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Shigella flexneri​ Lipopolysaccharide Modifications in the Presence of Bile Salts 
  

Ciara Bauwens 
 

Advisor: Dr. Christina Faherty, Ph.D. 
  

Shigella​, a Gram-negative bacterial pathogen, induces inflammation and severe diarrhea          
by invading the colonic epithelium. Annually, millions of ​Shigella infections occur globally,            
mainly in children under five years of age in low-income communities. Despite years of research               
and multiple candidates, no effective vaccine exists against ​Shigella​. This work centers on the              
importance of understanding the mechanisms of ​Shigella ​proliferation in the gastrointestinal tract            
before colonic infection, where an adverse environment is encountered and includes bile salts             
exposure, small intestinal components essential for digestion. ​Shigella is capable of resisting bile             
salts through mechanisms such as efflux pumps and biofilm formation. Another means of bile              
salts evasion is lipopolysaccharide (LPS) modification. LPS, comprised of the O-antigen,           
polysaccharide core, and lipid A, is a crucial outer membrane component for virulence.             
Transposon mutant analysis suggested a key role of ​Shigella LPS in bile salts resistance; thus,               
the goal of this study was to define ​Shigella LPS modifications following bile salts exposure.               
Three LPS mutants were investigated to distinguish crucial components of the LPS structure for              
bile salts resistance. All mutants were analyzed relative to wild type for growth in bile salts and                 
biofilm formation. The LPS structures from wild type and the mutant strains were also purified               
and analyzed by polyacrylamide gel electrophoresis. Stained gels displayed modifications in the            
O-antigen, core components, and lipid A. Key bands were excised and sent for mass              
spectrophotometry sequencing. Results indicate that the O-antigen is a key regulator of ​Shigella             
bile salts resistance, as the complete O-antigen deletion mutant and both partial deletion mutants              
exhibited slow growth in bile salts and failed to form a biofilm in the presence of bile salts. This                   
work highlights the importance of LPS changes for bile salts resistance and may help to improve                
vaccine development. 
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Introduction 
 

The bacterial pathogens of the ​Shigella genus cause a significant global public health              

burden. In 2015, the Global Burden of Disease Consortium recorded ​Shigella ​as the second              

leading cause of diarrheal mortality and the third leading cause of diarrheal deaths in children               

less than 5 years of age ​32​. Despite a decline in ​Shigella ​infections over the last several decades,                  

the burden of disease still affects communities around the globe, especially young children in              

developing countries. Of the 164,000 annual deaths caused by shigellosis, the species ​Shigella             

flexneri ​causes almost two thirds of the infections in low- and middle-income countries ​34​. The               

bacteria spread from person-to-person via the fecal-oral route, in which transmission is            

exacerbated by inadequate sanitation and hygiene practices. Therefore, young children in           

developing countries are disproportionately affected.  

Published in 2012, the Global Enteric Multicenter Study (GEMS) was an age-stratified            

case study to evaluate the burden and microbiologic cause of diarrheal disease in children aged               

0-59 months in sub-Saharan Africa and South Asia. Of this age group, 25% of children in Africa                 

and 31% in South Asia die due to diarrhea. These rates of childhood diarrheal death do not occur                  

in wealthier societies ​34​. The study investigated the clinical consequences of moderate to severe              

diarrhea by age, pathogen, symptoms, and location. The researchers also strove to discover the              

“antigenic and genotypic characteristics” of the most prominent pathogens in order to highlight             

potential vaccine targets, isolate risk factors, and create a well-maintained source of clinical             

specimens that can be shared among scientists to combat infectious disease ​34​. Because enteric              

pathogens are a public health problem, group efforts such as this research study are essential to                

reducing the burden of diarrheal disease. 
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Shigella​, a Gram-negative bacterial pathogen, causes shigellosis: bacillary dysentery         

inducing diarrhea, stomach pains, inflammation, and fever starting a day or two after exposure ​10​.               

The ​Shigella ​genus comprises four species: ​S. dysenteriae, S. sonnei, S. boydii, and S​. ​flexneri               

that are further divided into serotypes distinguished by the O-antigen (Oag) repeats of the              

lipopolysaccharide (LPS) molecules, a major component of the ​Shigella ​outer membrane ​34​.            

Despite years of research, an effective vaccine remains elusive ​41​. Furthermore, the presence of              

mutations and the acquisition of mobile genetic elements in the ​Shigella ​genome have led the               

bacteria to develop antibiotic resistance even within a decade of initial exposure, highlighting the              

importance of discovering an appropriate vaccine target. In 2019, the antibiotics of choice are              

ciprofloxacin, azithromycin, and ceftriaxone, yet resistance is emerging for these modern drugs            

as well ​34​.  

One potential vaccine target is the LPS structure; however, the vast number of serotypes              

with varying Oag repeats has contributed to the failures of vaccine development. The GEMS              

found that of 1130 case isolates, ​S. flexneri ​comprised 65.9% that encompassed serotypes 2a, 6,               

3a, 2b, and 1b ​41​. ​S. sonnei is responsible 15% of infections in developing countries and 77% in                  

industrialized countries, making it a key vaccine target as well. The researchers conclude that a               

quadrivalent vaccine with Oag from ​S. sonnei​, ​S. flexneri 2a, ​S. flexneri ​3a, and ​S. flexneri 6                 

serotypes could deliver broad coverage against the most common serotypes, and indirect            

coverage against remaining serotypes ​41​. Because protection against ​Shigella ​is serotype specific,            

most ​Shigella ​vaccines target the epidemiologically significant serotypes. The inclusion of more            

serotypes in LPS-based vaccine formulations would require a more complex vaccine and a             

higher manufacture cost; but if type-specific antigens confer cross-resistance, the complexity can            
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be reduced. Live oral vaccines and Oag conjugated vaccines based on the immune response to               

Oag have been attempted to protect against ​Shigella​, but these candidates have not provided              

sufficient protection ​4​.  

Given the significance of the Oag and LPS in ​Shigella vaccine development, as well as               

the potential alterations of the LPS structure upon exposure to bile salts during small intestinal               

transit (see below), we sought to define important LPS modifications during bile salts exposure              

as a potential avenue to improve ​Shigella vaccine development. LPS, specifically the Oag, are              

critical components to vaccine development; however, the implications of bile salts to the             

creation of a suitable vaccine have not been investigated. Thus, this thesis tested the importance               

of LPS genes on the ability of the bacteria to modify the LPS structure and resist bile salts in                   

culture conditions that mimic ​S. flexneri ​transit through the host gastrointestinal tract. 

 

Literature Review  
 
Shigella Pathogenesis 
 

The ​Shigella ​species are facultative anaerobic, Gram-negative rod-shaped bacteria         

responsible for shigellosis, a disease in the large intestine or colon of human hosts. The bacteria                

must travel through the entire length of the digestive tract to reach the colon, where it can invade                  

the epithelial cells lining the colon (​Figure 1​). Though the pathogen does not invade the stomach                

or small intestine directly, ​Shigella ​has multiple barriers to overcome in the gastrointestinal (GI)              

tract before it can infect the colon.  

The human body has natural defenses in place to resist pathogens; however, ​Shigella             

employs several strategies to resist these defenses including alterations to the LPS structure.             

Resistance to colonization by foreign bacterial species is an essential component of the gut              
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microflora defense system for humans. Research investigating the impact of commensal bacteria            

on the ability of ​Shigella ​to invade is limited; however, the infectious dose of ​Shigella suggests                

mechanisms exist to overcome the commensal bacteria that compete for nutrients, oxygen, and             

space. The infectious dose of ​Shigella is as little as 10 to 100 bacteria, with about 500 bacteria on                   

average ​16​. Because so few organisms are required for disease, ​Shigella likely employs several              

pro-survival mechanisms against the thousands of commensal bacterial species in the GI tract ​2​.              

Another likely pathogen defense system in the gut are colicins, plasmid-encoded proteins            

produced by bacteria in response to stressful conditions ​23​. Colicins are often lethal to other               

bacterial strains, killing through four mechanisms including: inhibition of cell wall synthesis,            

formation of pores in the cytoplasmic membrane, restriction of protein synthesis, or deterioration             

of cellular DNA​23​. Because commensal ​Escherichia coli ​in the GI tract release colicins as a               

natural defense against enteric pathogens, ​Shigella ​likely has resistance mechanisms in place that             

potentially includes aspects of the LPS structure. One hypothesis of colicin resistance considers             

the length of the Oag polymer strands. In ​E. coli​, also in the same ​Enterobacteriaceae family and                 

evolutionarily similar to ​Shigella​, the Oag may protect outer membrane protein receptors to             

provide resistance to colicin. The biological mechanism of the Oag conferring this resistance is              

unknown ​23​. Short Oag (10-17 repeat units) and long Oag (16-28 repeat units) conferred              

resistance to colicin E2 ​23​. However and interestingly, very long chains enabled colicin E2 to               

navigate between LPS molecules ​23​. Further research is needed with regards to colicin resistance              

and in relation to ​Shigella​, but the example highlights the potential LPS alterations employed by               

pathogens in the GI tract. As discussed below, LPS alterations are a key component to bile salts                 

resistance. ​Finally, ​the Oag aids in the resistance to complement-mediated lysis ​45​, a mechanism              

of the host immune system ​40​. Very long Oag units (over 80 repeat units) confer resistance to                 

complement, a group of plasma proteins that target bacteria for phagocytosis and are activated by               
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bacterial components including the Gram-negative lipid bilayers of the outer membrane ​27​. ​These             

results further highlight how bacteria have resistance mechanisms in place to alter the LPS              

structure as needed in which different Oag lengths could be produced depending on the              

protection needed in a specific environment of the GI tract. 

​Shigella ​invades the colonic and rectal mucosae via the M-cell, specialized antigen             

presenting cells of the GI epithelium ​58​. The M-cells enable ​Shigella ​to cross the GI epithelial                

cell barrier and enter the subepithelial pocket (​Figure 1​). This intraepithelial pocket contains             

lymphocytes and macrophages, which attempt to initiate the mucosal immune response by            

phagocytosing the pathogen. However, ​Shigella ​disrupts the vacuolar membranes of the           

macrophages, enters and propagates into the cytoplasm, and causes cell death. ​Shigella ​is then              

released by the dying macrophage, which enables the bacteria to invade the colonic epithelial              

cells at the basolateral pole (​Figure 1​). The bacteria enter epithelial cells via membrane ruffling,               

actin rearrangements, and/or formation of protrusions using a set of virulence proteins that are              

secreted from the bacterial cytoplasm directly into the host cell by a needle-like complex termed               

the Type III Secretion System (T3SS). Following entry into the cytoplasm, bacteria replicate             

(​Figure 1​). Inside the host cytoplasm, ​Shigella ​move by prompting actin polymerization at one              

pole of the bacterium to propel the bacteria and establish cellular movement. This movement              

primarily occurs at tricellular junctions, the meeting of three cells ​34​. At these locations, bacteria               

containing pseudopodia are taken up by neighboring cells, resulting in the intercellular spread of              

Shigella. ​The bacteria repeat these invasion steps multiple times, causing several infectious            

events during exposure ​34​. Release of interleukin-8 (IL-8) recruits innate immune           

polymorphonuclear cells (PMNs), or neutrophils, to the site of infection. However, the PMNs             

weaken the integrity of the epithelial barrier and facilitate additional bacterial movement into the              
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subepithelial space. The PMNs eventually cause destruction of the tissue that is a hallmark of               

bacillary dysentery.  

 

 

Figure 1. ​Model of Shigella Pathogenesis​. ​Shigella invades the colonic mucosae via M cells,              
which facilitate the bacteria crossing the epithelia. In the subepithelial pocket, ​Shigella ​disrupts             
the phagocytic membranes of macrophages, enters the cytoplasm, and causes macrophage cell            
death. The dying macrophage releases ​Shigella​, which enables the bacteria to invade the colonic              
epithelial cells at the basolateral pole. During intracellular replication inside epithelial cells, the             
bacteria can spread to adjacent cells and control polymorphonuclear (PMN) cell migration (see             
text). Figure modified from (Nickerson, K. P., Chanin, R. B., Sistrunk, J. R., Rasko, D. A., Fink,                 
P. J., Barry, E. M., Nataro, J. P. ,and Faherty, C. S. (2017). Analysis of ​Shigella flexneri                 
Resistance, Biofilm Formation, and Transcriptional Profile in Response to Bile Salts. ​Infection            
and Immunity​, ​85​(6), 1–18). 

 

Virulence Plasmid 

​Shigella flexneri contains several virulence genes, most of which are located on the              

virulence plasmid: a 220 kb extrachromosomal DNA replicon containing genes critical for            

pathogenesis ​70​. The virulence plasmid includes the genes necessary to express an invasive             

phenotype. A 30 kb region on the virulence plasmid named “the entry region” contains the               

mxi-spa ​operon, which encodes the T3SS ​74​. The T3SS is essential for cellular invasion, as it                

penetrates the host cell with a needle-like apparatus comprised of protein oligomers. The needle              

apparatus allows for the injection of virulence proteins that are vital to infection and intracellular               
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survival, and subvert the host innate and adaptive immune responses. The T3SS is also thought               

to communicate with environmental conditions, such as temperature, pH, or oxygen levels via a              

set of transcriptional regulators ​45​. It is likely that crosstalk exists between the environment and               

T3SS, along with LPS and peptidoglycan modifications. Another operon on the plasmid is the              

ipa operon, which encodes invasion proteins required for entry into the host cells ​47​. The               

virulence plasmid also encodes autotransporters of the Type V Secretion System, such as IcsA              

that polymerizes actin and enables the bacteria to spread to adjacent cells ​45​. Autotransporters              

facilitate surface-localized proteins crossing the outer membrane in Gram-negative bacteria.          

These proteins recognize specific signal peptides of transport molecules, which are then cleaved             

during inner membrane transport ​37​. ​In addition to the virulence plasmid, pathogenicity islands             

on the chromosome aid ​S. flexneri ​in infection. These transferable elements work with the              

plasmid virulence factors to invade the colonic epithelium ​47​. 

 

Host Innate Immune Response  

A key aspect of host cell immunity is programmed cell death in response to infection.                

