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ABSTRACT  

Invasive salmonellosis caused by Salmonella enterica serovar Typhimurium 

ST313 is a major health crisis in sub-Saharan Africa, with multidrug resistance and 

atypical clinical presentation challenging current treatment regimens and resulting in high 

mortality. Moreover, the increased risk of spreading ST313 pathovars worldwide is of 

major concern, given global public transportation networks and increased populations of 

immunocompromised individuals (as a result of HIV infection, drug use, cancer therapy, 

aging, etc). While it is unclear as to how Salmonella ST313 strains cause invasive disease 

in humans, it is intriguing that the genomic profile of some of these pathovars indicates 

key differences between classic Typhimurium (broad host range), but similarities to 

human-specific typhoidal Salmonella Typhi and Paratyphi. In an effort to advance 

fundamental understanding of the pathogenesis mechanisms of ST313 in humans, I report 

characterization of the molecular genetic, phenotypic and virulence profiles of D23580 (a 

representative ST313 strain).  Preliminary studies to characterize D23580 virulence, 

baseline stress responses, and biochemical profiles, and in vitro infection profiles in 

human surrogate 3-D tissue culture models were done using conventional bacterial 

culture conditions; while subsequent studies integrated a range of incrementally 

increasing fluid shear levels relevant to those naturally encountered by D23580 in the 

infected host to understand the impact of biomechanical forces in altering these 

characteristics. In response to culture of D23580 under these conditions, distinct 

differences in transcriptional biosignatures, pathogenesis-related stress responses, in vitro 

infection profiles and in vivo virulence in mice were observed as compared to those of 

classic Salmonella pathovars tested.  
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Collectively, this work represents the first characterization of in vivo virulence and in 

vitro pathogenesis properties of D23580, the latter using advanced human surrogate 

models that mimic key aspects of the parental tissue. Results from these studies highlight 

the importance of studying infectious diseases using an integrated approach that 

combines actions of biological and physical networks that mimic the host-pathogen 

microenvironment and regulate pathogen responses.  
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1 CHAPTER 1: OVERVIEW 
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1.1 Emergence of multidrug resistant Salmonella Typhimurium causing invasive 

bacteremia in sub-Saharan Africa  

1.1.1 Problem: Invasive salmonellosis caused by nontyphoidal Salmonella 

 
The global burden of disease caused by Salmonella infections is substantial, with 

more than 90 million human cases and an excess cost of $6 billion annually in the United 

States and Europe (1-3). Moreover, the emergence and spread of multiply antibiotic-

resistant strains of Salmonella are a growing threat to public health and a major economic 

burden (2-4).  In sub-Saharan Africa, the emergence of multidrug resistant nontyphoidal 

Salmonella (NTS) strains causing unusually high incidences of fatal bacteremia in young 

children and immunocompromised individuals is of major concern (5-10).  However, 

despite the magnitude of this public health threat and its intracontinental spread, the 

pathogenic mechanisms, host tropism, and relationship of these NTS isolates to other 

Salmonella pathovars is poorly understood.  

 

Interestingly, NTS Salmonella enterica serovar Typhimurium (Typhimurium) was 

identified as the major etiological agent of lethal bacteremia associated with sub-Saharan 

infections, with these isolates being referred to as “highly invasive”. Ironically, it is 

typhoidal Salmonella pathovars such as Salmonella Typhi (Typhi) that normally cause 

invasive salmonellosis (systemic disease), whereas Typhimurium isolates commonly 

cause self-limiting gastroenteritis (restricted to the gastrointestinal tract) (11-13). 

Nevertheless, NTS strains are the most common cause of invasive disease in sub-Saharan 
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Africa with multi-locus sequence analysis identifying these isolates as novel Salmonella 

sequence type, ST313(7, 8, 14-18), ST313 infections are associated with 

immunocompromised individuals (adults infected with HIV and children with malaria, 

anemia and malnutrition) and cause greater incidence of disease in parts of Africa than 

pneumonia, malaria, and typhoid(10, 14-17, 19-23) The lack of reported animal 

reservoirs for ST313 strains coupled with genomic sequencing has prompted speculation 

of adaptation and evolution of these isolates toward person-to-person transmission(7, 8, 

15, 17, 24) 

 

1.1.2 Salmonella Typhimurium ST313  

 
Distinct pathovar characteristics of ST313  

Genomic profiles of ST313 strains D23580, A130 and 5579, revealed distinct 

phage types and evidence of genome degradation, with D23580 exhibiting the largest 

extent of genome reduction compared to the other isolates (7). The reduced genome 

content (due to pseudogene formation) showed similarities to human-restricted 

Salmonella pathovars (Typhi and Paratyphi) rather than those of generalist/broad host 

range Typhimurium isolates (7) Since many host-specific pathogens contain pseudogenes 

and gene deletions resulting in loss of function mutations, genomic decay is considered 

an evolutionary indicator of pathogen specialists having limited host tropism (12, 25-27). 

While exhibiting reduced genome degradation as compared to D23580, strain A130 

exhibits a phage type (DT56var) that is most frequently associated with bird mortality(7, 
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28-32). It remains unclear as to how ST313 pathovars are able to cause atypical NTS-

associated invasive disease in humans or how they may spread to other hosts.  

 

Current knowledge of ST313 pathogenesis.  

Studies have reported the importance of antibody production and the complement 

response for bactericidal activity against ST313 pathovars in human serum(33-38) 

Particularly, antibodies against outer membrane proteins (Omps) are critical to induce 

serum killing of Salmonella(34). In agreement with this finding, Omp-specific antibodies 

induced complement-mediated killing of Salmonella by healthy serum(34). In contrast, 

high levels of antibodies directed against Salmonella lipopolysaccharide (LPS) prevented 

killing Salmonella by HIV-infected serum(34). The study demonstrated that the abnormal 

humoral immunity to NTS in HIV-patients caused a lack of bactericidal activity(34). A 

recent study by Parsons et al showed that ST313 strains can cause invasive infection in 

chickens, but virulence assays were not performed(39). In this same study, the authors 

showed the rapid infection of ST313 pathovars (including D23580) in the spleen and 

liver and colonization of the lower gastrointestinal with reduced chemokine expression in 

the ileum as compared to classic S. Typhimurium ST19 strains(39). Another study found 

that the st313-td gene in ST313 is mainly present in invasive Salmonella strains and is 

strongly associated with Salmonella invasiveness(40).  The role of st313-td during 

systemic infection in mice was shown by impaired colonization of deep tissues of an 

st313-td deletion Typhimurium mutant following intraperitoneal (i.p.) co-infection with 

the parental wild-type strain (40) More recently, a study reported attenuated flagellin as a 

phenotypic difference between ST313 and ST19 (most common classic S. Typhimurium). 
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This study suggested an association of flagellin with the highly invasive disease 

phenotype in ST313 strains, as evidenced by enhanced phagocytosis and survival in 

macrophages with a simultaneous reduction in inflammatory cytokine production in the 

infected cells, which is similar to pathogenic characteristics of typhoidal Salmonella(41). 

Although current studies have broadened our knowledge about ST313, it is still not well 

understood as to why ST313 predominantly causes invasive systemic disease in Africa at 

such dramatically high rates. It is also not clear as to why there are a lack of reports of 

ST313 animal infections given that these pathovars are the leading cause of bacteremia in 

many regions in Africa; an observation which has caused speculation of human-to-human 

transmission. Hence, studies to advance our understanding of the relationship between 

ST313 isolates and classic S. Typhimurium and S. Typhi pathovars will unveil novel 

pathogenesis mechanisms and host tropism profiles that may lead to effective strategies 

for treatment and prevention. 

 

1.2 Overview of Salmonella infection – dynamics of the host-pathogen interaction  

Salmonella adherence, invasion and intracellular survival.  

Salmonella has an impressive arsenal to successfully establish infection in the 

host, which largely center around adherence, invasion, intracellular survival and 

replication mechanisms. While a detailed review of Salmonella pathogenesis mechanisms 

is outside the scope of this text, there are several excellent reviews to which the reader is 

referred for additional information (11, 13, 42) As much of our understanding of 
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Salmonella pathogenesis mechanisms and host interactions is based on the use of NTS 

Typhimurium strains in vitro (cell culture) and in vivo (animal infections), the 

information below is presented in the context of these classic pathovars.  While 

considerably less information is available regarding Salmonella Typhi, key differences 

between this human restricted pathogen and the broad host range Typhimurium are also 

presented. 

 

Salmonella can masterfully alter and adapt host signal transduction networks and 

vesicle trafficking pathways into favorable environments that are critical for its 

intracellular lifestyle and resistance to host stresses (42-60). Following oral ingestion, 

Salmonella encounter extreme acidity in the stomach, which activates the acid tolerance 

response (ATR) thereby allowing survival (13, 61-63).  Subsequently, Salmonella reach 

the small intestine, where they encounter a different set of stressors (ex., bile salts, 

osmotic stress and reduced oxygen levels) which act in concert with other environmental 

signals to reprogram and prepare the bacterium for invasion and an intracellular lifestyle, 

which is essential for pathogenesis (60, 62-86). Indeed, Salmonella can invade and 

survive within a variety of host cell types, including epithelial cells and macrophages (80, 

87-92).  Moreover, Salmonella can invade or penetrate the intestinal mucosal barrier by 

different routes: including uptake by macrophages and CD-18 positive dendritic cells, 

invasion of intestinal epithelial cells (including enterocytes and M cells of Peyer’s 

patches) (11, 13, 54, 87, 88, 93-95).  
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The Salmonella invasion process results in modification of host cell signal 

pathways and cytoskeletal rearrangements as the bacterium transforms the intracellular 

environment from a hostile one into one that it can support productive replication and 

survival (13, 42). Salmonella induced-cytoskeletal rearrangements during the invasion 

process disrupt the normal epithelial brush border and induce formation of membrane 

ruffles, resulting in engulfment of bacteria within host intracellular structures called 

Salmonella containing vacuoles (SCVs) (96-100). Invasion is mediated, in part, by a type 

three secretion system (TTSS) associated with Salmonella pathogenicity island (SPI)-

1(13, 43, 48, 100-106). The SPI-1 TTSS can be induced by a variety of environmental 

signals found in the intestinal environment, including osmolarity and oxygen levels, as 

well as bacterial growth state (85, 86) SPI-1 acts to facilitate Salmonella invasion and 

transmission by engaging in complex cross-talk with host signal transduction pathways 

that results in induction of intestinal inflammation and release of reactive oxygen (ROS) 

and nitrogen (NOS) species (107-109).  The induction of proinflammatory cytokines 

facilitates migration of monocytes from the submucosa into the intestinal lumen so that 

bacteria are internalized by phagocytic macrophages(45, 110).  

• Note – Unlike Typhimurium, Salmonella Typhi does not typically induce 

intestinal inflammation or diarrhea and often presents without any clinical signs 

of gastrointestinal distress. Rather, Typhi causes the systemic infection typhoid 

fever. This difference in disease manifestation is due in large part to expression of 

a capsular polysaccharide (that is missing in Typhimurium), alterations in LPS, 

and altered regulation of the SPI-TTSS as compared to Typhimurium (42). 
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Collectively, these mechanisms allow Typhi to evade detection by components of 

the innate immune system that mediate host responses against Typhimurium. 

 

Once internalized by host cells, Salmonella induce expression of a second TTSS 

called SPI-2, which secretes proteins that remodel the SCV niche into one that is 

compatible with bacterial survival and replication – including remodeling of the 

endosomal membrane which alters vacuolar movement and trafficking in the cell – a 

process that is essential for bacterial transmission and infection of neighboring cells (13, 

42, 43, 55, 59, 60, 92, 111-121). The SPI-2 TTSS is induced in response to conditions 

encountered in the intraphagosomal environment, including limited nutrients, 

antimicrobial peptides, acid pH, and low Mg2+ concentrations(92, 119-122). Sensing of 

the SCV intracellular environment and membrane remodeling are also facilitated by the 

actions of several two component regulatory systems in Salmonella, including PhoPQ, 

PmrA-PmrB, and OmpR-EnvZ, that are expressed under the same conditions that induce 

SPI-2(42, 123-125).  

 

Salmonella tissue dissemination: The extra-intestinal phase. 

Professional phagocytes containing intracellular Salmonella travel to mesenteric 

lymph nodes (MLNs), whereafter the pathogen can be disseminated to systemic organs  

(13, 126, 127). NTS strains including Typhimurium, are prevented from gaining access to 

deep tissues by the MLNs, thus  infections caused by these strains are self-limiting and 

restricted to the GI tract (in healthy individuals). However, invasive Salmonella 

pathovars such as Typhi bypass the MLN block and travel systemically through the 
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circulatory system. These pathovars are carried systemically by macrophages that avoid 

inflammatory responses in the early stages of infection and ultimately cause secondary 

infections in other tissues/organs such as the spleen, liver, bone marrow, and gall bladder  

(13, 127). Hence, Typhi causes systemic infection and establishes chronic carriage in the 

gall bladder (and possibly other tissues) where they are able to form biofilms on 

gallstones, thus facilitating their reseeding of the intestine (78, 80, 127, 128). During the 

course of infection, all Salmonella pathovars (regardless of their preferred host niche) are 

required to survive challenge from a myriad of host stresses, including acid, osmotic, 

starvation, and various toxic compounds such as bile acids, antimicrobial peptides, and 

reactive oxygen/nitrogen species (11, 93, 127); thus they alter their cellular responses to 

those stresses to survive and replicate in the host. 

 

Fluid Shear.  

Fluid shear is a biomechanical force that is encountered by pathogens in the 

infected host and thus an important consideration in experimental design to mimic the 

infection microenvironment (129-134). The response of microbes to changes in fluid 

shear has important implications for pathogens, which experience wide fluctuations in 

fluid shear in vivo during infection  (129-160). However, the majority of studies have not 

cultured microbes under physiological fluid shear conditions within a range commonly 

encountered by microbes during host-pathogen interactions - which can range from high 

shear levels on blood vessel walls to a low shear environment in utero and in the 

protected environment between the brush border microvilli of epithelial cells  (129-134, 

136, 138, 141, 142, 147-149, 156, 161-163). The latter environment is particularly 
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relevant to that encountered by numerous microbial pathogens and commensals during 

their normal life cycles in the gastrointestinal, respiratory, and urogenital tracts. 

