized following E. coli infection by filamentous 

phage and was later found to be induced in response to heat, ethanol, and osmotic shock (Figure 

1.2) (251, 294). pspA encodes Phage Shock Protein A (PspA) and functions as a negative 

regulator for the Psp response as well as an effector protein by forming a multimeric complex 

that associates with the inner membrane seemingly to dissipate disruptions to PMF (155, 245, 

246). pspF is a regulatory enhancer protein transcribed in the opposite direction from pspABCDE 

and enhances the expression of the psp operon by binding upstream of pspA (163, 165). To our 

knowledge, there has been no work conducted to characterize the Psp response in C. rodentium. 

As evidenced by the luminescent reporters shown in Figure 3.2.3D-E and Figure 3.3.2, C. 

rodentium expresses both pspA and pspF. In E. coli, the Psp response is thought to maintain 
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proton motive force and induction has been associated with biofilm formation and disruptions to 

bacterial protein secretion/translocation (mislocalized secretins), indicating that it is likely under 

the control of multiple signals (155, 166, 246, 251, 263, 295–297). The results presented in 

Figure 3.2.3D-E indicate that the Psp response is more active in the absence of CpxRA. The Cpx 

ESR upregulates factors like DegP and DsbA, a periplasmic protease and chaperone, 

respectively, which are involved in the maintenance of envelope protein folding and degradation 

(188, 207, 211). In addition, sRNAs associated with the Cpx ESR, CpxQ and CyaR, have been 

implicated in the maintenance of PMF suggesting another source for Psp-induction in the 

absence of CpxRA (reviewed by (298)). The rapid increase of expression starting 3 hours post-

resuspension of pspA-lux over time in the ΔcpxRA mutant corresponds with previous findings in 

E. coli where pspA-lac expression rapidly increased approximately 3 hours after exposure to 

antibiotics that affect lipid biosynthesis as well as protein translocation (Figure 3.2.3D) (299).  

Another two-component system, ArcAB, has been associated with the activity of the Psp 

response under certain conditions. ArcAB is required for full induction of the Psp response by 

protein-IV secretin stress in a PspBC-dependent manner via the sensor kinase ArcB (166). In this 

study, Jovanovic et al. (166), also tested pspA-lac expression in a ΔcpxA mutant using β-

galactosidase assays and exposed the cells to various stressors, including ethanol, where they 

determined that the induction of the Psp response was unaffected by the absence of cpxA in E. 

coli MG1655. The absence of an effect on the Psp response by a ΔcpxA mutant is intriguing in 

conjunction with our results, suggesting that expression of pspA by the Cpx ESR may be CpxR-

dependent, though this requires further experimentation as the differences observed could also be 

organism- or condition-specific (Figure 3.2.3D-E) (166).  
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pspF encodes a σ54 transcriptional activator and is under the control of a σ70 promoter 

where its expression is maintained at a low level regardless of stressors encountered (163, 165). 

The transcription of pspF in E. coli is inhibited by 6S RNA at elevated pH as well as negatively 

self-regulated by PspF in wild-type cells in vitro (165, 300). Therefore, it was unexpected to 

identify a rapid increase in expression of pspF-lux between 0.5 and 1 hour in the ΔcpxRA mutant 

which remained increased relative to wild-type cells throughout the 6-hour assay (Figure 3.2.3E). 

In addition, the large errors bars for pspF-lux expression in the ΔcpxRA mutant indicate possible 

dysregulation or uncontrolled expression of pspF in stressful conditions like HG-DMEM (Figure 

3.2.3E). Given that the transcription of pspF is tightly controlled and the activity of the Psp 

response relies on the abundance of the transcriptional activator relative to PspA, the influence of 

the Cpx ESR on the transcription of pspF could suggest that CpxR acts as a negative regulator of 

pspF. On the other hand, the absence of CpxRA could indirectly activate the expression of pspF 

either from increased membrane stress experienced by the cell from removal of the Cpx ESR or 

via other transcriptional regulators like sRNAs.  

The Psp response has been shown to be required for virulence in Yersinia enterocolitica 

and the intracellular pathogen Salmonella Typhimurium (168, 301, 302). In the case of Y. 

enterocolitica, the Psp response is required to mediate stress on the membrane caused by the 

production of a T3SS, and more specifically the secretin YscC (168, 169). Our data suggests that 

the LEE-encoded T3SS of C. rodentium could have altered expression in the ΔcpxRA mutant in 

HG-DMEM from the data collected for the ler-lux and mpc-lux constructs, which could result in 

T3SS-mediated stress on the inner membrane leading to the induction of the Psp response 

(Figure 3.2.2, Figure 3.2.3A, Figure 3.2.3D-E). Altogether, while it is unclear from the results 

presented here whether the impact of the Cpx ESR on the components of the Psp response, pspA 
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and pspF, is direct from aiding in the regulation of pspF transcription or is derived from other 

factors influenced by the presence of CpxRA, like membrane homeostasis or virulence 

mechanisms, it is evident that maintaining inner membrane integrity in HG-DMEM is important 

for C. rodentium.  