The clearing of infected cells is essential for confinement of damaged tissue and inflammation,              

as well as presenting bacterial antigens to the adaptive immune system ​3​. In general, when the                

bacteria enter the host, bacterial components such as LPS, peptidoglycan (PGN), and T3SS             

residues, are recognized by toll-like receptors (TLRs) on macrophages and dendritic cells to             

trigger the host immune response against ​Shigella​. Intestinal epithelium expresses TLRs that            

provide an immune response against pathogens without inducing an inflammatory response that            

would otherwise break down the epithelial barrier. Dendritic cells and macrophages similarly can             

phagocytose bacteria without promoting an inflammatory response by secreting IL-10 ​38​. The            
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PGN layer lies between the inner and outer membranes of ​Shigella​. This layer provides              

additional support and cell structure, and also aids in anchoring proteins. The PGN is continually               

made and recycled, allowing the structure to change with changing environmental conditions.            

These changes are thought to confer resistance to antibiotics, protect from host enzymes that              

target the bacterial cell wall, and shield bacteria from immune system detection ​25​.             

Nucleotide-binding oligomerization domain-like receptors (NLRs) in macrophages and dendritic         

cells are receptors that recognize bacterial PGN secretions. NLRs form inflammasomes, which            

are multi-protein signaling complexes ​3​. Activation of inflammasomes results in the release of             

IL-1β and IL-18, as well as pyroptosis. Pyroptosis is a pro-inflammatory, lytic form of              

programmed cell death in macrophages that differs from apoptosis, a non-inflammatory           

programmed cell death ​5​. ​Shigella ​can hijack the formation of the inflammasome and induce              

subsequent pyroptosis, resulting in bacterial escape from the macrophage to invade neighboring            

epithelial cells ​3​.  

Although ​Shigella ​induces pyroptosis in macrophages, it prevents apoptosis caused by           

mitochondrial damage in epithelial cells. The T3SS virulence protein IpgD has multiple            

functions such as promotion of bacterial invasion and host cell survival, activation of epidermal              

growth factor receptor, and initiation of pro-survival signaling ​3​. Unlike macrophage cell death             

that occurs within four hours of infection ​58​, ​Shigella ​uses several mechanisms to prevent host               

epithelial cell death including inhibition of mitochondrial damage, activation of cell survival            

signaling, and prevention of caspase activation and apoptosis ​6​. Another T3SS virulence protein,             

VirA​, promotes degradation of p53, blocking the pro-apoptotic pathway. ​VirA binds calpain            

inhibitor calpastatin, promoting bacterial entry while preventing apoptosis. Finally, ​Spa15          

prevents caspase-3 activation to help inhibit host cell apoptosis ​13​. Eventually, the increased             
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calpain activation results in necrosis, which reduces bacterial proliferation. ​Shigella ​does exploit            

calpain activation to suppress innate immunity ​3​. In all, these processes reveal that the bacteria               

control the balance of host cell death to facilitate survival and a replicative niche in epithelial                

cells.  

 

Host Adaptive Immune Response 

The body’s adaptive immune response against ​Shigella consists of both systemic and            

mucosal responses against LPS and virulence plasmid proteins. Literature suggests that the host             

response targets the lipid A (endotoxic) component of LPS. Furthermore, ​Shigella infection            

experiments reveal serotype-specific immunity; and thus, a vaccine against one serotype will not             

necessarily confer immunity against another serotype. Antibodies have been found to provide            

some cross protection when made against common epitopes among Oag structures ​39​. However,             

rectal biopsies of ​Shigella ​patients reveal widespread T and B cell deaths, suggesting that the               

bacteria weaken or evade cell-mediated immunity ​3​. T cell activation and migration are essential              

for the induction of the adaptive immune response against bacteria. T cells have been found in                

the rectal mucosae of patients in the acute phase of shigellosis ​36​. In general, T cell-mediated                

immunity in the GI tract includes cytotoxic T cells, intraepithelial lymphocytes, memory T cells              

in the lamina propria, and regulatory and helper T cells in Peyer’s Patches ​38​. B cells are also                  

essential for antibody-mediated, or humoral, immunity by secreting antibodies that support the            

host response against bacteria. The host response includes release of serum antibodies IgG, IgM,              

and secretory IgA. Plasma cells, fully differentiated B cells, primarily secrete IgA into the GI               

lumen and represents the main contributor to gut adaptive immunity ​39​. Secretory IgA binds the               

mucosal coating of epithelial cells, creating a protective antibody barrier in the lumenal pocket of               

the intestines ​26​. The antibodies can also adhere to the outer membrane of bacteria, inhibiting               
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bacterial attachment to any mucosal surface in the gut. Furthermore, secretory IgA aids in              

antibody-dependent cell-mediated cytotoxicity, reducing the ability of bacteria to utilize growth           

factors ​26​.  

The T cell response is limited during ​Shigella ​infection. First, it is proposed that T cells                

produce interferon gamma (IFN-γ) in response to ​Shigella ​infection, which increases           

macrophage activation and inflammation ​36​. Furthermore, T cells have been found to produce             

IFN-γ as soon as four days following ​Shigella ​exposure, suggesting that these T cells could be                

memory cells from prior exposure or the result of cross-protection of T cells primed under a                

different infection, perhaps from a different serotype ​36​. Second, there are also regulatory T cells               

in the gut to prevent inflammation against commensal bacteria and the breakdown of the gut               

epithelium by releasing IL-10, an important cytokine that can induce phagocytosis with limited             

inflammation.​38 The importance of IL-10 in ​Shigella ​infection has been highlighted by a clinical              

study. When volunteers were inoculated with ​invasive ​Shigella dysenteriae​, ​77% of participants            

had significant IL-10 production on day 0, and 87% had a significant increase in IL-10               

production by day 28, ​measured by isolated peripheral blood mononuclear cells ​62​. Third,             

Shigella can alter T-cell priming and motility ​45​. ​Shigella ​can invade activated CD4​+ T cells and                

inhibit chemoattractant-mediated T cell migration by IpgD ​3​. For a T cell to migrate, it depends                

on membrane cytoskeleton crosslinker proteins (ezrin, radixin, and moesin). IpgD          

(phosphoinositide phosphatase) can inactivate these crosslinker proteins ​3 to prevent migration           

and reduce the host capacity for successful adaptive immunity. Finally, a key feature of T cell                

activation and the essential link between innate and adaptive immunity is impaired during             

Shigella ​infection. Antigen presenting cells, such as dendritic cells, present antigens to T cells for               

recognition. It is proposed that ​Shigella can downregulate chemokines that recruit dendritic cells,             

thus leading to reduced antigen presentation at the site of infection ​66​. This blocking of dendritic                
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cells could lead to uncontrolled inflammation to facilitate ​Shigella invasion. Furthermore, it is             

hypothesized that this compromised antigen presentation leads to a reduced or improper T cell              

response; and thus, the reduced activation of memory cells and the prevention of the T               

cell-mediated response that is a hallmark of ​Shigella ​infection ​66​.  

With regards to B cells during ​Shigella ​infection, several examples demonstrate           

disruption of normal B cell function. ​Shigella ​invades the B cell, reproducing intracellularly to              

kill the immune cell. The T3SS needle apparatus also can bind TLR2 on B cells, inducing                

apoptotic signaling in non-invaded B cells. This signal cascade enables ​Shigella ​to avoid             

antibody-mediated immunity ​3​. However, some B cell function appears intact. Specific anti-LPS            

IgA has been found in shigellosis patients, and is hypothesized to protect against re-infection.              

Furthermore, anti-LPS IgA antibodies have been found in the breast milk of mothers exposed to               

Shigella​, suggesting that this source of IgA protects the infant from infection ​1​. IgG and IgM                

antibodies likely also play a role against ​Shigella ​LPS and virulence plasmid antigens, especially              

since T cell-deficient mice were resistant to wild type (WT) pulmonary ​Shigella due to anti-LPS               

IgM activity ​73​. It is hypothesized that the serum antibodies are involved either in complement               

killing or antibody-dependent cytotoxicity. While promising, these antibodies have limited          

function. The Oag is “a carbohydrate, thymus-independent type 1 antigen” ​that activates B-cells             

in the absence of helper T-cells ​47​. Without T-cell contribution however, the B-cells cannot              

develop a memory response to protect against reinfection by the pathogen. When a damaged              

bacterial cell releases LPS, the low concentration of type 1 antigens activates specific binding of               

B-cell receptors to the Oag, producing Oag- specific antibodies successful at protecting the host              

against ​Shigella​. Thus, these antibodies are transient molecules and can be circumvented by             

serotype conversion or LPS modification. Conversely, an Oag on the bacterial surface of a              

healthy cell releases a high concentration of type 1 antigens. The high concentration of antigens               
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causes a “non-specific polyclonal activation of B cells”, producing nonspecific antibodies that            

are less effective against invasion ​47​. The Oag in this manner serves to confuse and circumvent                

the host immune system at several levels, making it an important consideration in the              

development of a successful ​Shigella​ vaccine.   

 
Further Host-LPS interactions 
  

Lipopolysaccharide is the major surface molecule of the Gram-negative outer membrane            

and impacts the virulence of most pathogens. LPS consists of three domains: the lipid A, or                

endotoxin, the core sugar component, and the Oag polysaccharide chains (​Figure 2​). The lipid A               

attaches to the outer membrane, and the Oag extends into the extracellular space. The Oag is a                 

polymer of repeat units; the basic ​S. flexneri ​Oag consists of a tetrasaccharide of three rhamnose                

sugars and a single N-acetylglucosamine sugar ​23​. The chain length of the Oag can confer               

different properties to the bacteria, as well as affect the virulence of the species. In general,                

bacterial adherence to the host epithelia may depend on the presence and length of the Oag chain                 

30​. Several cell receptors are capable of binding LPS, such as CD14 and TLRs. The TLRs are                 

found on the basolateral membrane of the epithelium ​58​. Mammals recognize LPS lipid A via the                

TLR4 surface receptor. Thus, the endotoxic lipid A component induces the innate immune             

response. TLR4 activation results in translocation of nuclear factor kappa-light-chain-enhancer          

of activated B cells (​NF-κB), a transcription factor that increases the inflammatory response, into              

the nucleus. Once NF-κB reaches the nucleus, it promotes the expression of several             

pro-inflammatory cytokines including IL-6, IL-8, IL-1​β​, and more ​45​.  

​Finally, caspase-4/-11 activation is another attempt by the host epithelial cell to defend              

against ​Shigella​. Typically in epithelial cells, caspase-4 and caspase-11 bind to cytoplasmic LPS,             
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activating caspase-4/-11-mediated pyroptosis ​3​, and causing epithelial cell shedding in order to            

eradicate infected cells. However, ​Shigella ​can hijack this inflammatory cell death pathway by             

the T3SS virulence protein OspC3, which promotes epithelial infection. OspC3 targets           

caspase-4, preventing activation. Thus, OspC3 cell death inhibition is important for bacterial            

infection by delaying host cell death to enable proliferation in surrounding cells. Because             

caspase-4/-11 binds LPS, it is important to understand its implications in evading the immune              

system, as the inactivation of caspase-4 is important for bacterial infection. 

 

 
 
Figure 2. ​Sample Lipopolysaccharide Structure​. The LPS consists of the lipid A, the             
polysaccharide inner core, and the O-antigen encoded by the ​Shigella ​genes in the ​waa ​or ​rfa                
operon. Core sugar residues and Oag units vary among serotypes. The ​waaG, waaJ, ​and galU               
g​ene deletion locations in the core structure and genome are highlighted with red arrows. ​kdta is                
the gene responsible for attaching the inner core to lipid A. BW1 refers to a transposon deletion                 
mutant that was determined by DNA sequence analysis to disrupt genes S4097 and S4098.  
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Lipopolysaccharide and Infection 

The Oag component of LPS is not necessary for survival; for example, rough ​Shigella               

mutants such as Δ​galU that ​lack Oag side chains and can still cause infection. The ​galU gene,                 

which encodes uridine triphosphate-glucose-1-phosphate uridylyltransferase, is involved in LPS         

biosynthesis. ​galU is responsible for the synthesis of ​uridine diphosphoglucose, a glucose            

molecule in glycosidic linkage with uridine diphosphate (​Uniprot ​68​)​. The Δ​galU ​rough mutant             

has been found to invade HeLa cells, but is unable to generate membrane protrusions for cell:cell                

spreading ​63 since the mutant improperly localizes the IcsA protein to the bacterial outer              

membrane. In strains with partial or missing Oag, IcsA localizes to the outer surface in a                

non-polar, or dispersed, fashion ​58​. It is believed that LPS mediates IcsA polarity by creating               

“interlocking microdomains” with Oag side chains on the surface of the bacteria. These             

microdomains likely keep IcsA from disseminating away from one pole of the bacterial cell. The               

diffuse IcsA in LPS mutants polymerize the host cell actin, but the lack of cellular protrusions                

rendered the bacteria immobile in the cytoplasm ​63​. Other rough ​Shigella ​mutants can invade              

cells but do not spread to adjacent cells, while strains with a smooth LPS containing an Oag                 

improves virulence ​24 via proper IcsA localization. These findings suggest that ​S. flexneri ​can              

express two Oag chain lengths that contribute to virulence in which short chains favor IcsA               

functioning while longer chains confer serum resistance ​58​. 

​Shigella ​has been known to reinfect the host with a different strain, perhaps via Oag                

serotype switching. This reinfection rarely occurs with a homologous serotype, but rather with a              

different one; enforcing the need for a vaccine that targets multiple serotypes ​26​. The body               

produces antibodies against the LPS of ​Shigella ​that are serotype specific; and therefore, Oag              
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specific. The large variety of serotypes and thus LPS structures, as well as the fact that LPS                 

antibodies are short-lasting, make it difficult to produce a targeted LPS antibody against             

Shigella​. The adaptive immune response takes 4 to 7 days, but the persistence of ​Shigella ​after                

this time frame suggests that the bacteria subvert the immune system, either by changing the LPS                

arrangement or by avoiding effective immunological memory production ​47​. The changing LPS            

structure suggests that an appropriate vaccine or antibiotic needs to be time specific (before the               

bacteria can modify LPS residues), or overarching among several variations of LPS residues.  