Understanding the basis of microbial responses to fluid shear forces will provide 

important insight into their adaptations to physiologically relevant conditions within the 

host and may lead to the development of novel diagnostics, vaccines and therapeutics. 

Previous work from our lab has shown that microbial pathogens (including Salmonella 

Typhimurium) respond uniquely to changes in fluid shear and has unveiled novel insight 

into understanding the infection process at the molecular and phenotypic level  (104, 129, 

135, 139, 140, 143-146, 150-159, 164, 165).  This includes identification of 

evolutionarily conserved responses that are shared between diverse pathogens to regulate 

their fluid shear  (146, 150, 155, 164). Our lab’s studies indicate that there may be entire 

classes of microbial genes and proteins involved in cellular interactions with the host that 

have never been identified because they have not been assayed under conditions of 

physiological fluid shear.  

 

1.3 Salmonella Typhimurium responses to fluid shear stress 

As mentioned above, during the natural course of infection Salmonella 

experiences dynamic changes in physiological fluid shear stress as it travels throughout 

the GI tract and in other tissues.  At the same time, the pathogen encounters various 

stressful conditions in the host, including low pH in the stomach and in the acidified 

phagosome, elevated osmolality in intestine, and bactericidal oxidative stresses. 
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Understanding how this combination of stressors impacts the pathogenesis of Salmonella 

within the context of physiologically relevant biomechanical forces like fluid shear is a 

critical area of study to consider.  Previous studies by our laboratory have demonstrated 

that physiological fluid shear alters the virulence, pathogenesis-related stress responses, 

and gene expression of classic S. Typhimurium χ3339, in ways that are not observed 

during conventional culture  (135, 143, 144, 146, 154, 157, 159, 165). In particular, the 

culture of χ3339 under low fluid shear conditions led to increased virulence, stress-

resistance, and alterations in the global gene expression profile. It was subsequently 

demonstrated that other Salmonella serovars including Enteriditis and Choleraesuis are 

also able to sense and respond to changes in fluid shear in ways that alters their 

pathogenesis-related stress responses  (158).  However, the importance of physiological 

fluid shear in regulating the pathogenesis of strains belonging to the ST313 pathovar has 

not yet been investigated.   

 

1.4 Specific aims  

There are growing numbers of immunocompromised populations worldwide due 

to HIV infection, drug usage, and cancer therapy  (166-171).  In addition, there is an 

increased risk for the spread of the invasive MDR disease caused by ST313 strains 

outside of sub-Saharan Africa to other regions of the world, as international travel has 

become easier and more frequent  (172-175). These strains are multidrug resistant and as 
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such, are increasingly more difficult to treat. Thus it is important to find effective ways to 

control the spread of the invasive disease caused by these invasive Salmonella strains. 

 

This study was designed to provide additional understanding of the pathogenesis 

of ST313 using the strain D23580, a representative ST313 isolate that was recovered at 

the peak of the 2004 Malawi epidemic of invasive salmonellosis (7, 8, 16).   

 

In this thesis, several key questions are addressed: 

I. How does the host tropism of D23580 compare to classic Typhimurium?  

a) What is the host tropism of D23580?  Does it possess a broad host range similar 

to Typhimurium, or has the Typhi-like genome degradation found in this strain 

led to a more host-restricted phenotype?  

b) If D23580 is able to cause a lethal infection in mice, how does the lethal dose 50 

(LD50) and tissue colonization profile compare to the classic Typhimurium strain 

SL1344?   

c) What other similarities and differences exist between D23580 and classic 

Salmonella pathovars (pathogenesis-related stress responses, biochemical profiles 

and motility)?  

II. Predicting in vivo responses using a three-dimensional (3-D) in vitro model of 

human intestinal epithelium containing functional macrophages:  how does the 

colonization profile of D23580 compare to classic Typhimurium and Typhi?  

a) How does the presence of functional macrophages alter the infection profile of 

Salmonella pathovars, including D23580?    
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b) How does the colonization profile of D23580 compare to classic Typhi and 

Typhimurium? 

III. What role does physiological fluid shear play in regulating the pathogenesis of 

D23580 and how does this compare to what was previously observed for classic 

Typhimurium strain χ3339? 

a) Do changes in fluid shear influence the virulence of D23580 in mice?  

b) Do incremental changes in fluid shear progressively alter the pathogenesis-related 

stress responses of D23580? 

c) Do incremental changes in fluid shear progressively alter the adherence, invasion 

and intracellular survival of D23580 in vitro?  

d) Do incremental changes in fluid shear progressively alter the global gene 

expression profile of D23580?    

 

1.5 Chapter Summaries  

In Chapter 2, it is demonstrated that D23580 shares a broad host tropism with 

Typhimurium, causing a lethal invasive disease in BALB/C mice. Although it had been 

shown by another team that D23580 could infect a non-human host, the work presented 

in this thesis is the first to demonstrate that a ST313 strain can cause a lethal infection in 

animals and is the first to measure a LD50.  These studies also demonstrated that D23580 

more rapidly colonizes the spleen and gall bladder with greater bacterial load as 

compared to classic Typhimurium strain SL1344. These findings were supported by in 
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vitro studies indicating that D23580 is inherently more resistant to acid stress (pH 3.5) 

and has a greater swimming motility than SL1344, which may contribute to the enhanced 

dissemination properties of this strain in this host. In addition, it was also determined that 

D23580 possesses different metabolic characteristics from SL1344.  

 

Chapter 3 builds upon these findings and presents the first in vitro study to 

profile the colonization of D23580 in a 3-D organotypic model of human intestinal 

epithelium containing functional macrophages. Comparisons between D23580 and the 

classic Typhimurium and Typhi strains (SL1344 and Ty2, respectively) revealed: 1) all 

bacterial strains were recovered at lower levels in the 3-D model containing functional 

macrophages relative to a monotypic model containing only epithelial cells – thus 

highlighting the functionality and contribution of the macrophages to the colonization 

profiles; 2) despite the similar levels of bacterial adherence observed between SL1344 

and D23580, the invasion of D23580 was significantly reduced relative to SL1344; and 

3) D23580 displayed significantly enhanced intracellular survival/replication relative to 

SL1344 and Ty2.  Since ST313 is commonly referred to as ‘highly invasive nontyphoidal 

Salmonella’, this finding indicates that the ability for the ST313 strain D23580 to spread 

more efficiently throughout the infected host relative to classic Typhimurium may be due 

to its inherent survival properties rather than an ability to actively invade at higher levels.  

 

As described above, Chapters 2 and 3 focused on highlighting key infection 

properties of D23580 that are distinct from classic Typhimurium and Typhi strains.  For 

these studies, the bacteria were grown under traditional laboratory culture conditions (i.e. 
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shaking flask culture).  In Chapters 4 and 5, the importance of physiological fluid shear 

on the pathogenesis and gene expression of D23580 is reported.   This is the first study to 

investigate the impact of fluid shear on any ST313 strain.  Using the Rotating Wall 

Vessel (RWV) bioreactor, it was found that higher levels of fluid shear led to more rapid 

time-to-death in mice, increased resistance to select pathogenesis-related stress responses 

(acid, oxidative and macrophage survival), and altered global gene expression profiles of 

D23580.  The incorporation of beads in the RWV to generate progressively higher levels 

of fluid shear during culture led to incremental increases in acid, oxidative and 

macrophage survival.  These findings were supported by corresponding gene expression 

analysis of these cultures using RNA-seq, which determined that several gene groups 

associated with pathogenesis were up-regulated as a function of higher fluid shear 

including: fimbrial genes (fimAIDZ), Salmonella pathogenicity island (SPI) genes 

(pipBC, spiR, sopABE2, sipADCB) and pathogenesis-related regulatory genes (hilAD and 

invA).  Intriguingly, the responses observed were largely different from what had been 

previously found for the classic Typhimurium strain χ3339, in which low fluid shear 

culture in the RWV led to increased virulence and enhanced resistance to select 

pathogenesis-related stressors  (143, 159). 

 

The collective body of work presented demonstrates that D23580 differs from 

classic Salmonella in a number of ways, including physiology, metabolism, cellular 

responses and infection profiles.  Importantly, the biomechanical force of fluid shear was 

found to distinctly regulate key infection properties of D23580 in a manner that differs 
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from classic Typhimurium, thus emphasizing the importance of studying this important 

bacterial pathogen under physiologically relevant culture conditions.   
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2 CHAPTER 2: CHARACTERIZATION OF THE INVASIVE, MULTIDRUG 

RESISTANT NONTYPHOIDAL SALMONELLA STRAIN D23580 IN A 

MURINE MODEL OF INFECTION   
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2.1 Abstract  

A distinct pathovar of Salmonella enterica serovar Typhimurium, ST313, has 

emerged in sub-Saharan Africa as a major cause of fatal bacteremia in young children 

and HIV-infected adults.  D23580, a multidrug resistant clinical isolate of ST313, was 

previously shown to have undergone genome reduction in a manner that resembles that of 

the more human-restricted pathogen, Salmonella enterica serovar Typhi. It has since been 

shown through tissue distribution studies that D23580 is able to establish an invasive 

infection in chickens.  However, it remains unclear whether ST313 can cause lethal 

disease in a non-human host following a natural course of infection. Herein we report that 

D23580 causes lethal and invasive disease in a murine model of infection following 

peroral challenge.  The LD50 of D23580 in female BALB/c mice was 4.7 x 105 CFU. 

Tissue distribution studies performed 3 and 5 days post-infection confirmed that D23580 

was able to more rapidly colonize the spleen, mesenteric lymph nodes and gall bladder in 

mice when compared to the well-characterized S. Typhimurium strain SL1344.  D23580 

exhibited enhanced resistance to acid stress relative to SL1344, which may lend towards 

increased capability to survive passage through the gastrointestinal tract as well as during 

its intracellular lifecycle.  Further analysis revealed that D23580 displayed higher 

swimming motility relative to SL1344, S. Typhi strain Ty2, and the ST313 strain A130; a 

characteristic which may also facilitate rapid systemic spread. Biochemical tests revealed 

that D23580 shares many similar metabolic features with SL1344, with several notable 

differences in the Voges-Proskauer and catalase tests, as well alterations in melibiose, 

citrate, and inositol utilization. These results represent the first full duration infection 
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study using an ST313 strain following the entire natural course of disease progression, 

and serve as a benchmark for ongoing and future studies into the pathogenesis of 

D23580.  

 

2.2 Author Summary 

A deadly form of nontyphoidal Salmonella has emerged as a major cause of 

invasive disease in sub-Saharan Africa. Initial genomic profiling of this novel Salmonella 

sequence type, ST313, indicated that although it is technically classified as S. 

Typhimurium (a serovar characterized by a broad host range), it may be evolving towards 

becoming a more human-specific, ‘typhoid-like’ pathogen.  However, it was recently 

demonstrated that ST313 strains were indeed able to establish an invasive and damaging 

infection in chickens.  Despite these important findings, it remains unclear whether 

ST313 is able to cause lethal disease in a non-human host, and as such, there are no data 

available concerning the median lethal dose (LD50) of any ST313 strain.  This is an 

important metric, as the LD50 value will serve as a benchmark for mechanistic studies 

focused on understanding the relationship between virulence and the phenotypic and 

molecular genetic attributes associated with ST313 infections.  Here we report that 

D23580 causes lethal disease in BALB/c mice and determined the LD50 following peroral 

challenge.  Phenotypic characterization revealed distinct differences in tissue distribution, 

acid stress resistance, and biochemical utilization between D23580 and the ‘classic’ 

Typhimurium strain SL1344.   
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2.3 Introduction 

Infectious diseases caused by multidrug resistant (MDR) pathogens continue to be 

a major global health crisis and challenge current treatment regimens. Invasive 

nontyphoidal salmonellae (iNTS) are a leading cause of bloodstream infections in sub-

Saharan Africa, and are of serious concern due to high rates of morbidity and mortality 

coupled with increasing problems of MDR (4, 5, 7, 8, 15-17, 19, 20). iNTS have replaced 

pneumococcus as the most frequent cause of bacteremia in several countries, with 

Salmonella enterica serovar Typhimurium (S. Typhimurium) identified as one of the 

most common serovars recovered from patients with iNTS infections (5, 7, 8, 15, 16, 19, 

20, 24, 176).  There is currently no vaccine available for prevention of iNTS disease in 

humans.  

 

A genetically distinct pathovar of S. Typhimurium belonging to a novel 

multilocus sequence type (MLST) designated as ST313 has emerged as a significant 

cause of morbidity and mortality among HIV-positive adults and children suffering from 

malaria, severe anemia and/or malnutrition (7, 8, 10, 15, 16, 18, 177). Case fatality rates 

are high, ranging from 20 – 25% in children and extend up to ~50% in HIV-infected 

adults (5, 7, 8, 17, 18, 22, 177). Recurrence of the disease due to recrudescence of the 

same strain and/or reinfection with a separate iNTS strain occurs frequently, and can lead 

to high mortality rates over the long term  (6, 17).  No animal reservoir has been 

identified thus far for ST313, and it has been suggested that unlike other ‘classical’ 

foodborne NTS infections, which are often transmitted via zoonotic routes, ST313 strains 
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may pass primarily through human-to-human contact (5, 24, 176).  Rapid and accurate 

diagnosis is often hindered by the non-specific clinical symptoms associated with the 

disease, which most commonly present only as a fever with a subset of patients 

experiencing splenomegaly (10, 15, 16). There is also a marked lack of gastroenteritis in 

most cases that is often characteristic of NTS infections (<50% of cases)  (7, 16). 

Moreover, the increasing problem of MDR to commonly used antibiotics including 

ampicillin, trimethoprim-sulfamethoxazole, and chloramphenicol, presents additional 

challenges in these impoverished regions, as cost and availability can preclude the use of 

alternative antimicrobial agents (8, 17).  Due to the lack of blood diagnostic facilities in 

many regions where ST313 infections are the most rampant, treatment using an 

inadequate antibiotic regimen following a misdiagnosis often fails to combat the infection 

(16).  However, even with the appropriate diagnosis and implementation of a rigorous 

antibiotic regimen, the average case fatality rates still hover around 25% (8).  