Given that our results in Figure 3.2.3D-E indicate an interaction between the Cpx ESR 

and Psp response, it was important to identify conditions that could differentially regulate both 

envelope stress responses to further investigate this connection. To this end, we determined that 

alkaline pH did not induce the Psp response and ethanol stress only moderately induced the Cpx 

response (Figure 3.3.1). This lack of connection between the Cpx ESR and the Psp response 

induction is supported by results from Y. enterocolitica where overexpression of secretins only 

induced the Psp response and there was little overlap between the induction of the Psp, Cpx, and 

RpoE responses (303). In addition to differential-inducing conditions, the activity of cpxP-lux 

was measured in the absence of two Psp components, PspA and PspF. The ΔpspA mutant would 

be unable to elicit the effector functions like maintenance of PMF while the ΔpspF mutant has 

reduced Psp response activity in LB and extremely dysregulated activity in ethanol stress (Figure 

3.3.3) (155). This was somewhat surprising in that previous studies have reported the absence of 

pspF abolishes the expression of the Psp operon though this difference could be explained by 

varying experimental conditions, reporters or bacterial species (164, 166, 218). Regardless, we 

found that the absence of either PspA or PspF does not impact the activity of the Cpx response as 

indicated by the expression of cpxP-lux in LB and in both Cpx- and Psp-inducing conditions 

(Figure 3.3.4). This supports the notion provided by Bury-Moné et al. (218), that the Cpx ESR 

may modulate envelope stress response in general while other stress responses, including the Psp 

response, have a more specialized function in maintaining envelope integrity. They also found 
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that the regulon of PspF overlaps with that of CpxR indicating potential for crosstalk (218). 

Overall, our results support the conclusion that the presence of the Cpx ESR impacts the 

expression of both pspA and pspF and by extension the activity of the Psp response, while the 

activity of the Cpx response is independent from a fully functional Psp response.  

 

4.7 Interactions identified between Cpx-regulated YebE and the Psp response 

Novel to the field of study involving the Psp response, we have identified an interaction 

between the presence of YebE on the activity of the Psp response as well as the presence of a 

complete Psp response on the expression of YebE. Based on a high-throughput genetic screen 

produced by Babu et al. (250), there was predicted interactions between yebE and pspACE 

(BioGRID alias: Y75_p1822) (248, 249). This is particularly significant in that PspACE 

constitute the components of the Psp response which occupy the cytoplasm (PspA), inner 

membrane (PspC), and periplasm (PspE), while YebE is an uncharacterized inner membrane 

protein predicted to have regions in the cytoplasm, inner membrane, and periplasm (UniProtKB 

Accession no. P33218, GenBank CAD6012101.1) (see Figure 1.2 for Psp response model) (155, 

245, 254–257). Beyond localization predictions, a connection can be seen in microarray analysis 

of fluoroquinolone-resistant E. coli strains where yebE, pspC, pspE, and pspD were all 

upregulated relative to fluoroquinolone-sensitive E. coli (259). Similarly, in E. coli cells 

overexpressing an outer membrane esterase autotransporter, the expression of YebE, the Cpx 

ESR, and the Psp response was significantly increased suggesting induction by envelope stress 

(229). In support of a more direct connection between YebE and the Psp response, we have 

shown in the absence of YebE, the activity of the Psp response indicated by pspA-lux activity is 

reduced over time in both alkaline pH and in ethanol stress (Figure 3.3.2B-C). Therefore, it is 
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possible that through uncharacterized interactions, YebE could be important for the signaling or 

stabilization of the Psp response components at the inner membrane, which results in a 

moderately stronger induction of pspA-lux expression in stressful conditions (Figure 3.3.2B-C).  

Furthering this connection, our results also indicate that in the absence of either pspA or 

pspF, the expression of yebE is induced (Figure 3.3.5). Our previous data indicates that YebE 

expression relies heavily on the presence of the Cpx ESR as in a ΔcpxRA mutant, yebE-lux 

activity is essentially abolished (Figure 3.1.1A and Figure 3.1.3A). In addition, the induction is 

strongest in alkaline pH relative to ethanol stress, which is a condition that strongly induces the 

Cpx ESR where one would expect subsequently higher levels of yebE expression (Figure 3.3.1A, 

Figure 3.3.5). On the other hand, it is interesting that while the presence of the Psp response 

components seemingly doesn’t impact the expression of cpxP-lux, it does influence the 

expression of yebE-lux which suggests that perhaps other factors influence the expression of 

yebE beyond only the Cpx ESR (Figure 3.3.4, Figure 3.3.5). With these observations in 

combination, it could be hypothesized that yebE expression is induced in response to general 

membrane stress which is further exacerbated in the absence of the Psp stress response.  