The LPS may mediate host cell-bacterial interactions during this attachment and invasion.              

LPS is modified by glycosylation, which is believed to contribute to ​S. flexneri ​adhesion and               

therefore invasion. The presence of the SHI-O pathogenicity island on the chromosome includes             

genes for ​S. flexneri ​to modify LPS. The genes ​gtrA ​and ​gtrB ​in the ​gtr ​operon encode proteins                  

for Oag modification and serotype conversion. ​It is hypothesized that ​gtrX​, another            

glucosyltransferase in the ​gtr operon, positions the glucosyl group onto the Oag backbone; but,              

gtrA and ​gtrB assist in transportation of the glycosyl group ​17​. It has been shown that                

glucosyltransferase mutants ​Δ​gtrA​− and ​Δ​gtrB ​− had merely partial conversion of the Oag            

serotype, while a Δ​gtrX​− mutant had no conversion ​47​, suggesting that both ​gtrA and ​gtrB are                

necessary for full Oag conversion. ​This LPS conversion by glucosylation reduces the Oag length              

to enhance the ability of the T3SS to make contact with the host cell ​47​. A mutation in the ​gtr                    

operon diminishes the ability of the bacteria to invade the host epithelium, but the capabilities               

were restored when the operon was reintroduced.  

 

 

 



21 

Bile and LPS Interactions  

The GI system produces various bactericidal agents, such as hydrochloric acid, bile, and              

other gastric secretions. These compounds create an acidic environment in the GI tract, with a               

pH of around 3.0 in the stomach ​49​. This low-pH environment kills the majority of bacteria in the                  

stomach, but the intestines have further defense mechanisms in place, such as bile; a fluid               

containing water, bile acids, electrolytes, cholesterol, bilirubin, and phospholipids that aids in            

digestion and fat absorption in the small intestine ​47​. Bile also serves to eliminate waste products                

in feces. Bile acid, derived from cholesterol, degrades fat particles by increasing the surface area,               

allowing lipases to recognize the fatty acids. Bile acids can also form micelles, lipid aggregates               

that remain suspended in water, and are thus easily transported in an aqueous environment ​69​.               

Both the emulsification and solubilization of lipid molecules are important for particle            

breakdown in the small intestine.  

The liver metabolizes conjugated bile acids by attaching a glycine or taurine reside to the               

side chains of the bile acids. At physiological pH, conjugated bile acids are almost fully ionized                

and are termed bile salts. These salts remain in the gallbladder until circulation is stimulated by                

food intake ​49​. Bile is then released into the duodenum, or upper portion of the small intestine,                 

and maintained in the majority of the small intestine (the jejunum) to aid in digestion. Bile is                 

absorbed in the terminal ileum, or end of the small intestine, so that only approximately five                

percent of bile enters the colon ​61​.  

Since ​Shigella experiences long-term bile exposure, the bacteria have evolved to survive            

the bactericidal effects and manipulate bile as a host localization signal in order to regulate gene                

expression and prepare the bacteria for infection (​Figure 3​; ​54​). Like other enteric pathogens ​65​,               
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Shigella ​can resist bile salts exposure ​54​. Mechanisms that evade the bactericidal effects of bile               

salts include changes to the outer surface, use of efflux pumps, and biofilm formation, a common                

response in bacteria to survive stressful environmental conditions. A biofilm consists of bacterial             

attachment to a surface or aggregates of bacteria attaching to one another, coupled with              

extracellular polymeric substance (EPS) matrix secretion that consists primarily of          

polysaccharides and provides a protective coat over the bacteria ​19​. During biofilm formation,             

bacteria alter gene adhesion expression profiles to enable and strengthen attachment. Typically,            

bacteria within a biofilm are slow-growing to decrease energy expenditure, reducing the efficacy             

of most antibiotics ​19​. After the stressor is removed from the environment, the bacteria resume a                

planktonic, mobile lifestyle. For ​Shigella, ​a proposed model based on experimental data suggests             

that bile induces biofilm formation in the jejunum, which the bacteria then disperse in the               

terminal ileum when bile is recycled into circulation (​Figure 3​; ​54​). Simple sugars such as               

glucose are available for bacterial utilization in the small intestine; hence both bile salts and               

glucose are important signals for ​Shigella ​biofilm formation ​65​. It is hypothesized that the bile               

salt-induced biofilm is more transient compared to traditional, chronic biofilms in which gene             

transcription and bacterial proliferation slows. Both the rapid bacterial dispersion from the            

biofilm as ​Shigella transitions to the colon and the enhanced virulence gene expression observed              

within the biofilm population would result in this transient nature ​65​. 

Another alternative mechanism bacteria have against bile salts are efflux pumps,           

specifically the ATP binding cassette (ABC) superfamily, the major facilitator superfamily           

(MFS), and the resistance nodulation division (RND) superfamily. ​Efflux pumps consist of            

transporter proteins which aid in resistance to stressful conditions, such as antibiotics and bile              
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salts ​56​. Efflux pumps can expel a wide range of antibiotics and other toxic substances from the                 

cytosol of the bacteria; therefore, efflux pumps have been linked to multidrug resistance. Efflux              

pumps have been shown to act as virulence factors in similar enteric pathogens, such as               

Salmonella typhimurium, Listeria monocytogenes, ​and ​Vibrio cholera ​56​. It has been found that             

Shigella increases expression of the AcrAB efflux pump, which is a member of the RND family,                

in the presence of bile salts ​54​. AcrAB extrudes dyes, detergent, and a variety of antimicrobials                

such as chloramphenicol and erythromycin ​67​. Bile salts increases the transcription of the ​acrAB              

operon, and a Δ​acrB ​mutant showed hypersensitivity to bile salts. This increased AcrAB efflux              

pump expression could aid in ​Shigella resistance to other therapeutics by “priming” the bacteria              

for an antibiotic resistance phenotype, so any antibiotics present will also be effluxed out of the                

bacteria ​54​. ​Shigella have more than one resistance mechanism in place to avoid the effects of a                 

stressful environment, so it is important to consider all aspects of potential compensations the              

bacteria make during long-term exposure to bile salts. 

Finally, for many pathogens, outer surface changes in response to bile salts induce             

alterations to membrane proteins and LPS ​65​. In ​Salmonella typhimurium​, very long Oag chains              

with 80 repeat units confer resistance to bile salts, while shorter Oag chains do not confer such                 

resistance ​23​. Interestingly, Oags between 16 and 28 repeat units also impaired growth in bile,               

suggesting that different lengths of LPS Oag serve different functions in pathogenesis. The long              

Oag may interfere with enterobacterial common antigen-mediated bile resistance, while the very            

long chains could have different polysaccharide interactions to enable resistance ​23​. Any            

modifications of ​Shigella ​LPS remain to be determined.  
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Figure 3. ​The expanded Shigella infection paradigm​. ​Shigella ​experiences long-term bile           
exposure en route to the colon. Bile aids in digestion and fat absorption, and is a bactericidal                 
agent to most bacteria. ​Shigella has adapted to survive the bactericidal effects of bile salts, which                
include the formation of a biofilm as the bacteria transit the jejunum of the small intestine. In the                  
terminal ileum, ​Shigella ​disperse the biofilm as bile is recycled into circulation, enabling a              
hypervirulent bacteria to infect the epithelial cells lining the colon. Figure modified from             
(Nickerson, K. P., Chanin, R. B., Sistrunk, J. R., Rasko, D. A., Fink, P. J., Barry, E. M., Nataro,                   
J. P. ,and Faherty, C. S. (2017). Analysis of ​Shigella flexneri Resistance, Biofilm Formation, and               
Transcriptional Profile in Response to Bile Salts. ​Infection and Immunity​, ​85​(6), 1–18). 
 
 
Objectives 
 

LPS is a key outer membrane structure that has significant roles in infection and is a                

prime vaccine target. Based on the modifications seen in ​Shigella in response to bile salts ​54 23​, as                  

well as the role of LPS in bile salts resistance for other pathogens ​31 49 53​, the goal of this thesis                     

was to define the LPS modifications in ​Shigella following bile salts exposure. After identifying              

transposon insertion sites in mutants with reduced ability to resist bile salts and form a biofilm,                
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several mutants were associated with disruptions in LPS biosynthesis genes. The central focus of              

this thesis developed to begin to characterize LPS modifications in ​S. flexneri following bile salts               

exposure. It was hypothesized that ​Shigella modifies the LPS, specifically the number and             

orientation of Oag repeat residues as a mechanism to endure the bactericidal effects of long-term               

bile salts exposure during small intestinal transit. In order to investigate this hypothesis, LPS              

mutants with varying Oag and outer core lengths were created and/or investigated for bile salts               

resistance. LPS extraction analysis revealed that bile salts exposure results in a modified Oag, as               

well as a modified lipid A, inner core, and outer core in WT bacteria and the tested mutants. All                   

mutants had delayed and reduced growth in bile salts compared to WT bacteria; and furthermore,               

were unable to form a biofilm. In all, this work improves our understanding of ​Shigella               

resistance in bile salts and may help to improve vaccine development.  

    
Materials and Methods 

Bacterial strains, plasmids, media, and growth conditions. 
 
Table 1 summarizes the bacterial strains and plasmids used in this study. ​S. flexneri              

cultures were routinely grown in shaking conditions with aeration at 37° C in Luria broth (LB) or                 

tryptic soy broth (TSB). ​TSB contains an additional 2.5 g/liter glucose relative to LB. ​Cultures of                

3 mL or 10 mL were used depending on the protocol. After approximately 18 hours, the cultures                 

were centrifuged for 10 minutes at 4000 rpm at 4° C and resuspended in the same volume of LB                   

or TSB broth with or without 0.4% weight/volume bile salts, which consists of a 1:1 mixture of                 

cholate and deoxycholate (Sigma). All media were filter sterilized with a 0.22 μm filter              

following the addition of bile salts. The cultures were standardized using an optical density              
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reading at 600 nm (OD​600​) ​before the LPS extraction, growth, and biofilm assays. Bacteria were               

routinely maintained on TSB agar plates with ​1.5% agar and 0.025% Congo red (CR; Sigma), an                

indicator dye used to confirm the virulence of the ​S. flexneri ​strains ​48​. Transposon (BW) mutants                

were maintained using a kanamycin concentration of (50 ​μ​g/mL), while the ​Δ​waa mutants were              

selected on plates using chloramphenicol (5 ​μ​g/mL). Ampicillin for plasmid maintenance was            

used at 100 ​μ​g/mL. 

 

Table 1. ​Strains and Plasmids 
Strain or Plasmid Description Source 

2457T  ​S. flexneri​ serotype 2a Source 15 

Plasmid pKM208 Temperature-sensitive ​red​-, 
gam​-, ​lacI​-expressing 
plasmid driven by ​pTac 
promoter, ​bla 

Source 72 

BS766 2457T + pKM208, ampicillin 
resistance 

 Source 48F 

Plasmid pKD3 oriR6K, bla, cat Source 72 

BW1 2457T/​kdta/waaA​::Tn​5​, 
kanamycin resistance  

This study 

BW 3/4 2457T/​yohH​::Tn​5​, 
kanamycin resistance  

This study 

BW7 2457T/​malM​::Tn​5​, 
kanamycin resistance  

This study 

BW10 2457T/​ydjE​::Tn​5​, 
kanamycin resistance  

This study 

BW14 2457T/​ydiJ​::Tn​5​, kanamycin 
resistance  

This study 
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BW 21 2457T/​rfbG​::Tn​5​, 
kanamycin resistance  

This study 

Δ​galU 2457T/​galU::​Tn10; 
tetracycline resistance 

Sources 17, 54 

Δ​waaG 2457T/​waaG::cat​, 
chloramphenicol resistance 

This study 

Δ​waaJ 2457T/​waaJ::cat​, 
chloramphenicol resistance 

This study  

 
 
The Transposon Strategy for Creating Knockouts 
 

​The EZ-Tn5 transposon kit (Epicentre™) was used according to manufacturer’s           

instructions for the creation of a library of mutants with random insertions of transposons into               

the ​S. flexneri ​genome. The transposon contains an antibiotic resistance gene (kanamycin) as the              

selectable marker. The insertion sites of the transposon in the mutants were determined using a               

multi-round PCR protocol termed Random Amplifications of Transposon Ends (RATE) ​21 with            

some modifications. A primer specific to the end of the transposon (Inv-1 or Inv-2) was paired                

with a random hexamer primer for the PCR reaction (​Table 2​). Resulting amplicons were gel               

purified and sequenced using a second transposon-specific primer (KAN-2 RP-1 or KAN-2            

FP-1, respectively). Following sequence analysis (Genewiz) to identify the portion of the ​S.             

flexneri ​genome amplified in the reaction, a second confirmation PCR reaction was performed             

using unique sequence-specific primers (​Table 2​) that annealed to the target region of the ​S.               

flexneri ​genome. An increased PCR product size in the mutant relative to WT bacteria              

corresponded to the size of the transposon, thus confirming the insertion site.  
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Plasmids and construction of mutant strains. 

Deletion mutants were constructed using the ƛ red linear recombination method in which              

an antibiotic resistance cassette replaces the target gene through homologous recombination ​72​.            

Transformations were performed using standard electroporation methods. Transformants were         

selected on agar plates containing chloramphenicol (5 µg/ mL). The deletion primers used have              

approximately 50 bp of 5’ homologous overhangs to the upstream and downstream regions of the               

target gene of interest (​Table 2​; regions of homology to the antibiotic cassette are underlined).               

The primers amplify a chloramphenicol resistance cassette with homologous overhangs to the            

gene of interest. Following electroporation of the PCR cassette into a strain of WT 2457T               

harboring plasmid pKM208 that encodes the ƛ bacteriophage ​gam, beta, ​and ​exo ​genes,             

homologous recombination replaces the target gene with the antibiotic resistance cassette. Due to             

the temperature sensitivity of pKM208, the plasmid is lost during procedure, and the subsequent              

selection of transformants on chloramphenicol selects for the mutants.  