 

There is urgent need to understand the pathogenic strategies used by these deadly 

iNTS strains to cause disease in order to facilitate the development of novel diagnostic 

tools and for the design of effective treatments and prevention strategies.  In recent years, 

attention has been given towards understanding the distinctive cellular and humoral 

immune responses associated with ST313 infections (9, 33-38, 178-181) as well as the 

unique genotypic and phenotypic characteristics associated with the ST313 pathovar  (5-

7, 24, 39, 40, 176, 182-186). Kingsley et al. performed MLST profiling of 51 iNTS 

isolates recovered from Malawi and Kenya during the peak of the Blantyr epidemic and 

identified ST313 as the dominant genotype responsible for iNTS disease in the region (7).  
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Whole genome sequencing of D23580, a representative MDR ST313 clinical isolate from 

a pediatric patient in Malawi, indicated that the strain had undergone genome reduction 

similar to that of other human-restricted serovars like Salmonella enterica serovar Typhi 

(S. Typhi)  (7).  D23580 was found to contain a novel prophage repertoire, as well as the 

presence of a large insertion of MDR genes on the large pSLT-BT plasmid.  Importantly, 

a large number of the pseudogenes and deletions identified are consistent with what has 

been observed for S. Typhi  (7).  These findings, together with the previous clinical and 

epidemiological observations, including a routine lack of gastroenteritis and evidence of 

human-to-human transmission, suggested the possibility that the ST313 pathovar may be 

evolving towards a more host-restricted phenotype similar to that of S. Typhi (7, 39).    

 

Recent studies have confirmed that despite some similarities to S. Typhi, D23580 

still retains a broad host tropism characteristic of S. Typhimurium (39, 40). Tissue 

distribution studies conducted in chickens by Parsons et al. were the first to demonstrate 

that D23580 is able to infect chickens and displays an invasive phenotype (39).  D23580 

colonized the ceca, spleen and liver, and elicited a rapid inflammatory CXC chemokine 

response in the intestine (39). Comparisons made to ST19 isolates 4/74 and F98 indicated 

that D23580 invaded deeper into the spleen and liver, and colonized the intestinal tract at 

lower levels.  Subsequent studies conducted by Herrero-Fresno et al. in C57/BL6 mice 

sought to understand the role of the uncharacterized gene, st313-td, in ST313 

pathogenesis  (40, 182).  Competition experiments between the wild type ST313 strain 

02-03/002 and the st313-td deletion mutant following intraperitoneal (i.p.) challenge 

indicated that while both the wild type and the mutant were able to colonize the spleen, 
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deletion of st313-td led to a severe decrease in invasiveness.  These findings correlated 

well with human clinical data, wherein the presence of the st313-td gene in S. 

Typhimurium correlated strongly with invasiveness with respect to systemic infection  

(40).  Moreover, it was found that while the presence of the gene did not impact invasion 

into Int-407 intestinal epithelial monolayer cultures, it did affect survival in J774 

macrophages (40).  Along these lines, it was recently found that ST313 strains were 

phagocytosed more efficiently and were highly resistant to killing by macrophages of 

both human and mouse origin, relative to ST19 isolates (41).      

 

While the previous studies have demonstrated that ST313 strains are capable of 

causing a systemic infection in both chickens and mice, to our knowledge no study to 

date has yet assessed the lethality of ST313 in animals.  Herein we the report the median 

lethal dose (LD50) of the ST313 strain D23580 in 8-week-old female BALB/c mice 

following peroral (p.o.) infection.  Comparisons made between the tissue colonization 

patterns of D23580 and the classic S. Typhimurium strain SL1344 revealed distinct 

differences between the two strains and indicated that D23580 was able to more rapidly 

colonize the spleen, mesenteric lymph nodes and gall bladder in mice. In addition, several 

assays including acid stress, motility and biochemical profiling were conducted in order 

to better understand how these factors could play a role in the pathogenesis of D23580.    
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2.4 Methods 

Bacterial strains and growth conditions.  

Bacterial strains used in this study are listed in Table 2-1  (7, 187, 188). For all 

animal studies and stress assays, bacterial cultures were initiated in Lennox broth (LB) 

with aeration (180 rpm) overnight for 15 hours at 37°C. The following day, overnight 

cultures were inoculated into 50 mL sterile LB at a 1:200 dilution and subsequently 

grown to late log/early stationary phase at 37°C with aeration.  To confirm that all 

bacterial strains used in animal studies and stress assays were at the same phase of 

growth for all studies, growth curves were performed for those strains under these 

conditions by plating on LB agar for viable colony-forming units (CFU) and measuring 

the corresponding optical density at 600 nm (OD600) (Figure 1-1).   

 

Table 2-1. Bacterial Strains 

Genus and 
subspecies Strain Characteristics References 

S. Typhimurium  SL1344 Wild-type,  (SmR)   (188) 
S. Typhimurium D23580 ST313, clinical isolate,  (SmSuCAWR, KS)  (7) 
S. Typhimurium A130 ST313, clinical isolate,  (SuKAWR, SmCS)  (7) 
S. Typhi Ty2 Wild-type, RpoS-,Cys-,OD1:Hd:-:Vi, V form  (187) 
Sm, streptomycin; Su, sulphonamide; C, chloramphenicol; A, ampicillin; K, kanamycin; 
W, trimethoprim; R, resistant; S, sensitive. 
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Figure 2-1 Growth curves of D23580 and SL1344.   
Bacterial cultures were initiated in LB with aeration (180 rpm) overnight for 15 hours 
at 37°C. The following day, overnight cultures were inoculated into 5 mL sterile LB 
at a 1:200 dilution and subsequently grown at 37°C with aeration.  Cultures were 
monitored by plating on LB agar for viable colony-forming units (CFU) and 
measuring the corresponding optical density at 600 nm (OD600). 

 

Virulence studies.  

The virulence of D23580 in 8-week old female BALB/c mice (Charles River 

Laboratories) was determined by p.o. administration using standard protocols described 

previously (189). D23580 was cultured to late log/early stationary phase as described 

above and harvested by centrifugation at 7,000 rpm for 10 minutes.  Pellets were 

resuspended in 1 mL of buffered saline containing 0.01% gelatin (BSG) to a dose of 

approximately 1x109 CFU per 20 µl. A series of 10-fold dilutions was performed in BSG 

down to 1x102 CFU per 20 µl dose.  Animal inoculations for the determination of the 

50% lethal dose (LD50) values were performed as described previously  (189).  Studies 

were performed in biological triplicate with five mice per dose. The LD50 value was 

calculated using two of these independent trials, since in the initial trial the dosage was 

not yet optimized and there was no group with 100% survival, which is a requirement to 

calculate the median lethal dose using the method of Reed and Muench (190). Time-to-
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death (Figure 1-2) was plotted to include the results from all three trials. Mice were 

monitored for up to 30 days for both the LD50 and time-to-death studies 

 

Tissue Distribution studies.   

Dissemination of D23580 and SL1344 in mice was assessed by separate p.o. 

inoculations into 8-week old female BALB/c mice. Bacteria were cultured and harvested 

as described above. Approximately 5x108 CFU per 20 µl was used for inoculating each 

mouse.  Three groups of five mice were infected with D23580, and a matching number of 

groups with SL1344. Quantitation of viable bacteria in tissues and organs at days 1, 3 and 

5 post-infection was performed as described previously [30]. Briefly, mice were 

euthanized with CO2, and tissues of interest were promptly dissected and weighed.  

Bacteria were enumerated from the following tissues/regions: Peyer’s patches (7-11 per 

mouse), intestinal contents, intestinal wall (small and large intestines with Peyer’s 

patches removed), mesenteric lymph nodes (3-5 per mouse), spleen, and gall bladder. 

Phosphate buffered saline (PBS) was added to a total volume of 1 mL for each isolated 

tissue, except for intestinal contents and intestinal wall which required resuspension in a 

total volume of 5 mL PBS.  Samples were homogenized with a TissueRuptor (Qiagen) on 

ice, serially diluted and plated on MacConkey agar plates containing 1% lactose and 20 

µg/ml streptomycin in triplicate (both SL1344 and D23580 are resistant to streptomycin).  

Plates were incubated overnight at 37°C and the number of colonies enumerated the 

following day. The data represent an average of two independent trials and are presented 

as mean of either the CFU per gram of tissue or per total organ (for mesenteric lymph 
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nodes and gall bladder).  Statistical comparisons were made using the Mann-Whitney test 

(p < 0.05).  

 

Motility assays.   

 Bacterial strains were each profiled for swimming motility on plates containing 

0.3% top agar and 1.5% bottom agar containing 0.5% NaCl, 1% tryptone and 0.3% 

glucose.  Overnight cultures of each strain were diluted 1:1000 and then spotted onto the 

agar using a sterile pipette tip.  Plates were incubated at 37 °C overnight for 8 hours. 

Experiments were performed in biological duplicate and technical triplicate.  

 

Acid stress survival assays.   

Bacteria were grown as described above to late log/early stationary phase, and 

immediately subjected to acidic conditions through the addition of a citrate buffer to 

lower the pH to 3.5.  Cells were incubated statically at room temperature during exposure 

to the stress and the pH was confirmed with an electrode at the end of the assay. Samples 

were removed at time zero (before the addition of stress) and at various time points 

thereafter, diluted in phosphate buffered saline (PBS) and then plated on LB agar to 

determine the numbers of viable CFU. Percent survival was calculated as the number of 

CFU at each time point divided by the number of CFU at time zero. At least three 

independent trials were performed. Statistical comparisons were made using the 

Student’s t-test (p < 0.05). 
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Biochemical analysis.  

Biochemical analysis of bacterial cultures was performed using the API® 20E kit 

(bioMérieux, Durham, NC), according to the manufacturer’s instructions.  The citrate test 

results were confirmed by using Simmons citrate media.  A needle containing pure 

bacterial culture was tabbed twice into Simmons citrate agar slant media, and then 

streaked from the base of the tube up along the surface of the slant.  For the catalase test, 

bacterial colonies of each strain were picked from plates grown overnight at 37 °C on 

sterile polystyrene plastic petri dishes (USA Scientific).  One to two drops of hydrogen 

peroxide was then added simultaneously to each strain and immediately imaged for 

bubble formation as evidence of catalase activity.  

 

2.5 Results 

2.5.1 Virulence of D23580.  

To assess the lethality of D23580 in mice, we performed p.o. inoculations of 

eight-week-old female BALB/c mice with a series of doses ranging from 109 to 102 CFU 

per dose, with five mice per dose. Results shown in Figure 2-2 correspond to 

representative data from three independent virulence assays.  The LD50 following p.o. 

infection was 4.75 x 105 CFU. This is a similar LD50 compared to what has been 

previously reported for SL1344 in BALB/c mice using bacteria cultured to the same 

phase of growth and a p.o. route of infection (1.2 x 105 – 1.3 x 105 CFU) (191, 192).  
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Figure 2-2. Survival 
of mice following 
peroral infection 
with D23580.   
D23580 was cultured 
to late log phase and 
administered p.o. to 
8-week-old female 
BALB/c mice at 
inoculum titers 
ranging from 102 – 
109 CFU per dose.  
The data shown 

represent the combined results from three independent trials. The median lethal dose 
was determined by the method of Reed and Muench (190)  using two of these 
independent trials (see Methods section). The percent survival is defined as the 
percentage of mice surviving at the indicated number of days post-infection.   

 

 

2.5.2 Tissue distribution of D23580 relative to SL1344. 

  To assess the pattern of systemic spread of D23580 in mice following p.o. 

infection relative to the well-characterized S. Typhimurium strain SL1344, we infected 

groups of eight-week-old female BALB/c mice with either D23580 or SL1344 at 5 x 108 

CFU per dose and determined the CFU of the two strains in several different tissues. 

Quantitation of viable bacteria in tissues and organs at days 1, 3 and 5 post-infection was 

performed for the following: intestinal contents, Peyer’s patches, intestinal wall (small 

and large intestine excluding Peyer’s patches), mesenteric lymph nodes, spleen, and gall 

bladder.  Figure 2-3 shows the results from 3 and 5 days post-infection, as no differences 

were observed one day post-infection (data not shown).  At Day 3, no statistical 

differences were observed in the colonization of the Peyer’s patches of D23580 compared 

to SL1344 (Figure 2-3 A p = 0.2396), although a slight upward trend could be observed 
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for D23580.  Similarly, in the mesenteric lymph nodes an increased trend could be 

observed for D23580, but the differences were not statistically significant (Figure 2-3 B; 

81.3-fold, p = 0.1056).  However, D23580 exhibited an enhanced ability to colonize the 

spleen relative to SL1344 (Figure 2-3 C; 56.8-fold, p <0.05).  No significant differences 

were observed for the intestinal contents or intestinal wall (excluding Peyer’s patches, 

data not shown), or for the gall bladder on day 3 (Figure 2-3 D).   

 

By Day 5, D23580 was still present at significantly higher levels in the spleen 

(Figure 2-3 C; 54.9-fold, p < 0.01) and had spread to the gall bladder at higher counts 

relative to SL1344 (Figure 2-3 D; 14.4-fold, p < 0.05), which is a hallmark of Typhi 

infections.  The enhanced ability for D23580 to reach the deeper tissues like the spleen 

and gall bladder as compared to a strain belonging to the ST19 pathovar (SL1344) is 

consistent with previous findings by Parsons et al. that found the ST19 isolates 4/74 and 

F98 were slower to invade into the spleen and liver of chickens than D23580 (39).   
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Figure 2-3. Tissue distribution of D23580 in mice following peroral infection.   
D23580 cultured to late log phase was administered perorally to 8-week-old female 
BALB/c mice at 108 CFU per dose. Peyer’s patches (A), mesenteric lymph nodes 
(B), spleen (C) and gall bladder (D) were excised at 3 and 5 days after peroral 
infection.  Five mice were euthanized at each time point per experiment. The data 
represent an average of two trials and are presented as the mean of either the CFU per 
gram of tissue or per total organ (for mesenteric lymph nodes and gall bladder).  The 
horizontal bar indicates geometric means and statistical comparisons were made 
using the Mann-Whitney test (** indicates p < 0.01; * indicates p < 0.05). 
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2.5.3 Acid stress resistance.   