Future work should include elucidating whether the interaction between YebE and the 

Psp response is Cpx-dependent as well as identifying if these transcriptional effects are also 

evident at the protein-level. It would also be important to experimentally confirm the localization 

of YebE and to determine if protein-protein interactions exist between YebE and the inner 

membrane components of the Psp response, namely PspACE. In addition, it would be interesting 

to determine if more specific stressors, such as problems with protein secretion or direct 

disruptions to PMF with carbonyl cyanide-m-chlorophenylhydrazone (CCCP) known to induce 

pspA expression, would more clearly elucidate the influence of YebE on the Psp response and 
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vice versa (304). Utilizing overexpression vectors of YebE could further elucidate its role in cell 

physiology and the impact of YebE on the Psp response. To identify a connection between the 

Cpx ESR and the Psp response, determining if pspF is directly regulated by CpxR using either an 

electrophoretic mobility shift assay or identifying and deleting putative CpxR binding sites 

followed with a reporter assay would shed light on the proposed crosstalk between these two 

responses. It would also be important to determine if the effects of YebE on the Psp response and 

vice versa are CpxRA dependent utilizing double knockouts. While it is tempting to suggest that 

the Cpx response somehow regulates the Psp response through YebE, further research is required 

to identify if a direct mechanism exists. 

 

4.8 Concluding remarks 

This thesis resulted in three major sections of findings broadly categorized into Cpx 

upregulated genes and the role of the Cpx response in pathogenesis, genes downregulated by the 

Cpx ESR, and the interactions between the Cpx ESR, YebE, and the Psp response. In the first 

objective, uncharacterized members of the C. rodentium Cpx regulon were investigated to 

determine if they were responsible for the avirulent phenotype exhibited in vivo. Our results 

demonstrate that neither yebE, ygiB, bssR, nor htpX are required for virulence, although they 

each require the Cpx ESR for maximal expression in multiple conditions and over different 

growth phases. In addition, we provide evidence that fitness defects exacerbated in a simulated 

gut environment likely contribute to the colonization defect and attenuation of virulence 

exhibited by ΔcpxRA mutant cells. The second objective shifted the focus to genes 

downregulated by the CpxRA which were confirmed using luminescent reporters grown in HG-

DMEM. A major theme highlighted in this objective was that the virulence factors, such as ler, 
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mpc, espV, and kfcC, were downregulated in the presence of CpxRA and highlighted a potential 

importance in the timing of the expression of virulence mechanisms in terms of physiologically 

relevant conditions like SCF and HG-DMEM. Lastly, we uncovered a novel interaction between 

the Cpx ESR, YebE, and the Psp response. While the nature of these interactions requires further 

study, it contributes interesting observations to the currently uncharacterized protein YebE and 

highlights a one-way crosstalk between the Cpx ESR and the Psp response. In general, this thesis 

contributes to the scientific community by providing novel growth phenotypes associated with 

the ΔcpxRA mutant, highlights the importance of using physiologically relevant conditions when 

studying mechanisms that could be translatable in vivo, and provides a foundation for future 

research to investigate the uncharacterized protein YebE and its connection to envelope stress. 
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Appendix Table and Figures 

 

Table S1. Average CPS/OD600 of three biological replicates 1-hour post-resuspension in LB 

and high-glucose DMEM with MOPS for cpxP-, yebE-, ygiB-, bssR-, and htpX-lux reporter 

plasmids. 

Gene CpxRA? LB1 P-value2 HG-DMEM1 P-value2 

cpxP 
+ 34643 

0.0032 
300779 

0.00539 
- 0 42 

yebE 
+ 144 

0.00772 
3071 

0.00442 
- 1 24 

ygiB 
+ 26800 

0.00053 
53025 

0.0000005 
- 8567 13605 

bssR 
+ 1198 

0.00035 
2823 

0.00135 
- 212 841 

htpX 
+ 43422 

0.00056 
137294 

0.00621 
- 8366 13962 

1Values (CPS/OD600) are the same as those represented in Figure 1A 

2P-value indicates significant difference between wild-type and ΔcpxRA mutant cells grown in 

the same condition (LB or HG-DMEM), Student’s t-test 
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Figure S1. Luminescence on solid LB agar for reporters of confirmed Cpx regulon 

members and cpxP-lux in Cpx-regulated gene mutants. (A) Wild-type and ΔcpxRA strains 

harboring lux-reporter plasmids for each gene of interest and (B) wild-type and mutant strains 

harboring cpxP-lux reporter plasmids were grown overnight, standardized to OD600 1, serially 

diluted to 10-6, spotted on LB supplemented with kanamycin. Plates were pictured (top) after 18 

hours of growth at 37oC and luminescence (bottom) was imaged using a ChemiDoc MP imaging 

system (Bio-Rad). All assays (A and B) were completed at least twice, with one representative 

experiment shown.  
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Figure S2. Growth curve of luminescent reporter strains grown and measured over 12 

hours. Strains harboring lux-reporter plasmids were grown overnight and inoculated 1:100 in LB 

broth supplemented with kanamycin in a black walled 96-well plate and incubated at 37oC 

shaking. OD measurements were taken alongside luminescence measurements to ensure even 

growth between strains. 

 

 