Mutants are confirmed with a set of confirmation primers that detect a size shift in PCR                

products of the mutants relative to WT bacteria (​Table 2​). The Δ​waaG ​and Δ​waaJ ​mutants were                

created using this procedure. ​The ​waaG ​gene encodes LPS alpha1,3-glucosyltransferase          

(formerly known as ​lipopolysaccharide core ​biosynthesis protein RfaG) that aids in the addition             

of the first glucose residue to the LPS core (NCBI ​52​). The ​waaJ ​gene encodes               

UDP-glucose:(galactosyl) LPS alpha1,2-glucosyltransferase that adds glucosyl residues to the         

LPS core backbone (Kegg ​29​). In order to obtain template DNA for the confirmation PCR               

reactions, single colonies of WT and each of the chloramphenicol-resistant colonies from the             

mutation procedure were inoculated into 25 µL of 0.5M sodium hydroxide (NaOH) and             
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incubated at room temperature for 30 minutes. The reaction was neutralized with 25 µL of 0.5M                

Tris-HCl. The samples were diluted with 450 µL of sterile water. Subsequently, 2 µL of the                

reactions were used as template DNA for the PCR reactions.  

 
Table 2. ​Primers used in the study.  

Primer Name Sequence 

Inv-1 5’-ATGGCTCATAACACCCCTTGTATTA-3’ 

Inv-2 5’-GAACTTTTGCTGAGTTGAAGGATCA-3’ 

KAN-2 FP-1 5’-ACCTACAACAAAGCTCTCATCAACC-3’ 

KAN-2 RP-1 5’-GCAATGTAACATCAGAGATTTTGAG-3’ 

CAT - FP 5’-​CATATGAATACCTCCTTAG​-3’ 

CAT - RP 5’-​GTGTAGGCTGGAGCTGCTTC​-3’ 

WaaG 
deletion FP 

5’-TGTTCGGGTTTATACCCAGTCGTGGGAAGGCGAATGCCCTGATGT
ATTTG​CATATGAATACCTCCTTAG​-3’ 

WaaG 
deletion RP 

5’-ACCCGTTATGATATCCGCCGCTTTCTCTGGCAGACTGTATAAATC
TTGTG​GTGTAGGCTGGAGCTGCTTC​-3’ 

WaaJ 
deletion FP 

5’-TTTAAACATCTTACTCAATTTAAAGATATAATTGAACTGGACAAG
CGCCC​CATATGAATACCTCCTTAG​-3’ 

WaaJ 
deletion RP 

5’-TAATCTGCAGAGGCGTAGTTCGCCCAATCATGCCATGGCTTAGTT
ATACCGT​GTAGGCTGGAGCTGCTTC​-3’ 

WaaG CP FP 5’-GGCGTCCCTGGTCAAATAAC-3’ 

WaaG CP RP 5’-CGCCATTTCAAAGCGCAGAG-3’ 

WaaJ CP FP 5’-GTCTGGCGATCCTCATAAAG-3’ 

WaaJ CP RP 5’-TACGCTGAGCAACCTGATAC-3’ 

BW1 CP FP 5’-GTAGAGAAGGGCGGTGTAAAG-3’ 
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BW1 CP RP 5’-CGGGATGGTGTCCTGATAAAG-3’ 

BW7 CP FP 5’-GATGGATAAAGATGCGCAGGG-3’ 

BW7 CP RP 5’-CCATCGAGATCTTCATTCCC-3’ 

BW14 CP FP 5’-TTCTTCAGGGCGATTCGATGTG-3’ 

BW14 CP 
RP 

5’-CGGTGCTCATTGCGATTCTTTC-3’ 

 *FP- forward primer, CP- confirmation primer, RP-reverse primer 
++ Underlined primers were designed by Faherty lab members 

 

Purification and Visualization of LPS 

In order to isolate and visualize the LPS structure, the hot aqueous-phenol extraction             

method was used as previously described ​12​. This protocol ensures that only LPS and potential               

sugar residues remain after the whole cell extract is processed with DNase, RNase, Proteinase K,               

detergent, and Tris-HCl to remove nucleic acids and proteins. The resulting LPS samples can be               

separated using an SDS-PAGE gel and stained, or transferred to a membrane and subjected to               

immunoblotting. The Pierce™ Color Silver Stain Kit (Thermo Scientific™) was used to stain the              

LPS residues using a weakly acidic silver nitrate solution for gel saturation, followed by              

development in alkaline formaldehyde. This silver stain produces visible bands of black, brown,             

blue, yellow, and red (Pierce Biotechnology™). The color patterns represent different molecular            

weight and charges of residues, and work to distinguish bands of similar size in the gel. The                 

colorimetric silver stain produced the best results on a 4-20% Tris-Glycine gradient gel             

(Criterion™).  

Gel images were captured using a fluorescent white light box and a digital camera, with               

images enhanced using photoshop. Key bands were excised and sent for mass spectrophotometry             
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sequencing. Gel analyses were performed by locating and counting Oag repeat bands and noting              

the size, shape, color, location of core and lipid A components ​12​. Silver stain results can be seen                  

in (​Figures 6, 7, 8 and Tables 4, 5​).  

 

Growth Curve Assay 

Following resuspension of overnight cultures in the test media, 130 μL of each bacterial              

culture was plated in a 96-well plate. Cultures were first standardized to the same OD​600 reading                 

to reduce variability in cell number between strains or treatments. Each strain was grown in LB,                

LB + 0.4% bile salts, TSB, and TSB + 0.4% bile salts. OD​600 ​readings were taken at ten minute                   

intervals by an Epoch2 microplate reader (BioTek™) to evaluate the impact of bile salts on the                

growth of each mutant and WT strains (​Figure 9​). For bile salts media, three independent               

experiments were used, with at least three technical replicate wells per strain and growth media               

per experiment. For TSB and LB media, two independent experiments were used, with at least               

three technical replicates. A two-way ANOVA test was used to calculate the statistical             

significance of the growth curve analyses. 

 

Biofilm Solid-Phase Adherence Assay 

The biofilm assay was performed as previously described ​55 with slight modifications.            

Following the 1:1 replenishment of the culture media as described above, 130 µL of each               

bacterial culture were plated in a 96-well tissue culture-treated plate. TSB was used as the               

biofilm negative control media and TSB + 0.4% bile salts were used in the experimental wells.                

Following an overnight incubation, the OD​600 ​was recorded to measure growth of the bacterial              
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strains. Subsequently, the media were removed, and the plate was washed once with 1X PBS and                

then dried. The bottoms of the wells were not disrupted, and any precipitate was left undisturbed                

during the washing. After drying, 0.5% crystal violet stain was added to each well and incubated                

for five minutes at room temperature. Following washes in distilled water, the plate was dried.               

To quantify the total biomass of the biofilm, the wells were resuspended in 95% ethanol, and the                 

OD​540 was measured. Biofilm assays were performed with two biological replicates, with a total              

of 11 technical replicates. Media control wells were used to ensure only bacterial growth was               

present in the inoculated wells. A two-way ANOVA test was used to determine the statistical               

significance of the results (​Figure 12​).  

 

Results  

Transposon Mutant Analysis 
 

A library of mutants was previously created with random transposon insertions into the ​S.              

flexneri genome. Mutants with reduced abilities to grow in bile salts and/or form a biofilm were                

selected for analysis. This work began with the procedure of identifying the insertion sites of the                

transposons by using a multi-round RATE PCR protocol with some modifications ​21​. PCR             

products were gel purified and sent for sequencing (Genewiz). Following identification of the             

transposon insertion site by sequence analysis (​Table 3​), a second confirmation PCR reaction             

was performed with primers that annealed to the target region of the genome to produce an                

increased PCR product size relative to WT ​S. flexneri, ​which ​corresponded to the size of the                

transposon and thus confirming the insertion site (​Figure 4​). Mutants BW1, 7, and 14 were               

confirmed using this method.  BW3, BW4, BW10, and BW21 still require confirmation analysis.  
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Table 3. ​Transposon Mutant Identification 

BW  Phenotype from Transposon 
Screen 

Genes Affected 
(locus; name) 

Function 

BW1 Slow growth in bile salts S4097 and 
S4098;  insertion 
sequences 

Disrupting intergenic 
region between ​kdta​ and 
waaQ 

BW 3/4* Slow growth in bile salts Upstream of 
S2353; ​yohH 

MdtQ multidrug 
resistance transporter 

BW7 Slow in bile salts, reduced early 
biofilm 

S3563; ​malM Maltose region 
periplasmic protein 

BW10* Slow growth in bile salts, low 
early biofilm 

S1563; ​ydjE MFS Transporter, 
transmembrane 
transporter 

BW14 Slow growth in bile salts, low 
early biofilm 

S1565; ​ydiJ Fructose-biphosphate 
aldolase  

BW21* Slow growth in bile salts S2220; ​rfbG dTDP-rhamnosyl 
transferase 

* Asterisks indicate mutants that have not yet been confirmed 
Bold font indicates genes associated with LPS biosynthesis 
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Figure 4​. ​Mutant BW1 Confirmation​. Following the confirmation PCR, products were analyzed            
on a 1% agarose gel and stained with ethidium bromide. Relative to WT bacteria (WT; lane 2),                 
the product size increased for BW1 (lane 3) to confirm the transposon insertion site. Mutants               
BW7 and BW14 were also confirmed with this procedure (data not shown). Lane 1 contains a                
100 bp plus ladder (ThermoFisher™). 
 
 

Construction of Mutant Strains 

PCR was used to amplify a chloramphenicol resistance cassette gene from pKD3 with 5’              

and 3’ overhangs identical to the 5’ and 3’ regions of ​waaG and ​waaJ ​(​Table 2​). Recombinants                 

were selected on chloramphenicol plates (5 μg/mL) and confirmed with PCR using confirmation             

primers (​Table 2​) that annealed to specific regions upstream and downstream of each gene to               

detect size difference caused by insertion of the chloramphenicol cassette ​(​Figure 5​; ​72​). The              

resulting Δ​waaG ​and Δ​waaJ ​mutants were subsequently used for LPS structure analysis, as well              

as bile salts growth and biofilm formation analyses relative to WT bacteria. In addition, the               
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Faherty laboratory had in possession a Δ​galU ​mutant that was added to all assays and used to                 

expand upon previous analyses performed by the lab ​54​.  

 

 
 
Figure 5. ​Confirmation of LPS Core Biosynthesis Mutants. ​An ethidium bromide stained 1%             
agarose gel showing confirmed Δ​waaG gene deletion (Lane 3). Primers used are listed in Table               
2. Lane 1 contains a 100 bp plus ladder (ThermoFisher™). Lane 2 contains the WT ​S. flexneri​,                 
and lane 4 is a no DNA template negative control reaction A size change was also detected for                  
Δ​waaJ ​(data not shown).  

  

Purification and Visualization of LPS 

The first analysis (​Figure 6​) evaluated the changes of the LPS structure purified from              

WT bacteria following growth in different media. Polyacrylamide gel electrophoresis was used            

to separate the LPS samples. Silver staining revealed that exposure to bile salts in both media                

types altered the Oag repeats. The WT Oag in LB (lane 2) can be seen from 37-65 kDa, while the                    

Oag in TSB (lane 4) ranges from 35-70 kDa (white box). The Oag in LB + 0.4% bile salts (lane                    

 



36 

3) does not extend as far, ranging from ~38-56 kDa (black box). In TSB + 0.4% bile salts (lane                   

5), the Oag ranges from 40 kDa to approximately 57 kDa (black box). Exposure to bile salts                 

reduced the number of WT Oag repeat units as well as the range. Wild type LB had an average                   

of 11.6 repeat units, while WT LB + 0.4% bile salts only had an average of 3.4 (​Table 4​). WT                    

TSB (lane 4) had an average of 9.6 repeat units, while WT TSB + 0.4% BS had an average of 7                     

repeat units (​Table 4​). The WT TSB lane also had three distinct bands that are not present in the                   

other lanes. There is a yellow band at 37 kDa (​Figure 6​, ​boxed), hypothesized to be the first Oag                   

repeat unit, 25 kDa (​Figure 6​, asterisk) and another yellow band at 15 kDa (​Figure 6​, star). The                  

identities of these residues are waiting mass spectrophotometry results.  

Finally, the lipid A, inner core, and outer core segments were detected in the region               

between 10 and 15 kDa (​Figure 6​, numbered 1-3; ​Table 5​). Literature often refers to these                

residues as the lipid A and core component without further differentiating the bands. It is               

hypothesized based on the LPS structure (​Figure 2​), that lipid A falls at band number 3, the                 

inner core is band 2, and the outer core is band 1. Following this hypothesis for WT LB, lipid A                    

corresponded to a red band at 10 kDa, the inner core appeared as a yellow band found at                  

approximately 12 kDa, and the outer core blue band resolved around 14 kDa. The three bands                

were at the same location in LB and TSB, but the bands were more intense in TSB. In LB +                    

0.4% bile salts, the lipid A component (lane 2, labeled 3) was fainter. The inner (2) and outer (1)                   

cores shifted down in LB + 0.4% bile salts. The outer core was also fainter in LB + bile salts                    

compared to LB. In TSB + 0.4% bile salts (lane 5), the outer core shifted down compared to TSB                   

(lane 4). Overall, there was a reduction in band intensity in bile salts media compared to LB and                  

TSB lanes. Also, the bile salts-treated LPS stained lighter compared to LB and TSB. Key WT                
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Oag bands, as well as lipid A, inner and outer core bands were excised from the gel and                  

processed for mass spectrometry analyses, which are currently on-going at the time of writing              

this thesis. Future mass spectrophotometry analyses will include the marked mutant bands for             

Δ​galU, ​Δ​waaG​ and Δ​waaJ ​(see below).  