We considered that D23580 might be recovered in higher numbers from the 

gallbladder, spleen and MLNs as compared to SL1344 due to increased resistance to 

environmental stresses normally encountered in these tissues.  Thus, to identify potential 

phenotypic traits of D23580 that may confer a selective advantage for its enhanced 

dissemination into these tissues as compared to SL1344, we profiled the ability of these 

two strains to resist low pH, a physiologically relevant stressor normally encountered by 

Salmonella both during transit through the stomach and during intracellular lifestyle 

within the host (61, 62, 69, 193-195).  As shown in Figure 1-4, D23580 displayed 

enhanced resistance to pH 3.5 than SL1344 for all time points tested (p < 0.05).  
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Figure 2-4. Survival of D23580 an SL1344 at pH 3.5.   
D23580 (black bars) and SL1344 (white bars) were cultured to late log phase, and 
immediately subjected to acidic conditions through the addition of a citrate buffer to 
lower the pH to 3.5. Samples were removed at time zero (before the addition of 
stress) and at various time points thereafter, diluted in phosphate buffered saline 
(PBS) and then plated on LB agar to determine the numbers of viable CFU. Percent 
survival was calculated as the number of CFU at each time point divided by the 
number of CFU at time zero. At least three independent trials were performed. 
Statistical comparisons were made using the Student’s t-test (** indicates p < 0.01; * 
indicates p < 0.05). 

 

2.5.4 Motility.   

The swimming motility of D23580 was profiled and compared to SL1344.  For a 

broader comparison, we also included ST313 strain A130 and typhoidal strain Ty2. A130 

is a chloramphenicol sensitive ST313 isolate recovered in 1997, prior to the emergence of 

the full MDR phenotype found in D23580 (7).  As shown in Figure 1-5, D23580 

exhibited the highest swimming motility of all strains profiled.  This heightened motility 

was not conserved across all ST313 isolates, as A130 appeared to be much less motile.    
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Figure 2-5. Swimming motility of 
ST313 strains relative to classic NTS 
and typhoidal strains.   
Salmonella strains D23580, A130, 
SL1344, and Ty2 (identified as D, A, 
SL, and T respectively in the figure) 
were each profiled for swimming 
motility on agar plates containing 0.3% 
agar, 0.5% NaCl, 1% tryptone.  
Overnight cultures of each strain were 
diluted 1:1000 and then spotted onto the 
agar using a sterile pipette tip.  Plates 
were incubated in RT overnight for 30 

hours. Experiments were performed in biological duplicate and technical triplicate.  
 

 

2.5.5 Biochemical profiling.  

The flexible metabolic capabilities that are characteristic of enteric pathogens like 

Salmonella may confer a selective advantage during colonization of host tissues (196).  

During their natural life cycle, salmonellae adapt to a wide variety of environmental 

niches both inside and outside of the host that vary in nutrient availability. Understanding 

the biochemical features that distinguish D23580 from other NTS strains may provide 

insight into selective pressures influencing its ability to colonize and spread within the 

infected host.  Table 2-2 shows the results of the biochemical assessment.  The data 

obtained for D23580 and SL1344 showed identical results for the ornithine 

decarboxylase, hydrogen sulfide production, and rhamnose and arabinose fermentation/ 

oxidation tests. 
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Table 2-2. Biochemical characterization 

  Test iNTS NTS Typhi 

    D23580 A130 SL1344 Ty2 
  CAT +w +w + – 
  ONPG – – – – 

a.a. DC 
ADH + + + + 
LDC + + + + 
ODC + + + – 

  CIT + + – – 
  H2S + + + +w 
  URE – – – – 
  TDA – – – – 
  IND – – – – 
  VP +w +w – – 
  GEL – – – – 

Carbohyd
rate 

fermentati
on 

GLU + + + + 
MAN + + + + 
INO + + – – 
SOR + + + + 
RHA + + + – 
SAC – – – – 
MEL – + + + 
AMY – – – – 
ARA + + + – 

Abbreviations: DC: amino acid decarboxylation; CAT: catalase; ONPG: ortho-
Nitrophenyl-β-galactoside; ADH: arginine dihydrolase; LDC: lysine decarboxylase; 
ODC: ornithinine decarboxylase; CIT: citrate utilization; H2S: hydogen sulfide 
production; URE: urease - Urea hydrolysis; TDA: tryptophan deaminase; IND: indole 
production- tryptophanase; VP: Voges Proskauer - acetoin production; GEL: 
gelatinase; GLU: glucose fermentation / oxidation; MAN: mannitol fermentation / 
oxidation; INO: inositol fermentation / oxidation; SOR: sorbitol fermentation / 
oxidation; RHA: rhamnose fermentation / oxidation; SAC: saccharose fermentation / 
oxidation; MEL: melibiose fermentation / oxidation; AMY: amygdalin 
fermentation/oxidation; ARA: arabinose fermentation/ oxidation. The w indicates 
weak positive reaction. 

 

There were striking differences that distinguished D23580 and A130 from other 

Salmonella strains tested.  One difference was the ability of both ST313 strains to 
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ferment inositol, while SL1344 and Ty2 were unable to use this carbohydrate as a sole 

carbon source.  Inositol is produced naturally in the human body, and is found at high 

levels in the human brain  (197), and is also found in certain foods like beans, rice and 

cereals as well as in soil.  While certain Salmonella strains have the capability to utilize 

inositol as a carbon source, it is not ubiquitous (198).  Along these same lines, we also 

found that D23580 was unable to ferment melibiose, a sugar most commonly found in 

plants, especially legumes.  In contrast, all other Salmonella strains, including A130, 

were still melibiose positive.  Interestingly, although approximately 95% of Salmonella 

species are melibiose fermenters, it has been previously reported that a loss in the ability 

to utilize the sugar strongly correlated with clinical isolates that were associated with a 

Salmonella Enteriditis outbreak (199).  The Voges-Proskauer (VP) reaction, which is 

typically negative for Salmonella spp., was found to be weakly positive for D23580 and 

A130. This result indicates that these strains may be capable of fermenting sugars to 

pyruvate via the butylene glycol pathway, which produces neutral end products, 

including acetoin and 2,3-butanediol.  This is in contrast to other Salmonella pathovars, 

which typically produce acidic end products and as such, SL1344 and Ty2 tested negative 

in the VP reaction.  Both D23580 and A130 presented positive reaction for the citrate 

test, indicating the ability for these strains to utilize citrate as the sole carbon source, 

while all other strains tested were negative. These results were confirmed utilizing 

Simmons’ citrate medium.  Catalase tests revealed that while SL1344 displayed a strong 

positive reaction to hydrogen peroxide, both D23580 and A130 showed an extremely 

weak reaction, which was confirmed by performing a heavier bacterial inoculation as 

well (Figure 2-6). This phenotype was similar to what was observed for Typhi strain 
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Ty2, which is a naturally occurring rpoS mutant and thus impaired in its ability to 

produce catalase and resist killing by hydrogen peroxide  (RW.ERROR - Unable to find 

reference:354). 

      

Figure 2-6 ST313 strains display a weakly positive catalase reaction 
Bacterial colonies of each strain (D23580, SL1344, A130 and Ty2) were picked onto 
sterile polystyrene plastic petri dishes from plates grown overnight at 37 °C. One to 
two drops of hydrogen peroxide was then added simultaneously to each strain and 
immediately imaged for bubble formation. 

 

2.6 Discussion 

Salmonella remains one of the best-characterized microbial pathogens; however 

we still have limited knowledge regarding the distinct pathogenesis mechanisms 
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associated with human infections, including the invasive, MDR ST313 pathovar that has 

been responsible for an outbreak of iNTS infections in sub-Saharan Africa.  Although 

genomic analysis of multiple ST313 strains, including D23580, initially indicated the 

possibility that this pathovar may be evolving more towards a more host-restricted 

phenotype like that of S. Typhi due to the presence of multiple gene deletions and 

inactivations (7), a subsequent study confirmed that D23580 and a different ST313 strain, 

Q456, were not host-restricted and caused an invasive disease in chickens  (39). 

However, no one has yet assessed the potential lethality of any ST313 strain in a non-

human model.   

 

In this study, we demonstrate that D23580 indeed causes a lethal disease in eight-

week-old female BALB/c mice infected via the peroral route, with a median lethal dose 

of 4.75 x 105 CFU.  This LD50 value is close to what was previously reported for the 

well-characterized S. Typhimurium ST19 strain SL1344 (191, 192).  This finding is 

especially intriguing, given that D23580 spread more rapidly than SL1344 into deeper 

tissues of the mice, including the spleen and gall bladder; a finding which is in line with 

previous reports demonstrating that D23580 spread faster to the spleen than ST19 strains 

F98, and 4/74 in chickens (39).  In this study, we did not observe any statistical 

difference between D23580 and SL1344 in the initial colonization of the Peyer’s patches 

or intestinal walls (devoid of Peyer’s patches), indicating that the inherent differences 

between the dissemination of D23580 and SL1344 in the mouse model of infection is 

most likely not due to differences in the initial adherence/invasion of the pathogens to the 

intestinal epithelium.  It is likely that the differences observed in the systemic 
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colonization of D23580 within the mouse are multifactorial, including a combination of 

differences in stress resistance, survival and replication.  A recent study by 

Ramachandran et al (41) found that D23580 survived better than SL1344 in 

macrophages.  This trend was similar across multiple ST313 and ST19 strains profiled.  

Moreover, it was also found that macrophages infected with either ST313 strain D65 or 

ST19 strain I77 led to an induction of more proinflammatory cytokines and increased 

apoptosis in macrophages infected with I77 relative to those infected with D65.  These 

factors may account for the dissemination differences between D23580 and SL1344.  

 

During the course of infection, Salmonella encounters a variety of potentially 

lethal stressors that can alter its pathogenesis, replication and survival.  The ability of the 

pathogen to resist these environmental insults can have a profound impact on the duration 

and severity of the infection.  In this study, we profiled the ability of D23580 to survive 

exposure to low pH and found that D23580 displayed an enhanced resistance to acid 

stress relative to SL1344 in vitro.  Salmonella encounters harsh acidic environments in 

the host, during its transit through the stomach as well as within the macrophage 

phagolysosome.  There is previous evidence suggesting a correlation between the acid 

tolerance response in S. Typhimurium and virulence  (65, 193, 194, 201).  As mentioned, 

no reservoir has yet been identified for the ST313 pathovar, and it has been suggested 

that the mode of transmission may be person-to-person rather than via the food-borne 

route (5, 24).  Certain pathogens like Shigella, which are predominantly transmitted 

person-to-person, tend to possess a high resistance to acid killing in order to survive low 

gastric pH and other acidic environments in vivo (202-204).  It is possible that the 
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increased acid stress resistance of D23580 may be one pathogenesis-related factor that 

could help to facilitate person-to-person transmission.  Future investigations into the role 

of acid resistance in the pathogenesis of D23580 and other ST313 isolates may provide 

additional insight in this regard.    

 

D23580 was also found to exhibit a greater swimming motility than all strains 

profiled in this study.  The importance of motility for the virulence of S. enterica appears 

to depend on a variety of factors, including the type of host as well as the local 

microenvironment during infection (205-209).  In mouse models of systemic infection 

with S. Typhimurium, while motility appears to regulate some aspects of pathogenesis, it 

does not appear to be important for virulence (191, 205, 209).  However, in streptomycin-

pretreated mice (which serve as a model of colitis) motility was shown to play a role in 

colonization and in the induction of colitis (210).  Similarly, in 1-day old chicks it was 

demonstrated that motility was important for both the virulence of S. Typhimurium as 

well as its persistence in the liver and spleen (211).  In a calf model of enterocolitis, 

flagella were found to be required for maximum fluid secretion and for the influx of 

polymorphonuclear leukocytes during infection (209).  In vitro infection assays have also 

been used to profile the impact of motility on the ability for S. Typhimurium to attach and 

invade into cells (206, 208, 209, 212-215).  While many of these infection studies using 

flat 2-D monolayer cultures have indicated that the motility is important for the 

colonization of the intestinal epithelium, a recent study using our 3-D organotypic model 

of human intestinal epithelium revealed that an flhDC flagellar mutant was still able to 

actively invade at much greater levels than in 2-D monolayers without the need for 
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centrifugation during the adherence step, although still to a lesser extent than wild type 

(104) .   

 

Of particular relevance to ST313 strains, it was previously found that the 

physiological origin of clinical isolates might also impact motility in that S. Typhi clinical 

isolates of blood-borne origin displayed a significantly higher swimming motility than 

stool-borne strains (216). In addition, a previous study reported that while flagella-

mediated motility was not required for invasion, it does lead to enhanced invasion 

although it was not absolutely required for invasion to occur  (208).  Thus it is possible 

that the greater motility observed in this study for D23580 may be associated with the 

enhanced tissue distribution in systemic mice organs as compared to SL1344. D23580, 

which is blood-borne in origin, displayed enhanced motility in our present study relative 

to other strains profiled.  However, in our present study we observed a sizeable difference 

in the motility between the blood-borne ST313 clinical isolates, D23580 and A130, in 

that A130 was much less motile.  A recent comparative study of several ST313 strains 

(S12, Q55, D65, and S11) with ST19 strains (I77, S52, I41, and I89) found that the 

ST313 strains were significantly less motile and produced less flagellin than the ST19 

strains (41).  Additional studies are needed to better understand the potential role of this 

enhanced response on the infection properties of D23580.   

 

In an effort to identify possible metabolic characteristics of D23580 associated 

with its enhanced ability to reach deep tissues in mice following p.o. infection, we 

performed a series of biochemical analyses to identify differences between this ST313 
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strain and classic Salmonella pathovars.  Key differences were observed for D23580 for 

three biochemical tests, including melibiose and inositol utilization and the Voges-

Proskauer test.  In particular, it is intriguing that both ST313 strains were able to use 

inositol, since 1) increased inositol levels are found early in the course of HIV-related 

brain disease (217) and ST313 infections in adults are strongly associated with HIV 

infected individuals	  (17,	  18,	  177), and 2) inositol metabolism is important for the 

intraerythrocytic development of the malarial parasite Plasmodium falciparum (218)  and 

infants with malaria are at high risk for ST313 infections (7, 15, 219).  In addition to the 

differences described above, D23580 was also the only strain unable to use melibiose – a 

distinct characteristic that has been associated with another clinical outbreak (199), and 

may be useful for discriminating isolates during biotyping. Collectively, these 

observations may provide clues for future studies into the metabolic adaptation and 

pathogenic mechanisms of ST313 strains. 
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Summary - Chapter 2:  

 This chapter reports (i) the virulence and tissue distribution profiles of the 

multidrug resistant, invasive nontyphoidal Salmonella (NTS) strain D23580 in a murine 

infection model, and (ii) the similarities and differences in pathogenesis-related stress 

responses and metabolic profiles between D23580 and classic Salmonella Typhimurium 

and Typhi pathovars, SL1344 and Ty2, respectively. 

ü The LD50 of D23580 in female BALB/c mice following peroral infection was 4.7 

x 105 CFU. 

ü D23580 can cause a lethal infection in animals, BALB/C mice, with associated 

invasive disease, thus sharing a broad host tropism with Typhimurium. 

ü D23580 more rapidly colonized the spleen and gall bladder with greater bacterial 

load as compared to classic Typhimurium strain SL1344.  

ü D23580 exhibited enhanced acid stress resistance and motility, relative to 

SL1344, which may contribute to the enhanced dissemination properties of this 

strain in vivo.  

ü D23580 possesses different metabolic characteristics from SL1344, which may be 

important for survival and dissemination its environmental niche in vitro and in 

vivo.  

Next, we built upon these findings to understand how D23580 may cause infection in the 

human host (Chapter 3). 
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3 CHAPTER 3: THREE-DIMENSIONAL CO-CULTURE MODEL OF 

INTESTINAL EPITHELIAL CELLS AND MACROPHAGES REVEALS 

DISTINCT COLONIZATION PROFILES OF SALMONELLA 

TYPHIMURIUM D23580 
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3.1 Abstract 

Macrophages are a key immune cell type targeted by Salmonella during infection 

and intracellular survival in these cells is essential for bacterial virulence.  However, 

intestinal epithelial cell cultures used to model human enteric salmonellosis commonly 

do not include macrophages.  This is an important consideration, as cultures of either 

epithelial cells or macrophages alone can respond differently to infection with pathogens 

or treatment with their toxins as compared to co-culture models containing both of these 

cell types, the latter of which have yielded synergistic phenotypes that are more reflective 

of the in vivo host response.  Herein, the contribution of macrophages to the early stages 

of salmonellosis was analyzed using immunocompetent three dimensional (3-D) co-

culture models of human colonic epithelial cells (HT-29) and functional macrophages 

(U937) capable of phagocytosis.  Specifically, these 3-D models were applied to study 

the colonization of Salmonella enterica pathovars with different host adaptations and 

disease phenotypes, i.e., S. Typhimurium strains SL1344 and multidrug resistant D23580, 

and S. Typhi Ty2. All serovars demonstrated significantly decreased adherence, invasion 

and intracellular survival in the co-culture model (epithelial cells and macrophages) 

relative to the monotypic model (epithelial cells only), indicating the contribution of 

macrophages to the infection process.  Interestingly, Typhi showed an even greater 

decrease in adherence to the co-culture model when compared to Typhimurium 

pathovars.  Interestingly, D23580, a ST313 strain reported to be highly invasive with 

genetic similarity to S. Typhi, exhibited lower invasion into both 3-D models than 

SL1344, but higher intracellular survival as compared to either SL1344 or Ty2.  Co-
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localization studies indicated that D23580 associated with both epithelial cells and 

macrophages in the co-culture model in a distribution manner that was different from 

both classic Typhimurium and Typhi.  This distinct phenotype observed using 

physiologically relevant in vitro co-culture models may contribute to the perceived 

“highly invasive” phenotype of D23580 in infected humans.  Collectively, these data 

show that the immunocompetent 3-D co-culture model could distinguish between 

challenge with Typhimurium and Typhi pathovars in key ways that differed from the 

monotypic model comprised solely of epithelial cells, thus reinforcing the importance of 

using in vitro infection models that recapitulate the multicellular complexity normally 

encountered by Salmonella during enteric infection. 
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3.2 Introduction  

3.2.1 Salmonella Typhimurium ST313 - infection properties  

 
During the devastating epidemic of invasive Salmonellosis caused by 

nontyphoidal Salmonella in sub-Saharan Africa, many infections were linked to a 

genetically distinct pathovar of Salmonella enterica serovar Typhimurium ST313, which 

had undergone genome degradation to resemble that of host-adapted Salmonella Typhi 

(Typhi)  (5, 7, 176, 177, 184, 186).  Salmonella Typhimurium, the most common serovar 

associated with these iNTS infections, is classified as a generalist in terms of its host 

specificity, causing disease in a wide range of hosts, including humans, associated with 

self-limiting gastroenteritis in healthy individuals but capable of causing systemic disease 

in the immunocompromised.  Conversely, Typhi is a human-specific pathogen that 

causes the systemic illness, typhoid fever, and is generally considered to be more 

invasive than Typhimurium (12, 127) (there is current evidence suggesting that this may 

not be the case (220)).  There is thus concern that ST313 may be evolving toward a 

human-specific adaptation resembling that of S. Typhi  (5, 6, 176).  However, very 

limited information is available regarding the host-pathogen interaction characteristics 

and host specificity of ST313.  

 

In Chapter 2, D23580 was shown to exhibit key differences in its stress-

resistance, biochemical characteristics and bacterial load in mouse tissues as compared to 

classic Typhimurium strain SL1344.  In agreement with the observed increased D23580 
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bacterial load in mouse tissues (chapter 2), a rapid and enhanced invasion of ST313 as 

compared to classic Typhimurium was also recently reported in the chicken model (39), 

and that suggested the host tropism of ST313 is more akin to Typhimurium with more 

aggressive disease phenotype.  However, the lack of reports of ST313 in animal infection 

studies (24) and the prevalent invasive disease dominated by iNTS ST313 in Africa (5, 8, 

15-18, 182, 184), mostly associated with immunecompromised people, suggest distinct 

host-specific interactions between the iNTS ST313 and humans.  Thus, understanding the 

interaction between D23580 and the intestine (initial site of pathogenesis) will provide 

insight into the early stages of enteric infection and advance our knowledge of disease 

mechanisms used by this pathogen, which may ultimately contribute to development of 

effective ways to control infection.  The application of in vitro 3-D tissue culture models 

that closely mimic key aspects of the human intestinal mucosa can help us to investigate 

disease mechanisms in enteric pathogens such as D23580.  

 

3.2.2 In vivo-like three-dimensional (3-D) cell culture model of intestinal 

epithelium in the Rotating Wall Vessel (RWV) bioreactor 

 
The RWV bioreactor is a physiological low fluid shear culture system that is 

commonly used to establish highly differentiated 3-D cell culture models, including both 

monotypic (comprised of a single cell lineage) and co-culture models (containing 

multiple cell lineages) (104, 160, 221-231).  The RWV has previously been used to 

establish 3-D monotypic intestinal models comprised of epithelial cells for the study of 

Salmonella and other enteric infections (160, 222, 225, 228-230). The underlying concept 
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of the RWV is that cells seeded into these reactors can grow in three-dimensions, 

aggregate based on natural cellular affinities (thereby facilitating co-culture of multiple 

cell types), and differentiate into 3-D tissue-like assemblies (232, 233).  The cells are 

grown on porous extracellular matrix (ECM)-coated microcarrier beads which serve as 

scaffolds upon which they adhere, thereby allowing cells to respond to chemical and 

molecular gradients in three dimensions (i.e. at their apical, basal, and lateral surfaces) 

akin to the in vivo scenario (160, 224, 229, 234-240).  When completely filled with 

medium, the continuous horizontal rotation of the RWV maintains cells in an optimized 

low fluid-shear suspension culture environment, which is optimal for cell growth and 

differentiation (130, 132, 137, 138, 161, 162).  Also, the fluid shear levels in the RWV 

are physiologically relevant to those encountered by enteric pathogens (like Salmonella) 

in the intestinal tract, between the brush border microvilli (132). 

 

We previously used the RWV to establish highly differentiated 3-D intestinal 

models derived from human epithelial cell lines and demonstrated their ability to predict 

in vivo infection observations and Salmonella pathogenic mechanisms (89, 104, 160, 

229).  While initiated from a single cell type, these monotypic models spontaneously 

differentiated into multiple epithelial cell types normally found in the intestine, including 

enterocytes, goblet cells, Paneth cells, and M/M-like cells, while exhibiting extensive 

tight junction formation, apical and basolateral polarity, and mucin production (89, 104, 

160, 221, 229).  Following infection with S. Typhimurium, these 3-D epithelial-based 

models exhibited phenotypes that were consistent with in vivo infections in animals and 

humans, including alterations in tissue morphology, adherence, invasion, apoptosis, and 
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production of cytokines and other inflammatory mediators  (104, 160, 221, 229).  

Moreover, S. Typhimurium invaded the 3-D intestinal cells independently of all known 

Salmonella type three secretion systems (TTSSs), i.e. Salmonella pathogenesis island 

(SPI) -1, SPI-2, and the flagellar secretory system, a finding that paralleled in vivo 

infection observations in both animals and humans, and challenged the classical view that 

SPI-1 is required for invasion of intestinal epithelium (48, 92, 106, 241).  Collectively, 

these findings demonstrate the utility of these models in predicting in vivo-like 

pathogenic mechanisms.  

 

These results led us to postulate that our 3-D monotypic intestinal model could 

serve as a high fidelity platform for engineering an improved model which is able to 

further recapitulate the multicellular complexity normally encountered by Salmonella 

during enteric infection. 

 

3.2.3 Immunocompetent 3-D co-culture model of human intestinal epithelial cells 

in combination with macrophages  

 

Following ingestion, Salmonella actively invade and replicate within intestinal 

epithelial cells and are phagocytosed by macrophages upon crossing the epithelial barrier, 

at which time they exploit phagocytes as a preferred niche for replication and transport  

(44).  While studies using a single cell type (monotypic) cultures of either intestinal 

epithelial cells or macrophages have provided important insight into understanding the 
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interactions between Salmonella and the host tissue that occur during enteric infection  

(43, 45, 57, 92, 242), they lack the multicellular complexity that is important for the 

differentiated structure and function of the in vivo parental tissue which is naturally 

encountered by the pathogen during infection (221, 243). Importantly, the synergistic 

interaction between epithelial cells and macrophages has been shown to be important for 

driving the differentiation of both cell types  (244-246).  It is thus not surprising that 

monotypic cultures of either epithelial cells or macrophages have been shown to respond 

differently to infection with pathogens or treatment with microbial toxins as compared to 

co-culture models containing both of these cell types, the latter of which is more 

reflective of the conditions encountered in vivo during the natural course of infection  

(243, 247-251).  Moreover, in vivo and in vitro studies have shown that macrophages 

may contribute to Salmonella-host specificity, and are able to distinguish between the 

closely related pathovars S. Typhimurium and S. Typhi, although these studies have 

shown inconsistent trends, likely due to experimental design differences  (12, 252). 

 

Recently, our lab advanced the previously described 3-D intestinal epithelial 

model (derived from HT-29 colon cells) by incorporation of functional macrophages 

(activated U937 cells) capable of phagocytosis in order to better replicate the in vivo 

tissue microenvironment naturally encountered by Salmonella during enteric infection 

(manuscript in preparation). 
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3.2.4 Application of the 3-D co-culture model for infection studies with D23580. 

 
Previous infection studies with ST313 utilized animal infection models (chicken 

and mice) or monolayers of either epithelial cells or macrophages  (39-41). In this study, 

we applied the 3-D immunocompetent co-culture model to assess the impact of 

macrophages in the context of colonic epithelium on the colonization profiles of 

Salmonella enterica pathovars with different host adaptations and disease phenotypes. 

Specifically, we characterized colonization profiles (adherence, invasion, and 

intracellular survival) of the closely related pathovars, S. Typhimurium (SL1344 and 

D23580) and S. Typhi (Ty2).  For all studies, comparisons were made between the 3-D 

co-culture model (HT-29 and U937) and the 3-D monotypic model (HT-29).  While 

D23580 did not exhibit a highly invasive phenotype during infection of our highly 

differentiated co-culture model, it did show enhanced intracellular survival as compared 

to the other Salmonella strains tested, which may provide insight as to its perceived 

highly invasive phenotype.  Moreover, differential intracellular survival of both 

Typhimurium strains as compared to Typhi suggests that the co-culture models could 

distinguish between these pathovars and may represent a useful model for host-specific 

testing.  

 

This study represents an important application of utilizing a 3-D intestinal 

epithelial co-culture model that integrates immune cells to mimic the multicellular 

complexity of the parental tissue to enhance our understanding of the synergistic 

contribution of different cell types in the context of enteric host-pathogen interactions.  In 
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this chapter, I report contribution of intestinal macrophages in Salmonella infection and 

distinct infection trends of Salmonella pathovars in the immunocompetent 3-D co-culture 

model. Specifically, I highlight that D23580 exhibits adherence similar to Typhimurium, 

invasion similar to Typhi, and distinct intracellular survival and co-localization profiles 

within host epithelial cells and macrophages as compared to the other strains  
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3.3 Materials and methods 

Bacterial strains and growth conditions 

Salmonella enterica serovar Typhimurium SL1344, S. Typhimurium ST313 

D23580, S. Typhi Ty2 (Ty2), and Escherichia coli HB101 (HB101) were used in this 

study. HB101 served as a non-invasive control that does not survive intracellulary. 

Bacterial cells were grown in Lennox broth (LB) overnight with aeration at 180 rpm at 

37°C. The overnight was diluted 1:100 in fresh LB media, subsequently grown to late log 

phase of the growth at 37 °C at 180 rpm, and immediately subjected to the infection 

assays. 

 

Cell lines and culture conditions.  

The human colonic adenocarcinoma cell line HT29 (ATCC, HTB-38) and the 

human monocytic cell line U937 (ATCC, CRL-1593.2)  (253) were obtained from the 

American Type Culture Collection (ATCC, Manassas, VA). For all studies, the cells were 

cultured in GTSF-2 media (Hyclone) at 37°C in 10% CO2 as described previously by 

Höner zu Bentrup et al. (229). GTSF-2 media is formulated using Leibovitz-15 minimum 

essential medium supplemented with glucose, galactose, fructose, 10% fetal bovine 

serum (FBS), 2.5 mg/L insulin/transferrin/ sodium selenite supplement. HT-29 cells were 

initially grown as monolayers in 75cc flasks until reaching confluency. U937 cells were 

grown initially in 25 cc flasks and then transferred to 75 cc flasks by gently scraping the 

monolayer. Trypan blue dye exclusion was used to determine cell viability. 
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Development of 3-D HT29 monotypic and co-culture models.  