 

 
 
Figure 6​. ​Wild Type LPS in Various Media. A 4-20% Tris-Glycine gradient gel (Criterion™)              
was used to visualize LPS structures following the hot aqueous-phenol extraction method to             
purify the structures as previously described (Davis & Goldberg, JoVE, ​12​). The gel was loaded               
with 5 μL ladder and 6.55 μL LPS samples. Following electrophoresis, the gel was stained with a                 
Colorimetric Silver Stain Kit (Pierce™). Lane 1, Ladder. Lane 2, WT LB, had 11 Oag repeat                
units from 37-65 kDa (white box). Lane 3, WT LB + 0.4% bile salts had 5 repeat Oag units from                    
38-56 kDa. Lane 4, WT TSB, had 7 Oag repeat units from 35-70 kDa, as well as 3 other unique                    
bands: one orange band at 37 kDa (boxed), a yellow band at 26 kDa (asterisk), and a yellow band                   
at 15 kDa (star). Lane 5, WT TSB + 0.4% bile salts had 5 repeat Oag units from 40-57 kDa.                    
Outer core, inner core, and lipid A bands are noted in each lane as 1, 2, and 3, respectively. Key                    
Oag, inner and outer core, and lipid A bands have been digested in trypsin and are waiting mass                  
spectrophotometry analysis.  
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The second set of analyses evaluated the Δ​galU ​mutant (​Figure 7​), which is unable to               

add the first glucose residue to the outer core ​63​. Thus, the LPS of this mutant should only consist                   

of lipid A and the inner core. The Δ​galU ​mutant had the least amount of bands across all media                   

types; significant residues are boxed or labeled. The Δ​galU ​mutant in LB (​Figure 7, lane 7) had                 

two significant bands at 15 kDa and 20 kDa (boxed in green, labeled A and C respectively), as                  

well as the bands hypothesized to be inner core (2) and lipid A (3) at 10 and 12 kDa,                   

respectively. The Δ​galU LB lipid A and inner core residues were less intense or not clearly                

defined as in WT LB (​Figure 6, lane 2). Furthermore, the lipid A and inner core stained a                  

different color (blue) in Δ​galU​, as opposed to red bands in WT (​Figure 7​, labeled 3), suggesting                 

a molecular weight or charge residue modification. The Δ​galU ​LB + 0.4% bile salts lanes had                

only one significant band at approximately 17 kDa (boxed in green, C), compared to WT LB +                 

0.4% bile salts (​Figure 6​ lane 2) , as well as Δ​galU ​in LB (​Figure 7 ​lane 7). 

The Δ​galU ​mutant in TSB had three significant bands between 15 and 20 kDa (​Figure 7​,                

lane 9, A, B, C). This lane was the only media type in which Δ​galU ​expressed all three of these                    

residues. Furthermore, Δ​galU ​in TSB had 3 key bands between 10 and 15 kDa, similar to WT                 

TSB, but with much less intensity. The lipid A component appeared light pink compared to the                

maroon band in WT (lanes 4 and 9, labeled 3), again suggesting a weight or charge residue                 

modification. Surprisingly, Δ​galU ​in TSB also seemed to have a very faint band that was in line                 

with the hypothesized outer core of WT (lane 9, labeled 1).  

Regarding the presence of additional bands in the Δ​galU ​mutant, TSB + 0.4% bile salts               

(lane 10) had two key bands at approximately 16 kDa and 18 kDa (C. and B. respectively). These                  

two bands were also present in Δ​galU ​TSB, but were more orange in TSB + 0.4% bile salts,                  
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compared to the lighter yellow bands seen in TSB. Δ​galU ​in ​TSB + bile salts had the same three                   

bands between 10 and 15 kDa as WT TSB + 0.4% bile salts and Δ​galU ​TSB, with some                  

modifications (​Table 5​). The outer core (band 1) in lane 10 was darker than the corresponding                

band in Δ​galU ​TSB (lane 9) and lighter than the corresponding band in WT TSB + 0.4% bile                  

salts (lane 5). Band 2, hypothesized to be the inner core, appeared in the same location as the                  

blue band in WT TSB bile salts and the yellow band in Δ​galU ​TSB, but the band was a more                    

intense yellow. Band 3 in Δ​galU ​TSB + 0.4% bile salts was less intense, lighter, and shifted                 

about 1 kB up compared to the band in Δ​galU ​TSB. Lastly, there appeared to be some faint Oag                   

repeat bands in Δ​galU ​TSB + 0.4% bile salts, which was surprising since the Δ​galU ​mutation                

results in a full Oag deletion. Average Oag repeat units for Δ​galU ​are reported in ​Table 4​, while                  

average locations of lipid A, inner core, and outer core are reported in ​Table 5​. Future analysis                 

will use mass spectrophotometry to determine the identities of specific residues for all Δ​galU              

labeled bands.  
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Figure 7. ​WT and ​Δ​galU Mutant Comparison in Various Media. ​This figure expands upon the               
same gel and methods as Figure 6. Lane 1, Ladder. Lanes 2-5 are the same as Figure 6. Lane 6,                    
no sample added. Distinct Δ​galU bands of unknown composition are boxed in green and              
distinguished by A, B, and C. Lane 7, Δ​galU LB had an orange band around 15 kDa (C), as well                    
as a faint band at 17 kDa (A). Lane 8, Δ​galU LB + BS had one faint band at 15 kDa (C). Δ​galU                       
TSB (lane 9) was the only mutant sample that had all 6 labeled bands from 10-20 kDa. Lane 10,                   
Δ​galU TSB + BS had two orange bands at 15 kDa (C) and 17 kDa (B), (same as the 2 bands in                      
lane 9, but more orange compared to more yellow in TSB, suggesting a molecular weight or                
charge residue modification induced by bile salts media). The pink box in lane 10 represents a                
faint banding pattern that resembles the Oag repeat bands in WT TSB + 0.4% bile salts. The lipid                  
A (3), inner core (2), and outer core (1) bands are labeled whenever detected for Δ​galU​. 
 
 

The third silver stain analysis focused on the LPS core biosynthesis mutants, Δ​waaG and              

Δ​waaJ ​(​Figure 8​)​. ​In general, the Δ​waaG and Δ​waaJ mutants had less Oag repeat units relative                

to WT, but more than the Δ​galU ​mutant across all media types (​Table 4, Figure 8​). The Δ​waaG                  

LB (lane 5) Oag repeat units (white box) ranged from 35-55 kDa, and Δ​waaG ​LB + 0.4% bile                  

salts Oag units (lane 6, black box) also ranged from 35-55 kDa. Both Δ​waaG ​LB and LB + 0.4%                   
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bile salts had a large brown/orange band ~12-15 kDa, but this band was thicker in Δ​waaG ​LB.                 

This band was predicted to be the lipid A and core for this mutant (​Figure 8, blue box). The                   

Δ​waaG TSB (lane 11) Oag repeats were distributed from approximately 25-50 kDa (white box).              

This lane had the same brown/orange band ~13-15 kDa hypothesized to be the lipid A and core.                 

The Δ​waaG mutant in TSB + 0.4% bile salts consistently did not have LPS purified; and thus,                 

the sample is not present in the gel. Average number of Oag repeat units for Δ​waaG ​can be seen                   

in ​Table 4​, while average locations of lipid A, inner core, and outer core can be seen in ​Table 5                    

(below).  

Δ​waaJ LB (lane 7), had Oag repeat units from 35-50 kDa (white box). Δ​waaJ LB + 0.4%                 

bile salts (lane 8, black box) had Oag repeat units from 35-55, same as Δ​waaG ​LB + 0.4% bile                   

salts. Both Δ​waaJ LB and Δ​waaJ LB + 0.4% bile salts had a brown/orange band at ~12-15 kDa                  

like the Δ​waaG ​mutant, but this band was thicker in Δ​waaJ LB. Δ​waaJ TSB (lane 12) had Oag                  

repeat units from 25-45 kDa, while Δ​waaJ TSB + 0.4% bile salts (lane 13) had no discernable                 

Oag repeats. However, Oag repeats for Δ​waaJ TSB + 0.4% bile salts were observed in one                

4-20% Tris-Glycine gel (Criterion™) using the non-colorimetric and more traditional Pierce           

Silver Stain kit™, with 6 repeating Oag units from 35-55 kDa (data not shown). Δ​waaJ TSB had                 

a thick brown/orange band at ~12-15 kDa, thought to be the lipid A and core. Interestingly,                

Δ​waaJ TSB + 0.4% bile salts had a faint brown/orange band around 13 kDa, which could                

represent just the lipid A component. Furthermore, the entirety of the Δ​waaJ TSB + 0.4% bile                

salts lane had a lighter stain than the Δ​waaJ mutant in any other media types. Compared to WT,                  

both Δ​waa mutants had shifted lipid A and core residues (​Figure 8, Table 5​). Both Δ​waa                

mutations were expected to result in a partial or mostly complete outer core (Δ​waaG ​and Δ​waaJ​,                
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respectively). The gel analyses did not result in significant separation of the lipid A and core                

components to be able to evaluate the three structures as was performed for the WT samples.                

Average Oag repeat units for Δ​waaJ ​can be seen in ​Table 4​, while average locations of lipid A,                  

inner core, and outer core can be seen in ​Table 5​. 

 

 
 
Figure 8. ​WT, ​Δ​waaG, ​and Δ​waaJ Mutant Comparison in Various Media.  
The same procedure was used as described in Figures 6 and 7. Lane 1, Ladder. Lanes 3, 4, 9, 10                    
are the WT 2457T comparison as noted above. For reference, the LPS features for WT in TSB                 
are noted as described in Figure 6. The Δ​waaG LB Oag repeats (lane 5) are between 35 and 55                   
kDa, which is the same as Δ​waaG ​LB + BS. Δ​waaJ LB Oag repeats (lane 7) run from 35 to 50                     
kDa, while Δ​waaJ LB + BS units run from 35-55 kDa. Δ​waaG TSB Oag repeats (lane 11) run                  
between 25 and 50 kDa, while Δ​waaJ TSB Oag repeats (lane 12) run from 25 to 45 kDa. Δ​waaJ                   
TSB + BS (lane 13) does not have visible Oag repeats. Δ​waaG TSB + BS did not have a                   
sufficient number of bacteria for the LPS purification. One key band boxed in red is likely the                 
lipid A and core components that are seen at ~12-15 kDa for all Δ​waa lanes and shifted relative                  
to WT. White boxes denote Δ​waa Oag repeat units in LB and TSB, while black boxes denote                 
Δ​waa​ Oag repeat units in bile salts media.  
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Table 4​. ​Average Number of Oag Repeat Units per Media​ ​Type​. (n=3) 

Strain LB LB+ 0.4% BS TSB TSB+ 0.4% BS 

WT 11.6 3.4 9.6 7 

Δ​galU 0.75 0 0.75 2.75 

Δ​waaG 8.5 8.3 8 Not applicable 

Δ​waaJ 5 8 4.5 *6 

*Asterisks indicate result detected in only one of the three gels. 
 
Table 5. ​Average Lipid A and Core Component Location per Media Type (color) ​(n=3) 

Strain LB LB+ 0.4% BS TSB TSB+ 0.4% BS 

WT 

LipidA 7 kDa (maroon) 9-10 kDa 
(orange, 
maroon) 

~8-9 kDa 
(orange) 

9 kDa (thin 
orange, maroon) 

Inner Core 10 kDa (one 
orange, one 
maroon) 

12 kDa (brown) ~10-11 kDa 
(yellow, maroon, 
orange) 

10 kDa (orange)  

Outer Core 13 kDa (one 
yellow, one 
orange) 

14 kDa (thick 
yellow) 

15 kDa (thick 
yellow) 

11 kDa (brown)  

Δ​galU 

     LipidA 9 kDa (brown) *10 kDa (blue)  7-10 kDa (light 
brown) 

*10 kDa (blue) 

     Inner Core 13 kDa (orange) 15 kDa (blue) 11 (brown)  12 kDa (thick, 
orange) 

     Outer Core *17 kDa 
(orange) 

Not detected *15 kDa (thick 
red/orange) 

15 kDa 
(orange/red) 

Δ​waaG 

     LipidA 12-15 kDa ( 
brown/orange) 

13-15 kDa 
(brown/orange), 

13-15 kDa 
(brown/orange)  

Not applicable 

     Inner Core 12-15 kDa 13-15 kDa 13-15 kDa Not applicable 
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(brown/orange),  (brown/orange) (brown/orange) 

     Outer Core 12-15 kDa 
(brown/orange) 

13-15 kDa 
(brown/orange) 

13-15 kDa 
(brown/orange) 

Not applicable 

Δ​waaJ 

     LipidA 13-15 kDa 
(brown/orange) 

13-15 kDa 
(brown/orange) 

12-15 kDa 
(brown/orange) 

12-13 kDa (faint 
brown/orange) 

     Inner Core 13-15 kDa 
(brown/orange) 

13-15 kDa 
(brown/orange) 

12-15 kDa 
(brown/orange) 

12-13 kDa (faint 
brown/orange 

     Outer Core 13-15 kDa 
(brown/orange) 

13-15 kDa 
(brown/orange) 

12-15 kDa 
(brown/orange) 

12-13 kDa (faint 
brown/orange) 

*Asterisks indicate the results were detected in only one of the three gels.  
 

Growth Curve Assay 

In order to determine growth of LPS deletion mutants in bile salts, all bacteria were               

grown in TSB and LB media in the absence and presence of 0.4% bile salts following a 1:1                  

dilution from overnight growth (​Figures 9, 10, 11​). Interestingly, even though the growth             

conditions of the mutants were not significantly different from WT in TSB and LB (aside from                

waaJ at hour 8 and hour 12 in TSB; p < 0.046), the growth patterns in bile salts media had                    

marked differences from the WT. 

In TSB + 0.4% bile salts media (​Figure 9​), all strains experienced a decline in optical                

density upon bile salts exposure. The WT strain had an insignificant lag period of less than 1                 

hour before resuming normal growth, and it reached a maximum OD​600 reading of 1.437 at hour                

4. Δ​galU, ​Δ​waaG, ​and Δ​waaJ all had significant periods of cell death as indicated by sharp                

decreases in the OD​600 readings before recovering. On average: Δ​waaJ ​returned to the initial              

OD​600 reading after 12 hours, Δ​galU at 8.5 hours, and Δ​waaG never reached the initial OD​600                
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reading despite growing slowly over the 24 hour period. Statistical significance was calculated             

using a two-way ANOVA test. Results are as follows: 

The Δ​galU ​mutant optical density readings in TSB + 0.4% bile salts were significantly              

lower than WT during hours two (p = 0.0075), three (p = 0.0067), four (p = 00.0081), and five (p                    

= 0.0201). After the fifth hour, growth of the Δ​galU ​mutant was no longer statistically lower                

than WT, although the mutant did not reach WT growth until after 12 hours. Δ​galU ​was the only                  

mutant that reached WT optical density readings in TSB + 0.4% bile salts. The maximum OD​600                

value was 1.333 at hour 16. 

The Δ​waaJ mutant had significantly lower growth in TSB + 0.4% bile salts compared to               

WT at hour one (p = 0.0139), two, three, four, five, six, seven, eight, and nine, and ten (all p ≤                     

0.0088). This mutant did not reach WT levels of growth during the 24 hour period, though the                 

difference in optical density was not statistically significant after hour ten. The Δ​waaJ ​maximum              

OD​600​ reading in TSB + 0.4% bile salts was 1.088 at hour 14.  

Finally, the Δ​waaG ​mutant did not recover the original OD​600 ​value within 24 hours,              

showing a bacteriostatic response in TSB + 0.4% bile salts. Though Δ​waaG ​was not killed by the                 

bile salts exposure, the mutant was unable to proliferate in TSB + 0.04% bile salts. The Δ​waaG                 

mutant did not reach WT growth; and thus, had significantly different growth in TSB + 0.4%                

bile salts compared to WT during hours 1-24 with the following significance: hour 1 had a p                 

value of 0.0037, hours 2-11 (p ≤ 0.0001) had the greatest difference, and hours 12-24 had p                 

values ≤ 0.0371. The maximum OD​600 ​reading for Δ​waaG ​in TSB + 0.4% bile salts was 0.940 at                  

hour 22. 
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During LB + 0.4% bile salts exposure (​Figure 10​), all mutants had a period of decline in                 

optical density readings. The WT strain had an insignificant lag period of less than 1 hour before                 

resuming normal growth. Δ​galU ​recovered to the initial OD​600 ​value after hour 5, Δ​waaG              

recovered to the initial OD​600 ​value after hour 4, and Δ​waaJ ​recovered to the initial OD​600 ​value                 

after hour 9. Wild type had a maximum OD​600 ​value of 1.640 at hour 4 before entering the static                   

phase. Statistical significance was calculated using a two-way ANOVA test and the results are as               

follows: 

The Δ​galU ​optical density readings in LB + 0.4% BS were significantly lower than WT               

during hours 1-10. Hour one had a p value of 0.0012, hours 2-7 had a p value ≤ 0.0001, and                    

hours 8-10 had a p value ≤ 0.0343. After hour 11, Δ​galU ​was no longer statistically different                 

from WT, but it did not reach WT levels in LB + 0.4% bile salts until hour 16. Δ​galU ​had a                     

maximum OD​600 ​value of 1.459 at hour 24 in LB + 0.4% bile salts. 

The Δ​waaJ ​mutant had significantly lower growth than WT in LB + 0.4% BS between               

hour 0 and hour 10. Hour 0 had a p value of 0.0011, and hour 10 had a p value of 0.0320. Hours                       

1-9 all had the same value: p ≤ 0.0001. Δ​waaJ ​did not reach WT growth in LB + 0.4% BS, but                     

the difference in growth was not significant after hour 10. Δ​waaJ ​reached its maximum OD​600               

reading of 1.356 at hour 15.  

Surprisingly and unlike growth in TSB + 0.4% bile salts, the Δ​waaG ​mutant recovered to               

the initial OD​600 ​reading at hour 3 in LB + 0.4% bile salts. Δ​waaG ​was significantly lower from                  

WT in LB + 0.4% BS during hours 1-8. Hour 1 had a p value of 0.0052, hours 2-4 had a p value                       

<0.001, and hours 5-8 had a p value ≤ 0.0188. Δ​waaG ​did not reach WT levels of growth, but                   
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differences were not significant after hour 8. The maximum optical density for Δ​waaG was 1.38               

at hour 14. 

In all, the three mutants had significantly lower growth in both media types with bile salts                

compared to WT. Δ​galU ​was the only mutant to reach WT optical density readings, which               

occurred at hour 12 in TSB + 0.4% BS and hour 16 in LB + 0.4% BS. In TSB + 0.4% bile salts,                       

both Δ​galU ​and ​Δ​waaJ recovered to the initial optical density readings, at 8.5 and 12 hours,                

respectively, while Δ​waaG ​was unable to do so. Interestingly, Δ​waaG ​reached the original OD​600              

reading at hour 3 in LB + 0.4% bile salts, marking a very brief period of cell death. Δ​galU                   

reached the initial optical density reading at hour 5 in LB + 0.4% bile salts. Finally, Δ​waaJ                 

recovered to the initial optical density reading at hour 9. 

 

.  
 
Figure 9. ​Comparison of Growth in TSB and TSB + Bile Salts Media. ​All strains were grown                 
overnight in 10 mL TSB at 37℃, then resuspended in 10 mL TSB +/- 0.4% bile salts. OD​600                  
readings were taken every 10 minutes for 24 hours using an Epoch 2 microplate reader               
(BioTek™). GraphPad Prism software was used for graphical representation. Data represent the            
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average of 3 experiments, each with 3-5 technical replicates for bile salts media; and 2               
experiments with 3-5 technical replicates for TSB. Statistical analyses were performed using an             
ANOVA analysis. The error bars represent the standard error of the mean (SEM). Any data point                
in which the SEM bars do not overlap with WT were significantly different for each mutant (see                 
text for details). Results show that the Δ​galU mutant was the only mutant to reach WT levels of                  
growth in bile salts media. Δ​waaJ in bile salts did not reach WT growth levels, but did reach its                   
initial OD​600 ​reading at 12 hours. Δ​waaG had a bacteriostatic response in bile salts as it never                 
reached its initial OD​600 ​reading.  
 
 
 
 
 

 
 
Figure 10. ​Comparison of Growth in LB and LB + Bile Salts Media. ​All strains were grown                 
overnight in 10 mL LB at 37℃, then resuspended in 10 mL LB +/- 0.4% bile salts. Growth was                   
recorded and plotted as described above with the same biological and technical replicates. The              
mutants had slower growth in bile salts media compared to WT. Δ​galU reached WT growth               
levels after 16 hours, but the Δ​waaJ and Δ​waaG mutants did not reach WT growth. The same                 
statistical analyses were performed as described above. 
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Figure 11. ​Comparison of Growth by Strain in Various Media​. All strains were grown overnight               
in 10 mL TSB or LB at 37℃, then resuspended in 10 mL TSB or LB +/- 0.4% bile salts. Growth                     
was recorded and plotted as described above with the same biological and technical replicates.              
Results show that ​Δ​galU, ​Δ​waaG ​and ​Δ​waaJ ​mutants have a period of cell death following bile                
salts exposure not seen in TSB and LB or in WT with bile salts exposure. On average, all strains                   
had more higher readings in LB + 0.4% BS compared to TSB + 0.4% BS.  
 
 
Biofilm Solid-Phase Adherence Assay 

Because ​S. flexneri has been found to form a biofilm in response to bile salts exposure                

and is a proposed mechanism for the pathogen to survive intestinal transit ​54​, the abilities of LPS                 

mutants to form a biofilm were compared to WT (​Figure 12​). All bacteria were grown in TSB in                  

the presence of 0.4% bile salts since both glucose and bile salts are required for biofilm                

formation ​54 55​. Wild type in TSB was used as the negative control, and WT biofilm formation in                  

bile salts served as the positive control. The WT cultures released a white precipitate typical of                
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EPS matrix production and visible bacterial aggregates in the presence of bile salts, both of               

which are indicative of biofilm formation. All three mutants had a significant reduction or were               

unable to form a biofilm in response to bile salts in both a 1:50 dilution and a 1:1 dilution                   

(​Figure 12 and data not shown, respectively). In comparison to WT in TSB, the WT in bile salts                  

had statistically significant biofilm formation (p < 0.0001), as did the ​Δ​galU TSB + 0.4% bile                

salts (p = 0.0012) (​Figure 12​). Though the ​Δ​galU ​mutant displayed some adherence phenotype              

as measured by the ​OD​540 ​reading, the mutant did not release EPS in the biofilm assay and did                  

not resemble WT in the presence of bile salts. The Δ​waaG ​and Δ​waaJ mutants had a lower                 

optical density reading in bile salts than WT in TSB, indicating a complete lack of adherence and                 

biofilm phenotypes. LB and LB + 0.4% bile salts were not tested in this analysis, since it has                  

been shown that both sugar and bile salts are required for biofilm formation ​53 54​. 

 

 
 
Figure 12. ​Biofilm Formation Analysis of the LPS Mutants vs WT​. Average OD​540 values              
between two biological replicates and 11 technical replicates of a slightly modified biofilm assay              
(Nickerson; JoVE).Wild type TSB was used as a negative control media since biofilm formation              
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requires bile salts. TSB + 0.4% bile salts were used in all other experimental wells. A two-way                 
ANOVA test was used to compute the statistical significance. Statistical significance is noted             
using asterisks in which **** represent p value < 0.0001 and ** represent p = 0.0012. All                 
mutants were tested against WT in TSB+BS. Interestingly, the Δ​galU ​mutant had some biofilm              
formation while both Δ​waa ​mutants failed to produce a biofilm.  
 

Discussion  

Diarrheal disease causes one in ten child deaths during the first five years of life,                

especially in communities lacking proper sanitation, facing undernutrition, and/or having high           

HIV burdens. ​Shigella is one of the top four pathogens in sub-Saharan Africa and South Asia ​33​,                 

causing severe pediatric morbidity that is exacerbated in immunocompromised or malnourished           

children who often suffer from wasting or growth stunting ​34​. Unfortunately, contracting            

dysentery only increases the nutritional deficiencies in these children. In settings without proper             

hygiene and sanitation, ​Shigella infections spread faster and cause increased morbidity and            

mortality, revealing the importance of proper sanitation techniques.  

Due to the global infection rates and the emergence of multidrug resistant strains, there is               

a need to find appropriate vaccine targets for multiple ​Shigella serotypes. Because ​Shigella ​has              

50 serotypes, a vaccine attempting to include LPS as a target must elicit immune responses               

against multiple Oag configurations. Live oral vaccines and Oag-polysaccharide conjugated          

vaccines have yielded promising protection data against a few ​Shigella ​serotypes, but no broad              

Shigella vaccine has ever been successfully developed ​41​. ​Shigella ​vaccine development has not             

considered the effects of bile salts exposure on LPS, which could alter antigen targets relative to                

LPS isolated from bacteria grown in standard laboratory media. Thus, this research aimed to              

identify how the ​S. flexneri ​LPS is modified in response to bile salts exposure. Our research                
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suggests that ​Shigella can modify the LPS structure to evade the bactericidal effects of bile salts.                

The long term goal of this work is to identify the specific bile salt-induced LPS alterations and to                  

determine if these alterations can be incorporated in vaccine formulations that would ultimately             

prevent ​Shigella ​infections.  

 
Transposon Mutant Analysis 
 

The ​S. flexneri genome is annotated with multiple genes of unknown function, as well as               

hypothetical proteins. ​S. flexneri also lacks annotation to regions predicted to encode genes. In              

order to complement previous RNA-sequencing data ​54 65 and help identify genes essential for              

bile salts resistance and biofilm formation, a transposon library was created. This library             

consisted of 1,137 mutants that were screened for phenotypic defects that focused both on the               

ability to survive in bile salts and the ability to form a bile salt-induced biofilm. These                

qualifications narrowed down 37 mutants that exhibited abnormal behavior in bile salts. The             

RATE and confirmation PCR procedures were then used to identify the genes disrupted by each               

transposon insertion event in each mutant. 

Mutants 1, 3, 4, 7, 10, 14, and 21 had slow or no growth in bile salts compared to WT.                    

The predicted disrupted genes of each mutant were annotated to be involved in outer membrane               

structure, sugar transport, or LPS biosynthesis according to analyses using the Universal Protein             

(UniProt ​68​) Resource database (Uniprot ​68​). Mutant 7, ​malM​, encodes a periplasmic protein             

hypothesized to be a part of the outer membrane. Mutants 3 and 4 mapped to the same gene,                  

mdtQ​, which encodes a multidrug resistance outer membrane protein that has drug efflux activity              

to remove toxic chemicals from the bacterial cell. Mutant 10, ​yidjE​, is predicted to encode a                

transporter in the major facilitator superfamily (MFS) family of efflux pumps. Efflux pumps             
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consist of transporter proteins that aid in resistance to stressful conditions, such as antibiotics and               

bile salts ​56​. Mutant 14 disrupted a gene named ​ydjI ​that is a fructose-bisphosphate aldolase and                

likely plays a role in zinc ion binding and chemical reactions involving carbohydrates.  

Mutant 1 also had slow growth in bile salts as found by the Faherty lab. The transposon                 

insertion was mapped to disrupt insertion sequences S4097 and S4098 ​(​Figure 2​)​. ​This region is               

between the ​kdta ​and ​waaQ ​LPS biosynthesis genes; and thus, the EZ-Tn5 likely affects the               

promoter regions of one or both of the genes. The ​waaQ ​gene encodes an LPS core biosynthesis                 

protein that transfers glycosyl groups (Uniprot ​68​). Disruption of ​waaQ ​would result in a LPS               

structure very close to the ​galU ​deletion since both remove nearly the entire outer core and Oag.                 

The Tn5 insertion in BW1 is also close to ​kdta​, or ​waaA ​at locus S4096, which encodes                 

3-deoxy-D-manno-octulosonic acid transferase (Uniprot ​68​) that attaches the lipid A to the core             

via the KDO residues (​Figure 2​). Because the ​genes disrupted by BW1 are in opposite               

orientation, both promoters and thus expression of both genes could be affected by the              

transposon insertion (​Figure 2​). ​In the future, RT-PCR can be used to determine if one or both of                  

these genes are improperly transcribed in BW1. Preliminary analysis of BW1 by the Faherty lab               

found that the mutant had a rapid increase in OD​600 at approximately 3.5 hours in TSB + 0.4%                  

bile salts, suggesting that the mutant releases EPS matrix at this time. Compared to WT, the                

mutant grew slower in bile salts, as WT releases its EPS matrix about an hour earlier. The mutant                  

did not grow sufficiently in LB or LB + 0.4% bile salts, so the added glucose in TSB facilitates                   

growth. Indeed, the availability of sugars in the small intestine ​28 will be important considerations               

when evaluating the growth of these mutants in the presence of bile salts. 
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Finally, BW21 likely has a disruption in the gene ​rfbG, ​which encodes the protein              

dTDP-rhamnosyl transferase (Uniprot ​68​). This protein is involved in transferring glycosyl groups            

during the lipopolysaccharide biosynthetic process. After confirming the identity of BW1, BW7,            

and BW14, mutant 1 had the most direct connection with LPS, although BW21 is still pending                

confirmation of the gene disruption. Preliminary results for BW21 by the Faherty lab showed              

that this mutant did not have a single, rapid increase in growth in TSB + 0.4% bile salts, but                   

rather steadily increased beginning at 5 hours. This growth pattern is not necessarily indicative of               

the bacteria releasing EPS, although further experimentation is needed to determine the effects of              

the mutation on growth and biofilm formation in the presence of bile salts. The mutant did not                 

have an increased optical density reading in LB + 0.4% bile salts; and thus, it likely needs                 

additional sugar to proliferate in bile salts media, which again correlates with the sugar              

availability in the small intestines ​28​.  