3-D HT29 monotypic cultures were grown as previously described by Höner zu 

Bentrup et al.  (229). 

3-D HT-29-U937 co-culture model.  U937 cells grown in suspension in T75 

flasks in GTSF-2 media were collected and resuspended in fresh GTSF-2 media at a 

density of ~2 X 106 cells/ml.  Approximately 1 X 107 U937 cells were added to 5 mg/ml 

porous Cytodex-3 microcarrier beads (collagen type I-coated, average size 175 um, 

Sigma) in GTSF-2 medium containing 10-8 M phorbol-12-myristate-13-acetate (PMA, 

inducing differentiation of monocytes into macrophages) to reach a final volume of 50 

ml.  Exposure of monocytes to PMA induces morphological, physiological and molecular 

characteristics of terminally differentiated macrophages (254).  5 ml of the mix was 

transferred to each well of a 6 well plate and incubated for 48 hrs at 37 °C in a 10 % CO2 

atmosphere.  PMA-differentiated U937 cells bound to microcarrier beads were gently 

rinsed with fresh GTSF-2 media and combined with ~2 X 106 cells/ml HT-29 cells grown 

as standard monolayers.  HT-29 and U937 cells were then transferred to the RWV 

bioreactor and co-cultured at 20 rotations per minute (r.p.m).  Fresh GTSF-2 medium 

without antibiotics was replenished after 5 days and then every 24 hours thereafter until 

the harvest of the cultures at 15-17 days.  An overview of the protocol is summarized in 

Figure 3-1. 
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Figure 3-1. Flowchart of key steps in development of the immunocompetent 3-D 
co-culture model of human intestine and Salmonella infection   
You should indicate/mention somewhere in this diagram that the infection studies 
were done in multiwell plates. 

 

 

Infection study.  

All 3-D cell cultures used for infection studies were cultured overnight in 

antibiotic free media.  Upon reaching optimal differentiation, 3-D aggregates of both 

monotypic cultures (HT-29) and co-cultures (HT-29 - U937) were harvested from the 

RWV bioreactor and seeded evenly into 24-well plates to a final density of ~1 X 106 

cells/ml with fresh GTSF-2 media on the day of the infection studies.  The number of live 

cells was enumerated by trypan blue exclusion prior to infection and ~1- 2 x 106 cells/mL 
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were infected by bacteria (SL1344, D23580, Ty2 and HB101) at a multiplicity of 

infection (m.o.i.) of ~10:1 (bacteria-to-host cells) for 30 min (adhesion), 3 hrs (invasion) 

and 24 hrs (intracellular survival) as described by our lab previously (189).  At the 

appropriate timepoints, the infected cells were washed 3 times with Hanks' balanced salt 

solution (HBSS) and lysed with 0.1 % sodium-deoxycholate.  Lysates were serially 

diluted 10-fold with sterile PBS and each dilution plated onto LB agar in triplicate and 

counted to assess averaged CFU/mL.  Percent survival compared to the initial inoculum 

was calculated as a ratio of the CFU at each time point to the CFU of the infection dose at 

time zero.  Percent survival compared to the previous infection point was calculated as 

the ratio of the CFU at each time point to the CFU recovered at the previous time 

point.  Three biological replicates were performed independently and each included three 

technical replicates that were averaged.  Data presented represents the average of all three 

biological replicates.  Matched time point controls were included for all studies using the 

non-invasive E. coli strain HB101 and all strains were verified to be gentamycin-sensitive 

prior to the study. 

 

Statistical evaluation.  

All experiments were repeated at least three times.  Each experiment included three 

technical replicates by plating samples onto LB agar in triplicate.  Mean values and 

standard error of means (SEM) were calculated from three or more experiments or 

biological trials.  All comparisons were made using the student t-test (alpha < 0.05).  The 

significances were indicated as *, p<0.05; **, 0.001<p<0.01; and ***, p<0.001. 
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3.4 Results 

3.4.1 Salmonella exhibits reduced colonization (adherence, invasion, intracellular 

survival) of the 3-D immunocompetent co-culture model as compared to the 

3-D monotypic model  

 
Infection profiles of Salmonella pathovars were assessed in the 3-D intestinal co-

culture and monotypic models at 0.5 h (adherence), 3 h (invasion), and 24 h (intracellular 

survival/replication) after infection.  All Salmonella strains tested were recovered in 

significantly lower numbers at all colonization time points in the 3-D co-culture 

(HT29+U937) model as compared to the 3-D monotypic model (HT29) (Fig. 3-2 A-C). 

The differences in Salmonella colonization profiles between the two models were 6.8-

fold at 30 mins, 10-fold at 3 hrs, and 13.5-fold at 24 hrs post infection (Table 3-1).  These 

data indicate that the macrophages present in the co-culture model exhibit in vivo-like 

functional properties that are causative for the observed decrease in numbers of 

colonizing bacteria as compared to epithelial cells alone. 

 

Table 3-1. Fold decrease of bacterial colonization in the 3-D co-culture model 
(HT-29+U937) as compared to the 3-D monotypic model (HT-29). (p<0.05) 

 

 
Adherence  
(30 min) 

Invasion  
(3 hr) 

Intracellular 
survival (24 hr) 

SL1344 -2.90 -4.18 -3.22 
D23580 -2.50 -5.09 -3.60 

Ty2 -6.83 -9.91 -13.36 



   59 

 

Figure 3-2. Salmonella adheres, invades and survives at lower levels in the 3-D 
co-culture model containing functional macrophages as compared to the 3-D 
monotypic model of HT-29 cells alone. 
3-D aggregates comprised of either HT-29 cells alone (monotypic model; black bars) 
or a combination of HT-29 and U937 cells (co-culture model; grey bars) were 
infected with SL1344, D23580, Ty2, or the non-invasive control HB101 at an m.o.i. 
of 10:1 (bacteria:host).  After addition of the bacteria, cells were incubated for 30 
minutes (adherence), 3 hours (invasion), or 24 hours (survival).  For bacterial 
enumeration at each time point, cells were washed, lysed and serial dilutions plated to 
obtain CFU.  After 30 minutes, cells designated for the 3 and 24-hour time points 
were treated with gentamicin to kill any extracellular bacteria. For all time points, 
bacterial counts were normalized and plotted as a percent of initial inoculum for each 
strain.  (A) Percent adherence at 30 minutes. (B) Percent invasion after 3 hours.  (C) 
Percent survival after 24 hours. Limit of detection is 100 CFU. Statistical significance 
was determined using Students t test.  * indicates p < 0.05; ** indicates p < 0.01, and 
*** indicates p <0.001. Comparisons indicate differences between the 3-D co-culture 
and monotypic models for each bacterial strain at the time points indicated. 
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3.4.2 Pathogen-specific bacterial adherence, invasion and intracellular survival 

 
Pathogen specific colonization trends were observed in the 3-D cell culture 

models.  Specifically, D23580 adherence levels were similar to SL1344 for both 3-D cell 

culture models, with both Typhimurium strains adhering better than Ty2 for the co-

culture model, while Ty2 exhibited greater adherence than either Typhimurium strain for 

the 3-D monotypic model (Figure 3-3A).  Interestingly, substantially lower invasion was 

observed for D23580 as compared to SL1344 in both 3-D cell culture models, yet the 

invasiveness between D23580 and Ty2 were similar.  Specifically, only 3.46 % of 

adhered D23580 was recovered in the 3-D co-culture model at 3 h post infection (2.30 % 

in 3-D HT-29) while ~15 % of adhered SL1344 was found in the 3-D co-culture model 

(11.62 % in 3-D HT-29) (Figure 3-3B).  Evidence of intracellular replication for all 

Salmonella pathovars was indicated as evidenced by over 100% survival at 24 h post 

infection in both 3-D cell culture models (intracellular survival expressed as a function of 

those bacteria that invaded).  Interestingly, significantly higher numbers of intracellular 

D23580 were found at 24 h post-infection as compared to SL1344 and Ty2 (Figure 3-

3C).  These data showed a distinct infection trend (adherence, invasion and intracellular 

survival) of D23580 in 3-D human intestinal models, which was different from both 

SL1344 and Ty2.  
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Figure 3-3. D23580 displays low levels of invasiveness but enhanced survival in 
both the 3-D monotypic and co-culture models relative to SL1344. 
Infection studies are identical to those described in Figure 3, except the invasion (B) 
and survival (C) bacterial counts are plotted as a function of the number of bacteria 
that adhered or invaded, respectively.  (A) Percent adherence at 30 minutes, 
normalized and plotted as a percent of the initial inoculum for each strain; (B) Percent 
invasion at 3 hours, normalized and plotted as a percent of the bacteria that adhered 
for each strain; (C) Percent survival at 24 hours, normalized as a percent of the 
bacteria that invaded for each strain.  Data represent the average of at least two 
independent experiments from separate batches of cells. Limit of detection is 100 
CFU. Statistical significance was determined using Students t test.  * indicates p < 
0.05; ** indicates p < 0.01, and *** indicates p <0.001. Comparisons indicate 
significant differences between bacterial strains at each time point indicated for both 
the monotypic and co-culture model.  
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3.4.3 Distribution of intracellular Salmonella pathovars 

 
The 3-D co-culture model was infected by Salmonella pathovars for 24 hrs and 

confocal laser scanning microscopy images of bacterial infections were taken by Aurelie 

Crabbe (Figure 3-4).  In SL1344-infected cultures, macrophages were rarely observed 

and the bacteria were co-localized with epithelial cells (Figure 3-4B).  In contrast, Ty2, 

which was recovered in very low numbers from the 3-D co-culture model infection 

studies, was found co-localized in giant binucleated macrophages that appeared 

completely filled by this pathovar, but rarely found in epithelial cells (Figure 3-4D, inset 

in panel D).  Strain D23580 was associated with both epithelial cells and macrophages in 

the 3-D co-cultures (Figure 3-4C).  These data show distinct bacterial colonization 

patterns of different Salmonella pathovars in 3-D monotypic and co-culture models. 

 

 

Figure 3-4 Differential association of Salmonella pathovars with macrophages in 
the 3-D co-culture model based on immunofluorescence profiling. 
3-D human cell culture models infected with SL1344 (B), D23580 (C) or Ty2 (D) for 
24h was co-stained with a CD45 antibody (labeling macrophages yellow) and a 
Salmonella antibody (labeling all pathovars green). Cell nuclei are stained with DAPI 
(blue). All images are based on 400x magnifications. (A) is uninfected control.  
*Imaging done by Aurelie Crabbe. 
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3.5 Discussion 

Utilizing organotypic intestinal cell culture models that mimic the 3-D 

architecture and multicellular complexity normally present in the parental tissue in vivo 

can facilitate an improved understanding of the transition between normal intestinal 

homeostasis and disease progression caused by ST313.  The 3-D monotypic HT-29 

models differentiated into multiple epithelial cell types that are normally present in the 

human colon responded to infection with Typhimurium in key ways that reflect the 

infection process in vivo, including changes in adherence, invasion, tissue pathology, 

apoptosis, and innate immune responses.  The new 3-D co-culture model, utilized in this 

study, shared key epithelial characteristics with the HT-29 monotypic culture from which 

it was derived, including well organized tight junctions (indicating apical-basolateral 

polarity), expression of mucins, and evidence of multiple epithelial cell types normally 

present in the parental tissue (data are not shown).  Also, macrophages in the 3-D co-

culture were evaluated to show phagocytic activity and embedded localization underneath 

epithelial cells (data are not shown), indicating in vivo-like architecture and 

immunocompetence of the model.  I report an inhibitory role of intestinal macrophages 

responding Salmonella infection and distinct invasion and intracellular 

survival/replication trends of ST313 D23580 in common with yet different to classic 

Salmonella serovars by utilizing this advanced 3-D co-culture model.    
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3.5.1 Contribution of macrophages to Salmonella enteric colonization: pathovar-

related differences in adherence  

 
The addition of macrophages to the 3-D intestinal co-culture model reduced 

bacterial colonization for all Salmonella pathovars tested as evidenced by decreased 

adherence, invasion and intracellular survival relative to the 3-D monotypic model.  

Macrophages are a key immune cell type targeted by Salmonella during infection and 

their intracellular survival in these cells is essential for bacterial virulence. Bacterial 

infection in either epithelial cells or macrophages alone can be different than bacterial 

infection in co-culture models containing both of these cell types (243, 247-251), the 

latter of which is more reflective of the in vivo host response yielding synergistic 

phenotypes.  Data from this study are in alignment with the inhibitory role of intestinal 

macrophages in colonizing Salmonella pathovars in host gut tissue (255-258) inferring 

the importance of initial interactions between multiple host cell types and the pathogen 

for successful bacterial infection or host immune responses. 

 

Interestingly, distinct Salmonella adherence trends were observed by comparing 

the adherence of pathovars in the 3-D co-culture model to those in the 3-D monotypic 

model. While all tested strains exhibited decreased colonization in the 3-D co-culture 

model, the reduction of Ty2 adherence was greater than the D23580 and SL1344 

(nontyphoidal Salmonella pathovars).  The decrease was 6.83-fold for Ty2 as compared 

to 2.69-fold for NTSs (Figure 5).  Therefore, these data suggest the importance of 
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macrophages to influence the adherence of Typhi, implying a potential adherence 

mechanism(s) that is different between Typhi and Typhimurium.   

 

 

Figure 3-5. Adherence of Typhimurium and Typhi in 3-D monotypic as 
compared to the co-culture model. 
S. Typhi adheres at higher levels to the 3-D monotypic model than the non-typhoidal 
Salmonella strains, but this difference is abrogated in the 3-D co-culture model 
containing functional macrophages.   NTS indicates nontyphoidal Salmonella 
pathovars, including D23580 and SL1344 in this experiment. 