Both BW1 and BW21 thus far had slow growth in all media types compared to wild type,                 

suggesting that ​waaA/kdta ​or ​waaQ and ​rfbG ​genes play a role in bacterial growth. Preliminary               

analyses also suggest that at least one mutant was capable of forming a biofilm. Further               

experimentation will confirm these results and evaluate the LPS structure of the mutants.  

 

Construction of Mutant Strains 

Considering the points outlined above and the known literature of bile salt-induced LPS             

alterations in other pathogens highlighted in the introduction ​23 31 46 54 63​, the central focus of this                  

thesis shifted to creating and analyzing LPS mutants with distinct truncations. Therefore,            

deletion mutants of ​waaG ​and ​waaJ ​genes were constructed to be evaluated with the ​Δ​galU               
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mutant already in possession in the Faherty Lab​. Because LPS core biosynthesis mutants have              

been shown to be immunodeficient in ​Salmonella, Vibrio, ​and E. coli ​31 51 53 ​and the gene                 

mutations have generated easily visualized LPS truncations in other studies ​43​, the ​waa genes              

were selected for further investigation. The Δ​galU mutant was also used given the complete              

deletion of the outer core and Oag, as well as the previous analyses performed by the Faherty lab                  

54​. For the ​Δ​waa ​mutations, the deletion protocol replaced each gene with a chloramphenicol              

resistance cassette ​72​. The cassette contains three stop codons in each reading frame to prevent               

polar mutations. Furthermore, the mutants were constructed to leave the native start and stop              

codons for each ​waa ​gene. Therefore, we expect that each mutation is a single gene mutation and                 

does not affect other genes in the operon (​Figure 2​). Future complementation analyses for each               

mutant should be performed to confirm the results. As needed, RT-PCR analysis of the              

downstream genes can confirm gene expression, and the chloramphenicol resistance cassettes           

can be removed ​72​ to prevent polar effects .  

 

Considerations for Chosen Methodology 

When first growing the mutants in bile salts media, especially for the LPS extraction, a               

standard laboratory technique using a 1:50 dilution from overnight cultures was used so the              

bacteria could efficiently reach mid-log phase of growth in the bile salts test media. With WT                

and Δ​galU​, this dilution produced a sufficient bacterial pellet after a longer incubation. However,              

with the Δ​waaG and Δ​waaJ mutants, this dilution did not produce a sufficient amount of bacteria                

in bile salts media. To account for the reduced growth and to obtain sufficient amount of bacteria                 

for all analyses, an alternative strategy successfully produced a pellet: the mutants were cultured              
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for about 18 hours in 10 mL TSB or LB, centrifuged the next day for ten minutes at 4000 rpm,                    

and pellets were resuspended 10 mL TSB or LB with 0.4% bile salts following one wash with                 

1X PBS. This extended incubation time, in combination with the 1:1 resuspension, resulted in              

appropriate bacterial growth for all mutants, aside from Δ​waaG in TSB + 0.4% bile salts media                

that produced a bacteriostatic effect and correlated with a lack of LPS purification. The same 1:1                

dilution strategy was used for growth with control media (TSB or LB without bile salts) to                

ensure consistency across all media types.  

Future experiments should be performed to explore the effects of this resuspension            

method on the bile salts resistance abilities of each mutant. Additionally, 48 hour incubation              

times with a 1:50 dilution can be pursued to determine if the mutants can eventually compensate                

with longer incubation times. A consistent lack of growth with the 1:50 dilution would indicate               

that bile salts are either bactericidal or bacteriostatic for the mutants. Based on our analyses, it is                 

likely the higher number of bacterial cells in the 1:1 resuspension, or a subpopulation following               

cell death, was able to tolerate the bile salts exposure and subsequently express compensatory              

mechanisms in order to grow. Indeed, identification of these mechanisms would provide valuable             

information toward our understanding of bile salts resistance in ​S. flexneri​. We hypothesize that              

changes to outer membrane proteins or structures, including extensive adaptation to remaining            

LPS components, and/or higher expression of efflux pumps are possible compensation           

mechanisms ​54 65​. As noted, the Δ​galU ​mutant was able to grow in the 1:50 dilution after the                  

longer incubation, which suggests a more efficient compensation mechanism relative to the            

Δ​waa ​mutants. In fact, the data suggest that a partial or incomplete outer core is more                

detrimental to the bacteria compared to the absence of the outer core. One growth curve               
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experiment was performed using a 1:50 dilution for comparison (data not shown), revealing             

slower growth of the mutants relative to WT in all media types, in which none of the mutants                  

reached WT levels. For both WT and the Δ​galU ​mutant, the LPS purification and growth curve                

analyses should be performed with the 1:50 dilution to determine if the results are consistent               

with the 1:1 dilution method. In summary, WT, Δ​galU, ​Δ​waaG, and Δ​waaJ ​were treated with               

this 1:1 dilution growth method in the experiments, aside from the standard procedure of the               

biofilm solid-phase adherence assay, to ensure the same treatment of all samples.  

 

Purification and Visualization of LPS 

The purification of LPS using the hot aqueous-phenol method isolates the LPS from any              

proteins and nucleic acids that obstruct LPS visualization. Following this extraction, the samples             

were analyzed using polyacrylamide gel electrophoresis (​Figures 6, 7, 8​). The Tris-Glycine            

4-20% gradient gels (Criterion™ Dodeca™) showed separation of bands and uniformity of gels             

with a colorimetric silver stain (Pierce™). A second silver stain (Pierce™) with a reduced              

background paired with a Tris-Tricine 4-16% gel (Criterion™) was also used. The Tris-Glycine             

gels had the best results with the colorimetric silver stain, which stains the entire gel an amber                 

color and shows distinctly colored bands based on varying concentration. Unfortunately, the            

amber color of the stain made it difficult to photograph the gels, hence additional observational               

data are provided and summarized in ​Tables 4 and 5​. The Tris-Tricine gel with the silver stain                 

did not have this amber background, leading to better visualization of key bands; however, there               

were less bands represented on the gel. Thus, the results are presented using the Tris-Glycine gel                
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with the Colorimetric Silver Stain, as these gels produced the most bands with clear distinction               

among each band.  

For WT, bile salts exposure resulted in fewer Oag repeat units on average (​Table 4​).               

Furthermore, the size shift in the start of the Oag repeat (​e.g. ​starting at 35 kDa in TSB vs. 40                    

kDa is TSB + 0.4% bile salts) suggests that each Oag repeat band had a heavier composition in                  

bile salts. The mass spectrometry analyses will define the Oag modifications in bile salts and               

help to determine if additional experimentation is required to define these alterations following             

bile salts exposure. We hypothesize that these Oag changes are not due to delayed growth               

kinetics, but rather due to specific modifications to the Oag in the presence of bile salts, since                 

growth was not significantly delayed relative to media without bile salts. The shorter Oag result               

is in contrast to the observations with ​Salmonella ​and bile salts in which longer Oag repeats                

aided the bile resistance strategies of the pathogen ​31​. This pathogen comparison highlights that              

while enteric bacteria may use similar strategies to resist bile salts (​i.e., ​variation of Oag length),                

the specific changes may contrast (​i.e., ​shorter Oag in one pathogen vs. longer Oag in another                

pathogen). The shorter ​S. flexneri ​Oag in response to bile salts is supported by a recent                

examination of a Δ​tolR ​mutant as a ​S. flexneri ​vaccine candidate ​57​. The LPS isolated from outer                 

membrane vesicles of the Δ​tolR ​mutant displayed longer Oag chains relative to WT, and the               

mutant was sensitive to deoxycholate exposure. Therefore, shorter but likely modified Oag            

repeats appear to facilitate bile salts resistance in ​S. flexneri​.  

The WT samples exposed to bile salts also had additional modifications. The outer core              

band (1) was shifted down 1-2 kDa with a thinner and fainter band compared to TSB and LB,                  

suggesting a modification in this region to allow for growth in bile salts. The inner core band (2)                  
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was also thinner and shifted down 1-2 kDa in bile salts media (​Figure 6​). Furthermore, while the                 

lipid A band remained at 10 kDa for all WT samples, the band (3) was dark maroon in LB and                    

TSB and only faint pink in bile salts media, suggesting reduced expression of this residue in bile                 

salts. As noted above, the core and lipid A modifications are likely due to bile salts exposure                 

since growth is not significantly affected. Finally, the unique bands present in TSB are              

interesting and require identification, especially given the sugar availability in the small intestine             

28​. The mass spectrometry data will confirm the results from the LPS extraction analyses. In all,                

the analyses performed here generated significant data toward our understanding LPS           

modifications in conditions that mimic the small intestinal environment. The ramifications of            

these changes on immune recognition certainly needs to be investigated.  

The Δ​galU ​mutant did not have as many bands as WT as expected, aside from the                

hypothesized lipid A and inner core bands from 7-10 kDa (​Table 5​). Because ​galU synthesizes               

UDP-glucose, the mutant is unable to add the first glucose residue to the outer core ​63​; and thus,                  

only lipid A and the inner core should be present. Between 15-25 kDa, the banding pattern was                 

different relative to WT for all media types; and in addition, this banding pattern and               

concentration varied across media types for the Δ​galU ​mutant. Mass spectrometry analysis will             

be vital to identify these bands and to determine what changes occur as a result of glucose and/or                  

bile salts exposure.  

Since the Δ​galU mutant does not have an outer core and Oag, yet still grew better than                 

the Δ​waa mutants in bile salts, the data suggest that the lipid A, inner core, and/or other noted                  

band modifications (A-C) may have more of an impact on growth in bile salts. Interestingly, it                

appears a band similar to the outer core was visible in LB (n=1), TSB (n=1), and TSB + 0.4%                   
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bile salts (n=4). Furthermore, an Oag appeared visible in TSB + 0.4% bile salts (once with a                 

tris-glycine gradient gel (Criterion™ Dodeca™) as seen in ​Figure 7 and once in a tris-tricine               

gradient gel (Criterion™; data not shown)). Analyses should be repeated since detection of most              

of these components were variable aside from the consistent appearance of the outer core in TSB                

+ bile salts. Future mass spectrometry will confirm the identification of these bands to help us                

understand the LPS compensation mechanisms in these conditions. It is possible that ​S. flexneri              

uses another gene to compensate for a Δ​galU ​mutation in the presence of glucose, in which this                 

compensation is further enhanced in bile salts to enable the mutant to grow in the stressful                

conditions. Additional LPS related genes or possible UDP-glucose gene homologs need to be             

analyzed. Therefore and based on the analyses performed here, the Δ​galU ​mutant could help us               

identify additional LPS-related genes that are important to understand how ​S. flexneri ​alters the              

LPS structure in the small intestinal environment in the presence of both glucose and bile salts.  

The Δ​waa mutants also had significant differences in the respective LPS structures.            

Interestingly, the lipid A and core residues were shifted higher compared to WT and ranged from                

12-15 kDa (​Figure 8​). The bands were thick and brown/orange in the mutants across all media                

types with little to no noted distinctions as the media varied. Importantly, the lipid A and core                 

residues did not separate into 3 distinct bands like the three thin maroon bands in WT. The data                  

suggest that the lipid A and core residues were therefore modified in both Δ​waa mutants. The                

lack of separation of each component likely explains the larger size. Each mutation results in               

either a partial (Δ​waaG​) or almost complete (Δ​waaJ​) outer core; but these differences were not               

discernable on the gel, especially with the lack of separation from the lipid A and inner core.                 

Thus, further analysis is needed to determine how the remaining outer core components are              

 



61 

altered in the presence of glucose and/or bile salts. We also currently cannot rule out               

modifications to lipid A or the inner core without future mass spectrometry analyses. 

Regarding the Oag repeat units, the Δ​waa mutants had fewer Oag repeat units relative to               

WT in LB and TSB, but were nonetheless detected (​Figure 8, Table 4​). The mutations should                

have resulted in a lack of Oag production, but the results were consistent and seen across all                 

media types. The results suggest that an LPS outer core truncation does not eliminate the full                

Oag. It will be interesting to determine if the Oag was simply attached to each incomplete outer                 

core or if the mutants first compensated by using additional genes to complete the outer core                

prior to the attachment of the Oag repeats. Future analyses need to determine which strategy was                

used and which genes could compensate for the Δ​waa ​mutations in order to both complete the                

outer core and/or add an Oag. Additionally, mass spectrometry will determine if each Oag repeat               

is modified relative to WT in the different media compositions. 

It is likely that the outer core remains incomplete in each Δ​waa ​mutation, especially due               

to the changes observed in the bile salts media. Interestingly, the Δ​waa mutants had more Oag                

repeat units in LB + bile salts media compared to WT. The Δ​waaG ​mutant did not reduce the                  

number of Oag repeats while the Δ​waaJ ​mutant increased the number (​Table 4​). These results               

could be a compensation for an incomplete outer core, and it will be interesting to determine if                 

mass spectrometry can detect other modifications. Despite these changes in LB + bile salts              

media, the presence of glucose had a more significant impact on the LPS structure in bile salts                 

for the Δ​waa mutants. The LPS could not be purified for Δ​waaG ​in TSB + bile salts, which is                   

likely due to the growth kinetics (see below). The Δ​waaJ mutant had ​a faint band from 12-13                 

kDa representing the lipid A and core in the presence of TSB + 0.4% bile salts, and an Oag was                    
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detected in only 1 gel upon repeated analysis. While Δ​waaJ ​may be better at compensation and                

thus have a modified LPS structure in this media type compared to Δ​waaG​, these results indicate                

there is added stress on an incomplete outer core from the glucose in the presence bile salts.                 