 

 

Adherence mechanisms in Typhi are still not well understood and the differences 

in adherence between Typhi and Typhimurium are not well explained. Genomic profiling 

studies revealed key differences in gene content associated with adhesins in these 

organisms.  Specifically, the Typhi genome contains 5 inactivated fimbrial operons, 3 

additional fimbriae, and the Vi capsule biosynthesis operon (a virulence determinant) that 

are divergent from the Typhimurium genome  (25, 259-263).  In vitro studies with 

monolayers showed Typhi adherence and invasion were mediated through the type IV 
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pili and Vi capsule, respectively, however, detailed adherence and invasion mechanisms 

of Typhi in vivo are still not clear  (264, 265).  Bishop et al in 2008 showed that 

Typhimurium adhered better than Typhi to both non-polarized Int-407 monolayers and 

polarized T84 monolayers, while Typhi exhibited increased invasion of the basolateral 

surface of host cells grown in Transwell inserts  (266, 267).  The authors also reported 

that Typhi-only surface structures (sta, tcf, pil and Vi capsule) did not influence 

adherence or invasion of apical or basolateral surfaces in polarized T84 cells  (266). 

Accordingly, it is still not clear how Typhi and Typhimurium interact differently with 

human cells in vivo at the early infection stages through the natural course of infection, 

which is or particular relevance to ST313 serovar D23580, which shares features of both 

Typhi and Typhimurium.   

 

Our infection studies utilizing in vivo-like 3-D human intestinal co-culture models 

revealed distinct adherence phenotypes of Typhi as compared to Typhimurium strains. 

The 3-D co-culture model presents well-differentiated tight junctions indicating apical 

and basolateral polarity in epithelial cells and also embedded macrophages capable of 

phagocytosis, with in vivo-like localization (data is not shown).  While Ty2 exhibited 

enhanced adherence to 3-D monotypic cultures (HT-29), the adherence of Ty2 in the 3-D 

co-culture model was inhibited by the addition of macrophages, indicating that Ty2 

adherence is differentially influenced by macrophages as compared to Typhimurium in 

our highly differentiated intestinal model.  The iNTS ST313 strain D23580, however, 

presented a similar adherence pattern to classic Typhimurium SL1344 (neither of which 

code for the Vi capsule or additional fimbrial genes found in Typhi).  Thus, the Typhi-
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specific cell surface molecules may be involved in this distinct adherence trend affected 

by macrophages in the 3-D co-culture model.  The detailed mechanisms will be 

investigated by using the immunocompetent 3-D human intestinal cell culture system co-

cultured with human macrophages.  

 

To our knowledge, this is the first report of the contribution of macrophages when 

co-cultured in the context of highly differentiated intestinal epithelium on adherence 

phenotypes in NTSs and Typhi.  

 

3.5.2 D23580 displays low levels of invasiveness but enhanced survival in both the 

3-D monotypic and co-culture models relative to SL1344 

 

While adherence profiles between D23580 and SL1344 were similar, it was 

intriguing that D23580 exhibited dramatically lower invasion levels similar to Typhi in 

both 3-D cell culture models. This finding suggests a that invasion mechanism of D23580 

may differ from classic Typhimurium SL1344.  Since ST313 is a major causative agent 

for highly invasive disease with presentation of Typhi-like disease phenotype and 

genome characteristics, ST313 strains (including D23580) have been considered to be 

and are often called ‘highly invasive’ iNTS or ‘highly invasive’ ST313 (9, 16, 39, 41, 

177, 180, 182, 268).  However, our data using highly differentiated 3-D co-culture 

intestinal models clearly showed that D23580 is substantially less invasive (> 4-fold) 

than classic Typhimurium, SL1344 (Table 3-2).  Interestingly, recent studies provide 
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hints supporting our data have shown a less invasive phenotype of ST313.  A study 

investigating a potential virulence gene, st313-td, showed that insignificant difference for 

wild type ST313 strain infecting Int-407 monolayers to classic Typhimurium ST19 

strains, while the ST313 internalized macrophages better than ST19 strains  (40).  

Another study examining a potential animal reservoir showed lower gastrointestinal 

colonization of ST313 in chickens while causing more rapid and severe infection in 

systemic organs relative to ST19 (classic NTS) (39).  Therefore, we may need to 

reconsider referring to all ST313 pathovars as “highly invasive” Salmonella, which may 

be misleading in terms of accurately conveying the true pathogenesis mechanisms of 

these pathovars, at least in terms of D23580. 

 

Table 3-2. Fold-difference of bacterial survival in 3-D cell culture models 
relative to internalized bacteria between strains 

 

 

Interestingly, D23580 exhibited significantly better intracellular 

survival/replication in both 3-D models.  Although D23580 exhibited substantially lower 

invasion than classic Typhimurium SL1344, the intracellular survival and replication of 

D23580 was significantly greater than Ty2, with 3.47-fold and 4.78-fold in mono- and 

(A) D23580 vs SL1344  (B) D23580 vs Ty2 
 Mono Co-culture   Mono Co-culture 

Adherence 0.95 1.10  Adherence 0.63 1.71 
Invasion 0.23† 0.20†  Invasion 1.19 1.09 
Sur/repl. 2.24† 2.30†  Sur/repl. 3.47† 4.78† 

Adherence relative to initial inoculum, invasion relative to adhered bacteria, and 
intracellular survival/replication relative to internalized bacteria. Significant 
differences (p<0.05) are bolded. The ‘†’ indicates differences greater than 2-fold.  
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co-culture, respectively, than SL1344 with more than 2-fold difference (Table 3-2). 

Recently, a study reported that invasive ST313 strains expressing attenuated flagellin 

demonstrated enhanced intracellular replication and silenced inflammatory responses, 

which may provide enhanced systemic infection like Typhi and Paratyphi (41).  As 

discussed in Chapter 2, D23580 is hyper-motile and causes rapid infection of systemic 

organs, which is not in agreement with the previous study.  Although the detailed 

mechanisms of how ST313 strains cause systemic disease is not clear, our study and 

others’ show common infection trends of ST313 strains: inefficient invasion in 3-D cell 

cultures or colonization of gastrointestinal epithelial cells, yet enhanced intracellular 

survival and replication in various macrophages and in our 3-D cell culture models.  The 

distinct infection kinetics or preferential or selective replication trends of ST313 in 

infected host cells may infer why NTS ST313 strains are dominant in invasive 

salmonellosis in Africa more than classic NTS strains and classic invasive Typhoidal 

strains.  It is not clear as to whether the greater intracellular survival/replication of 

D23580 relative to SL1344 is due to whether D23580 can replicate inside or survive 

within host cells more effectively than SL1344 or if SL1344 escapes host cells better than 

D23580.  

 

3.5.3 Pathogen-specific bacterial distribution pattern: host cell type specific 

distribution of Typhi, Typhimurium SL1344 and D23580   

 
Different Salmonella pathovars presented distinct co-localization trends 

associated with different host cell types in the 3-D co-culture model. Ty2 was noticeably 
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altered in its localization associated with the infected cell types in 3-D co-culture. In 3-D 

monotypic culture, Ty2 was found inside epithelial cells; while it was hardly found in 3-

D co-culture associated epithelial cells. Instead, although rarely found in 3-D co-culture, 

Ty2 was found in completely bacterial-filled macrophages that formed giant macrophage 

syncytia-like structures. The altered distribution-phenotype in 3-D co-culture suggests an 

importance of including multiple cell types, particularly macrophages, and displaying 3-

D architecture as a physiologically relevant in vitro infection model for Salmonella study.  

 

Previously, Schwan et al showed better intracellular survival of Typhimurium 

than Typhi in murine macrophages but better survival of Typhi than Typhimurium in 

human macrophages in vitro (91).  Tong et al. reported the requirement of in vivo factors 

by showing the ability of murine macrophages distinguishing between Typhimurium and 

Typhi in vivo, but were unable to reproduce the phenotype in vitro using pure 

macrophage cultures  (252).  Recently, Strandberg et al showed increased 

intramacrophage survival of Typhimurium over time (24 hrs) in primary human 

monocyte-derived macrophages while numbers of Typhi remained constant  (269). 

Agreeing with Strandberg et al, in part, our infection study using an in vivo-like 3-D 

human cell co-culture model (macrophages + epithelial cells) presented the enhanced 

intracellular survival and replication of Typhimurium as compared to Typhi at 24 h 

postinfection. However, the distributions of each of the pathovars tested were different, 

associating with different host cell types - Typhimurium localized within epithelial cells 

while Typhi formed a large bolus within macrophages.  Recently, the Salmonella 

replication filling in host cells was reported to be associated with SPI-2  (270).  The 
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filling phenotype was also observed in vivo in host cells infected with attenuated 

Typhimurium lacking SPI-2 TTSS, suggesting an important role of SPI-2 TTSS for 

bacterial spread  (270).  Interestingly, many SPI-2 effectors present in Typhimurium are 

missing in Typhi (sseI, gogB, spvB, spvC, sseK1, sseK2 and sseK3) or are pseudogenes 

(sopD2 and sseJ), which could potentially explain the similar filling phenotype  observed 

in our study for Ty2 infection and the previous reports on SPI-2 T3SS mutants.  In 2010, 

Radtke et al reported that a SPI-2 deletion mutant in Typhimurium was not defective for 

bacterial intracellular survival in 3-D HT-29 cells, also agreeing with the previous studies  

(104, 270).  Collectively, the data obtained using the immunocompetent 3-D co-culture 

model might explain the different infection phenotypes of Typhi relative to Typhimurium 

and may also help explain the seemingly contradictory data resulted from animal 

infection and single cell type culture in vitro.  Therefore, this study using 3-D 

immunocompetent co-culture models provides evidence that the different infection 

strategies of Typhi and Typhimurium associating host cell type selection and 

simultaneously provides a study tool to investigate the detailed infection mechanisms that 

are different between Typhi and Typhimurium, may be related to SPI-2.  

 

Moreover, it is important that microscopy images showed different distribution 

patterns of D23580, in common with yet distinct from both classic Typhimurium and 

Typhi.  Specifically, D2580 exhibited a Typhimurium-like adherence pattern, Typhi-like 

invasion phenotype, and a distinctively enhanced intracellular survival and replication 

pattern.  The co-localization pattern of D23580 for the cell types in the 3-D co-culture 

model was between SL1344 and Ty2, as the bacteria were found in both macrophages 
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and epithelial cells.  D23580 was reported to have undergone a genome reduction, 

pseudogenes and single nucleotide polymorphisms (SNPs) (7).  Interestingly, the 

pseudogenes include deletion of sseI (SPI-2) by an insertion element.  SseI was reported 

to be important for persistent infection in mice and also reported to be associated with 

bacterial spreading  (270-274).  Therefore, although it is not clear how the deletion of 

sseI or other pseudogenes could be influenced for the distinct distribution pattern of 

D23580 in host cells during infection, our study suggests certain infection mechanisms of 

D23580 may be similar to Typhi.  Again, this finding is supported by reports that D23580 

showed rapid infection in systemic organs in animals, was better phagocytosed by 

macrophages following enhanced intracellular survival, yet exhibited reduced 

colonization in gastrointestinal cells.  

 

While Typhimurium spreads to neighboring intestinal epithelial cells after 

infection by rapidly replicating inside host cells, ST313, like Typhi, may be more 

efficient at surviving within and colonizing macrophages, so that circulation in systemic 

organs causes systemic disease more frequently than classic Typhimurium and Typhi.  

 

3.6 Conclusion 

An in vivo-like immuncompetent 3-D human intestinal cell culture model 

developed in our lab was applied to study the early stages of Salmonella enteric infection.  

Results from this study report similar adherence trends between D23580 and classic 
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Typhimurium but an invasion profile that resembles that of Typhi Ty2.  Moreover, 

D23580 revealed enhanced survival within the 3-D host cells and presented a distinct 

distribution phenotype relative to the other Salmonella pathovars, associated with both 

epithelial cells and macrophages.  Therefore, I conclude that D23580 displays distinct 

infection properties in common with yet different from both classic Typhimurium and 

Typhi.  In addition, I suggest reconsidering the current trend of referring to D23580 as a 

“highly invasive” nontyphoidal Salmonella pathovar, as results from this study using a 

highly differentiated human intestinal model show it to be less invasive with high 

intracellular survival.  

 

 
Summary - Chapter 3: 

This chapter reports the colonization profile of D23580 utilizing a highly 

differentiated in vivo-like 3-D human tissue co-culture model consisting of intestinal 

epithelial cells and macrophages. This is the first in vitro study to profile the colonization 

(adherence, invasion and intracellular survival) of D23580 in a 3-D organotypic model of 

human intestinal epithelium containing functional macrophages capable of phagocytosis. 

ü Salmonella exhibited reduced colonization of the 3-D immunocompetent co-

culture model as compared to the 3-D monotypic model comprised solely of 

epithelial cells – thus highlighting the functionality and contribution of the 

macrophages to the colonization profiles. 

ü The adherence ratio between the 3-D monotypic and co-culture models showed 

similar trends between the NTS strains D23580 and classic Typhimurium 
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SL1344, but was significantly different from Typhi strain Ty2.  This finding 

highlights the different contribution of macrophages to adherence between these 

Salmonella pathovars. 

ü While ST313 is commonly referred to as “highly invasive nontyphoidal 

Salmonella”, D23580 exhibited significantly lower levels of invasion in the 3-D 

co-culture model as compared to SL1344, but similar to Ty2. 

ü D23580 exhibited significantly enhanced intracellular survival/replication relative 

to SL1344 and Ty2.   

ü Findings in this study suggest that the ability for D23580 to spread more 

efficiently throughout the infected host relative to classic Typhimurium may be 

due, in part, to its inherent intracellular survival properties rather than an ability to 

actively invade at higher levels.  

ü D23580 displayed distinct patterns of co-localization to both intestinal epithelial 

cells (IECs) and macrophages in the 3-D co-culture model, while SL1344 was 

mostly associated with IECs, and Ty2 was mostly associated with macrophages in 

the co-culture model. 