Neither mutant had the additional TSB modifications identified in WT as noted by the stars and                

asterisks in ​Figures 6-8​, which again is likely a result of an incomplete outer core and therefore                 

may impact the ability of the mutants to modify the LPS structure in the presence of bile salts.                  

Future mass spectrophotometry analysis will help to understand the results, characterize each            

LPS component in the Δ​waa mutants across all media types, and determine the importance of               

each modification in glucose, bile salts, or the combination.  

 

Growth Curve Analyses 

All bacteria were grown in TSB and LB in the absence and presence of 0.4% bile salts                 

following a 1:1 dilution (​Figures 9, 10, 11​). Analyses with a standard 1:50 dilution should be                

performed, possibly with longer incubation times, which will be important to determine if bile              

salts are bacteriostatic or bactericidal for each mutant. Furthermore, the analyses would help with              

the overall mutant characterization since the Δ​galU ​mutant was able to grow in bile salts with the                 

1:50 dilution while the Δ​waa ​mutants were unable to grow. It is likely that a 1:50 dilution does                  

not yield a sufficient amount of bacteria for the Δ​waa ​mutants to survive bile salts exposure and                 

express compensatory mechanisms for eventual growth. Furthermore, the Δ​waa mutants were           

unable to grow if the bacterial colonies were not freshly restreaked (​i.e. ​older than 1 week) on                 

agar plates, even in the 1:1 dilution conditions. If older colonies were used, only WT and Δ​galU                 

grew, which indicates that the Δ​waa ​gene deletions were stressful on the bacteria. Importantly,              
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the data clearly demonstrate that the Δ​galU ​mutant was more efficient at compensating for bile               

salts growth compared to either of the Δ​waa ​mutants. As noted above, partial or incomplete outer                

cores appear more unstable relative to complete loss of the outer core, which would impact the                

bacteria prior to any compensatory modifications used to facilitate bile salts resistance. 

For the 1:1 dilution with fresh bacteria, ​all strains grew normally in TSB and LB, and any                 

differences between mutants and WT were not statistically significant. For bile salts media, WT              

bacteria had an insignificant lagging period upon exposure to bile salts before continuing to grow               

as normal, whereas the mutants had growth delays of several hours following bile salts exposure.               

The data demonstrate that the mutants can compensate during this lagging period in order to               

properly initiate growth. Possible compensation mechanisms include alterations to the remaining           

LPS structures as discussed above for the LPS gel analyses, additional changes to the outer               

membrane including protein composition ​65​, and induction of multidrug efflux pumps ​56 ​65​. Future              

experiments including characterization of the outer membrane proteins, expression analyses of           

the efflux pump genes, and further mutational analyses should be performed in conjunction with              

mass spectrometry of the LPS structures in order to define all compensation mechanisms. Some              

outer membrane protein changes have been detected in ​S. flexneri ​following bile salts exposure              

14​, but specific identification of the proteins remains to be determined.  

Assuming the LPS structures are the predominant mechanisms of compensation for the            

eventual growth of each mutant in bile salts media, some interesting distinctions are noted. First,               

the Δ​galU ​mutant was able to recover to the initial OD​600 ​value in LB + 0.4% bile salts at hour 5                     

and at hour 8.5 in TSB + 0.4% bile salts. These results are consistent with previous results that                  

depict the lack of Δ​galU growth in the first 6 hours of bile salts exposure in TSB ​54​. T​his growth                    
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pattern suggests that Δ​galU ​compensates for the bactericidal effects of bile salts by modifying              

some aspect of the LPS structure during this 5-8.5 hour time frame; and once the compensation                

is completed, the bacteria can grow sufficiently. Furthermore, despite the longer compensation            

time in TSB + 0.4% bile salts, the mutant was able to reach WT levels at a quicker rate when                    

additional glucose was present. Indeed, the differences between bile salt growth compensation in             

the presence and absence of glucose certainly warrant future investigation.  

Since the Δ​galU ​mutant lacks both the outer core and Oag, it is possible that the lipid A                  

and inner core residues have important roles in bile salts resistance. Modified lipid A and inner                

core components could account for the fact that Δ​galU grows better than Δ​waaG ​and Δ​waaJ​.               

Although Δ​galU cannot add the first glucose residue to the outer core ​63​, the mutant could                

possess alternative pathways to form an outer core. In ​Vibrio cholerae​, a mutation in ​galU               

creates a mutant that lacks glucose binding to the first heptose (Hep1) residue; however, an intact                

Oag was produced with an altered core oligosaccharide composition ​53​. This result is similar to               

the data presented here with TSB + bile salts media. Mass spectrometry analysis will confirm               

any modifications, but the results indicate the ​Δ​galU ​mutant can modify the LPS structure for               

appropriate growth in the presence of bile salts.  

The Δ​waaG and Δ​waaJ ​mutants had similar (but not identical) growth patterns, which is              

unsurprising considering the similarities of the LPS structures (​Figure 2​). These mutants showed             

increased growth deficiencies in bile salts media compared to ​Δ​galU. There are two likely              

reasons for the added growth delays. First, it is possible that the presence of an incomplete outer                 

core in the Δ​waa ​mutants is more unstable for ​S. flexneri compared to complete loss of the outer                  

core in the ​Δ​galU ​mutant. Another possibility is that the Δ​waa ​mutants took longer to               
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compensate and grow since the mutants were using alternative strategies to generate a more              

complete LPS structures. Clearly, the Δ​waa ​mutants have more Oag repeats than the ​Δ​galU              

mutant; and therefore, the mutants were able to ultimately produce a more complete LPS              

structure to resist bile salts in which longer time would be needed for this compensatory               

mechanism. It is quite interesting to contemplate the genetic changes that occur during the              

extended growth delays that eventually enabled growth of the mutants. Certainly, these            

observations highlight the need for the mutants to survive and are worth considering for future               

therapeutic development. Additionally, it is important to highlight that both ​Δ​waa mutants had             

different phenotypes in bile salts relative to WT and ​Δ​galU​. After incubating in bile salts, there                

were large, free floating aggregates of cells in the tubes that had a sticky texture. It is likely that                   

these cell aggregates were lysed cells, considering these observations were not seen in the WT               

and ​Δ​galU cultures. This lysis could be due to the altered lipid A component in the Δ​waa                 

mutants as described above. Lipid A attaches LPS to the bacterial outer membrane; and              

therefore, contributes to outer membrane integrity. Lipid A has been found to reduce outer              

membrane permeability as an improved defense mechanism against the innate immune system in             

P. aeruginosa ​43​. Thus, the altered lipid A in the Δ​waa ​mutants could have resulted in increased                 

membrane permeability resulting in cell death in the presence of bile salts. 

Key differences between Δ​waaG and Δ​waaJ include the bacteriostatic response of           

Δ​waaG ​in TSB + 0.4% bile salts; and thus an insufficient bacterial pellet for LPS purification.                

Because Δ​waaJ was able to yield LPS purified in TSB + bile salts and also have increased                 

growth in TSB + bile salts compared to Δ​waaG, the outer core length likely impacts bile salts                 

resistance in the presence of glucose. The bacteriostatic effect was not seen in LB + bile salts for                  
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Δ​waaG​, suggesting the increased glucose levels present in TSB could lead to reduced growth              

kinetics in bile salts. The mutant could potentially try to repair the LPS structure in the combined                 

presence of glucose and bile salts; and thus, not properly utilize glucose for growth. Furthermore,               

it has been found that a Δ​waaG ​mutant in ​E.coli has significantly increased hydrophobicity,              

suggesting that LPS lacking a significant portion of the outer core can increase the membrane               

permeability of bacterial cells ​71​. With a smaller outer core in Δ​waaG ​compared to Δ​waaJ, ​a                

more permeable membrane and higher susceptibility to bile salts could result. Neither Δ​waa             

mutant reached WT levels of growth in bile salts media, indicating that the mutants cannot fully                

compensate for the growth defects. The data indicate that LPS with a more complete outer core,                

if present, is able to better resist bile salts exposure and/or utilize glucose during stressful growth                

18 23​ ​24​ ​46​ ​64​ ​71​. 

 

Biofilm Solid-Phase Adherence Assays 

For ​Shigella, ​both glucose and bile salts exposure are required for the formation of a               

biofilm. Glucose provides the necessary energy and materials for production of the extracellular             

polymeric substance (EPS) matrix, a vital component to biofilms ​19 ​54 55 ​. ​Shigella releases this                

EPS matrix in response to bile salts as a form of protection during intestinal transit. Among the                 

mutants, Δ​galU had the most biofilm formation (​Figure 12​). Future analyses are needed to              

determine if the biofilm biomass is due to the adherence of the bacteria and/or production of the                 

EPS matrix ​54 55​. The ​galU gene is responsible for the synthesis of ​uridine diphosphoglucose, a                

glucose molecule in glycosidic linkage with uridine diphosphate involved in LPS biosynthesis            

(Uniprot ​68​)​. Furthermore, ​galU has been found to be important in the catabolism of exogenous               
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galactose ​53​. Therefore, EPS matrix production in this mutant could be impaired as a result,               

which has been observed in ​V. cholerae ​53​. If some matrix is produced, it is possible that the                  

composition is different relative to WT bacteria. Polysaccharides are the predominant           

components of the EPS matrix ​19​; and therefore, other sugars could potentially compensate for              

the matrix production. Nevertheless, the mutant still had a significant reduction relative to WT              

bacteria; and thus, the ​Δ​galU ​deletion also affected biofilm formation. This reduction in biofilm              

production is despite the eventual recovery in growth of the mutant in bile salts and the                

alterations to the LPS structure in TSB + bile salts as discussed above.  

Interestingly, the ​Δ​galU mutant had increased biofilm formation compared to both ​Δ​waa            

mutants. The growth defects of both ​Δ​waa ​mutants certainly impacted biofilm production and is              

the likely reason why no biofilms were even detected. Additionally, the mutants likely cannot              

produce the matrix. ​Literature suggests that UDP-galactose synthesis via UDP-glucose is a            

necessary step in EPS matrix biosynthesis in ​V. cholerae ​53​. ​The ​waaJ ​gene encodes              

UDP-glucose:(galactosyl) LPS alpha1,2-glucosyltransferase that adds glucosyl residues to the         

LPS core backbone (Kegg ​29​); and therefore, the ​Δ​waaJ mutant may be unable to adequately               

produce the EPS matrix. ​The ​waaG gene encodes LPS alpha1,3-glucosyltransferase, which aids            

in the addition of the first glucose residue to the LPS core ​(NCBI Reference Sequence ​52​).                

Because glucose is a necessary component of biofilm formation, it is possible that ​Δ​waaG is               

unable to utilize glucose in EPS biosynthesis as well. Furthermore, with the mutant growth              

defects in bile salts media, it is possible that the glucose in the media was used for growth and no                    

additional resources were available for biofilm formation. 
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In order to test whether glucose utilization for growth or LPS truncations has a greater               

role in biofilm formation, mutants with an intact LPS but inability to utilize glucose can be                

constructed and analyzed. Additionally, rough LPS mutants (lacking only the Oag) without            

glucose deficiencies can be analyzed in order to compare EPS matrix production. It is likely that                

the bacteria utilize both LPS genes and glucose metabolism in order to form a biofilm. The LPS                 

inner core composition plays a role in biofilm formation in ​E. coli ​51 in that the sugar                 

composition impacts the ability of the strain to form a biofilm. In ​V. cholera​, ​strains deficient in                 

both inner and outer core structures were found to have heightened sensitivity to bile and other                

hydrophobic agents, as measured by minimum inhibitory concentration testing ​53​. ​Furthermore,           

the ​galU mutant in ​Vibrio cholera was unable to form a biofilm, suggesting that UDP-glucose or                

UDP-galactose is necessary for biosynthesis of the EPS ​53​. ​Thus, future analyses investigating             

the sugar composition of the LPS inner core would provide more mechanistic insight into the               

links between LPS and biofilm formation in ​S. flexneri. ​Finally, the biofilm assays can be               

modified in the future to further evaluate the LPS mutants. Like the LPS purification and growth                

analyses, a 1:1 dilution of bacteria can be used in the biofilm assay. Preliminary analysis               

revealed that this dilution had no effect on the ability of the mutants to form a biofilm.                 

Furthermore, the biofilm analyses could be extended to a 48 hour incubation, instead of 24 hours,                

to determine if the mutants can compensate over a longer time frame to form a biofilm.  
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Conclusion 

This work reveals the importance of ​S. flexneri ​LPS in resisting the bactericidal effects of               

long-term bile salts exposure during small intestinal transit. The results contribute to our             

understanding of bile salt resistance mechanisms in ​S. flexneri as well as to the literature               

investigating a broad ​Shigella vaccine. Current vaccine candidates do not consider the effects of              

bile salts exposure on LPS alterations or the ability of antibodies to recognize such alterations.               

For a broad ​Shigella ​vaccine to be successful, it would need to provide coverage against multiple                

serotypes and consider LPS alterations that occur during host transit. In order to investigate the               

effects of specific LPS biosynthesis genes on the ability of ​Shigella to resist bile salts, three                

mutants with truncations in the LPS were evaluated: ​Δ​galU, ​Δ​waaG, ​and ​Δ​waaJ​. LPS             

visualization analyses showed that bile salts exposure results in modified Oag, lipid A, inner and               

outer core residues for WT as well as the three mutants. While all three mutants had delayed                 

growth in bile salts media compared to WT, each mutant was able to alter the LPS structure,                 

compensate, and ultimately grow in bile salts. This work suggests that the modifications of              

individual LPS components and expression of LPS biosynthesis genes are important for small             

intestinal survival. Future analyses will expand our understanding of the LPS structure in bile              

salt resistance; and importantly, may help to achieve a successful vaccine that can finally prevent               

the devastating infection rates of ​Shigella​.   
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