Next, we profiled how the physical force microenvironment naturally encountered by 

Salmonella during the enteric infection process in vivo alters D23580 molecular genetic 

and phenotypic properties. 
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4 CHAPTER 4: EFFECT OF FLUID SHEAR ON INVASIVE SALMONELLA 

ST313: PHYSIOLOGICAL FLUID SHEAR ALTERS THE VIRULENCE 

POTENTIAL OF INVASIVE NON-TYPHOIDAL SALMONELLA 

TYPHIMURIUM D23580  
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4.1 Abstract  

Salmonella enterica serovar Typhimurium strains belonging to sequence type 

ST313 are a major cause of fatal bacteremia among HIV-infected adults and children in 

sub-Saharan Africa.  Unlike ‘classical’ non-typhoidal Salmonella (NTS), gastroenteritis 

is often absent during ST313 infections and isolates are most commonly recovered from 

the blood, rather than stool.  This is consistent with observations in animals, in which 

ST313 strains displayed lower levels of intestinal colonization and higher recovery from 

deeper tissues relative to classic NTS isolates.  A better understanding of the key 

environmental factors regulating these systemic infections is urgently needed.  Our 

previous studies using the Rotating Wall Vessel (RWV) bioreactor demonstrated that 

physiological levels of fluid shear regulate virulence, gene expression, and stress 

response profiles of classic S. Typhimurium.  Here we provide the first demonstration 

that fluid shear alters the virulence potential and stress response profiles of ST313 strain 

D23580 in a manner that differs from classic NTS.   
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4.2 Introduction 

4.2.1 Invasive nontyphoidal salmonellosis (iNTS) 

 
Recent outbreaks of multidrug resistant invasive NTS in sub-Saharan Africa calls 

attention to the continual threat of emerging pathogens and emphasizes the urgent need 

for new insight into the mechanisms by which these novel variants cause disease  (4-8, 

15-19, 176, 177, 182, 184).  Sequence analysis of D23580, a representative isolate 

belonging to the newly identified ST313 pathovar, revealed genome degradation 

resembling that of the human-restricted serovar Typhi  (7, 12).  Combined with the highly 

invasive clinical presentation in patients, these findings suggested that although it was 

classified as NTS, D23580 might display a Typhi-like host tropism (7).  Subsequent 

studies confirmed that D23580 still retains a broad host specificity characteristic of 

serovar Typhimurium, but also revealed key pathogenesis characteristics that distinguish 

it from classic NTS (39).    

 

4.2.2 Salmonella and fluid shear 

The pathogenicity of Salmonella can be altered in response to a variety of 

environmental conditions, including pH, temperature, oxygen, and nutrient availability  

(65, 72, 82, 193, 201).  It has also become increasingly clear that physical forces, 

including fluid shear, play an important role in regulating the virulence, gene expression, 

and/or pathogenesis-related stress responses for Salmonella and other bacteria  (135, 139, 
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140, 143-146, 150-153, 155-157, 159, 164, 165).  It was previously demonstrated by our 

laboratory that culturing S. Typhimurium strain χ3339 (an animal passaged-derivative of 

the classic NTS strain SL1344) in low shear condition in rotating wall vessel (RWV) 

bioreactor led to increased virulence, global changes in gene expression, and increased 

resistance to multiple pathogenesis-related stressors  (135, 143, 144, 146).  It was 

subsequently shown that several other Salmonella serovars are able to sense and respond 

to alterations in fluid shear (158).  A wide range of fluid shear levels can be found both in 

the environment and in vivo, with in vivo niches ranging from high fluid shear in the 

bloodstream to low fluid shear in between the brush border microvilli of epithelial cells  

(129-134, 137).  As a facultative intracellular pathogen that incorporates both a 

intracellular and cell-free lifestyle, the spread of Salmonella throughout the GI tract to the 

extraintestinal environment of the circulatory system exposes the pathogen to a broad 

range of fluid shear environments.  Understanding how this important environmental 

signal can regulate the onset of disease and its progression is a critical consideration for 

the treatment and prevention of invasive salmonellosis by the ST313 pathovar.  

Therefore, in this study we investigated the influence of physiological fluid shear on the 

virulence and several pathogenesis-related stress responses of the representative ST313 

strain D23580.   

 

4.2.3 Rotating Wall Vessel (RWV) bioreactor 

 
The NASA-engineered Rotating Wall Vessel (RWV) bioreactor is a suspension 

culture system that allows cells to grow under physiologically relevant low fluid shear 
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culture conditions when the reactor is oriented in the low shear modeled microgravity 

(LSMMG) orientation (Figure 4-1).  The cylindrical bioreactor is completely filled with 

culture medium and rotated on the horizontal axis (Fig 4-1B), which minimizes fluid 

turbulence and maintains cells in a gentle fluid orbit (135, 143, 144, 154, 275-277).  

When the RWV is oriented in the high shear control (HSC) orientation (Fig 4-1A), cells 

and particles sediment to the bottom of the reactor, where increased frictional forces 

disrupt fluid flow due to interactions of the bacteria with the bioreactor membrane as well 

as with other sedimented bacteria.  For both orientations, oxygen is provided through the 

one side of RWV through a gas-permeable membrane via a peristaltic pump.  The RWV 

has been used to study the effect of fluid shear on microbial pathogenesis, stress 

responses and/or gene expression for a wide variety of bacteria including: 1) Salmonella  

(135, 143, 146, 153, 157-159, 164, 165, 278), 2) Pseudomonas aeruginosa  (155, 279), 3) 

Staphylococcus aureus  (145, 150, 152), 4) Escherichia coli  (152, 153, 156, 278, 280-

286), and 5) others  (285, 287-289).  These studies have demonstrated that a broad range 

of both Gram-negative and Gram-positive bacteria are able to sense and respond to 

alterations in fluid shear.  In this study, the RWV was applied to study impact of fluid 

shear on virulence and cellular responses of D23580.  
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Figure 4-1. Rotating Wall Vessel (RWV) bioreactor cell culture system.  
(A) Higher shear control condition (HSC); (B) Low Shear condition (LSMMG). 

 

4.3 Methods 

Bacterial growth.  

Salmonella enterica serovar Typhimurium ST313 D23580 was used in this study. 

Bacterial cultures were initiated in Lennox broth (LB) with aeration (180 rpm) overnight 

for 15 hours at 37°C.  The following day, overnight cultures were inoculated into 150 mL 

sterile LB at a 1:200 dilution and subsequently loaded into two identical RWVs.  The 

bacteria in RWVs were incubated at 37°C, one with LSMMG and the other with HSC 

positions (Figure 4-1) in Lennox Broth (LB) at 25 rotations per minute and 37°C for 4 

hours (late log/early stationary phase).  Growth curves were performed by plating on LB 
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agar for viable colony-forming units (CFU) and measuring the corresponding optical 

density at 600 nm (OD600) to ensure that cultures were profiled at identical phases of 

growth for all studies (Figure 4-2).   

 

 

Figure 4-2. Growth curves of D23580 grown in RWVs. 
D23580 was grown in RWV one in low shear modeled microgravity (LSMMG) or 
high shear control (HSC) condition. Cultures were monitored for 24 hrs by plating on 
LB agar for viable colony-forming units (CFU) and measuring the corresponding 
optical density at 600 nm (OD600). 

 

 

Virulence test.  

For virulence studies, 8-week old female BALB/c mice (Charles River 

Laboratories) were fasted for approximately five hours and then perorally infected using 

standard protocols described previously (189, 190, 290).  Bacterial cells grown to late log 

phase in RWVs were immediately harvested by centrifugation at 7,000 rpm for10 

minutes and the pellets were resuspended in buffered saline containing 0.01% gelatin 

(BSG) to a dose of approximately 1x109 CFU per 20 µl.  A series of 10-fold dilutions 
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was performed in BSG down to 1x102 CFU per 20 µl dose. Mice were acclimated for 7-

14 days before the experiments.  Total 20 uL volume per dose was given per orally with 

from 102 to 109 CFU to BALB/c mice deprived of food and water before infection. Mice 

were monitored for 30 days.  Studies were performed in biological triplicate with five 

mice per dose.  The 50% lethal dose (LD50) value was calculated using two of these 

independent trials, since in the initial trial the dosage was not yet optimized and there was 

no group with 100% survival, which is a requirement to calculate the median lethal dose 

using the method of Reed and Muench (190).  Time-to-death (Figure 4-3) was plotted to 

include the results from all three trials.  

 

Stress assays.  

Bacteria were grown as described above to late log/early stationary phase, and 

immediately subjected to the stress. For acid stress, acidic conditions were generated 

through the addition of a citrate buffer to lower the pH to 3.5.  Cells were incubated 

statically at room temperature during exposure to the stress and the pH was confirmed 

with an electrode at the end of the assay.  For oxidative stress, 6% H2O2 was added into 

cells grown in RWVs for a final concentration of 0.06% H2O2.  The initial number of 

bacteria from each sample was determined by taking sample at time zero (before the 

addition of stress) and plating on LB agar. Culture sample that a testing stress is 

administrated were taken at various time points thereafter, diluted in phosphate buffered 

saline (PBS) and then plated on LB agar to determine the numbers of viable CFU.  The 

CFU counts at each select time point were normalized to the initial inoculums to obtain 
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percent survival.  Statistical significance between the LSMMG and control groups was 

determined using Student’s t-test (α=0.05).   

4.4 Results and discussion 

4.4.1 Virulence of D23580 altered by fluid shear: LD50 and Time to death 

 
Mice infected by D23580 grown in LSMMG (LSMMG group) or HSC (HSC 

group) were monitored for 30 day.  The infected mice started to die in about a week after 

infection (at day 5 – 7) in the both groups.  Most mice died in day 6-10 postinfection in 

the both groups with a trend of the slightly prolonged animal-death in HSC groups (to 

day 13).  The LD50 values obtained for the LSMMG and HSC groups were not found to 

be significantly different, at 7.51x 105 CFU and 6.53 x 105 colony-forming units (CFU), 

respectively.  

 

However, an interesting trend was observed that the total number of the dead mice 

was greater in the HSC group than in the LSMMG group, with 67% of total animal death 

in HSC and 58% of total death in the LSMMG group.  Moreover, the mice infected by 

D23580 cultured in the control/higher fluid shear condition exhibited more rapid disease 

progression resulting in earlier time-to-death (Figure 4-3).  This pattern was observed for 

dosages ranging from 104-106 CFU; with the group infected with 105 CFU dose 

(approaching the LD50) displaying the biggest difference.  Intriguingly, these results were 

the opposite of what was previously observed for classic NTS strain χ3339 using the 
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same media, temperature and phase of growth in which mice infected with χ3339 

cultured in the low shear condition led to a more rapid time-to-death and decreased LD50.  

 

 

Figure 4-3 Survival of mice following peroral infection with D23580 grown in 
RWVs. 
D23580 was cultured in LSMMG and the higher shear control (HSC) condition, in 
RWVs, in LB to late log phase. Dose ranging from 102 – 109 CFU per mouse was 
administered to 8-week-old female BALB/c mice perorally. Mice were monitored 3 
times a day for 30 days. An uninfected mice group was included as a (1 x g). Panels 
(A), (B) and (C) represent the time-to-death of mice infected with the dose of 
104,105, and 106, respectively. The percent survival is defined as the percentage of 
mice surviving at the indicated number of days post-infection.  The median lethal 
dose was determined by the method of Reed and Muench. 

 

4.4.2 Stress assay 

 
Salmonella encounters a number of stressors in the environment and during the 

course of infection, including acidic pH, oxidative and osmotic stress.  To evaluate the 

influence of fluid shear on the stress resistance of D23580, the strain was cultured in the 

RWV in the LSMMG or HSC condition and subjected to acid (pH 3.5) and oxidative 

(0.06 % hydrogen peroxide). D23580 grown in the HSC fluid shear condition exhibited 

increased resistance to killing by hydrogen peroxide-induced oxidative stress (Figure 4-

4A) as compared to LSMMG cultures for all time points tested (p < 0.05).  These 
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findings are in line with the increased time-to-death finding in mice infected with the 

higher fluid shear control condition. We also observed the same trend of acid-resistance 

observed in oxidative stress assay but it was not statistically significant (Figure 4-4B).  

 

Figure 4-4. Survival of D23580 grown in RWVs responding to pathogenesis-
related stresses. 
Data were normalized as to the number of initial bacteria subjected to the stress. At 
least three independent trials were performed. The data are presented with mean 
values of (1 x g) condition (grey bars) and LSMMG (white bars) and standard error 
of means (SEM). Statistical comparisons were made using the multiple t-test with 
95% confidences (** indicates p < 0.01; * indicates p < 0.05). (A) Oxidative stress 
was induced by adding hydrogen peroxide (H2O2) to generate 0.06% of H2O2 in 
the culture. The log scale fold-decreases are presented. Fold-decrease was found by 
calculating the number of CFU at each time point divided by the number of CFU at 
time zero.  (B) Acidic conditions were induced by adding a citrate buffer to lower 
the pH to 3.5.  Percent survival was calculated as the number of CFU at each time 
point divided by the number of CFU at time zero multiplying 100. 
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4.5 Conclusion 

In response to culture under higher fluid shear conditions, D23580 exhibited a more 

rapid time-to-death in mice and displayed increased resistance to acid and oxidative 

stress.  These findings suggest that D23580 responds to fluid shear in a different manner 

than previously observed for classic NTS, and that higher fluid shear environments may 

enhance the resistance of the pathogen to environmental stress responses, which in turn 

may influence disease progression. To our knowledge, this is the first report to 

demonstrate that physiological fluid shear regulates disease progression and 

pathogenesis-related stress responses for any strain belonging to the highly invasive 

ST313 pathovar.   
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Summary - Chapter 4: 

Pathogens entering the host encounter a wide range of fluid shear stress during the 

natural course of infection.  Previous work from our lab has shown that physiological 

fluid shear stress plays a critical role in infectious disease progression and virulence. This 

chapter reports the use of the NASA Rotating Wall Vessel (RWV) bioreactor to 

characterize the impact of low and high physiological fluid shear stress on the virulence, 

time-to-death, and pathogenesis-related stress responses of D23580. 

ü High fluid shear leads to more rapid time-to-death and increased resistance to 

select pathogenesis stress responses of D23580, while low fluid shear leads to 

more rapid time-to-death and increased resistance to select pathogenesis stress 

responses as compared to classic S. Typhimurium χ3339.  

Next, we profiled how incremental increases in the biomechanical force of fluid shear 

experienced by pathogens during the natural course of infection progressively alter 

D23580 gene expression and stress response profiles. 
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5 CHAPTER 5: THE RESPONSE OF D23580 TO INCREMENTAL CHANGES 

IN FLUID SHEAR STRESS IN THE RWV 
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5.1 Abstract  

  

Salmonella enterica serovar Typhimurium ST313, a cause of fatal bacteremia in 

immunocompromised individuals in sub-Saharan Africa, exhibits key features that 

distinguish it from Salmonella serovars Typhimurium and Typhi – including alterations 

in pathogenesis-related stress resistance, colonization of host tissues, and biochemical 

profiles (see Chapter 2). However, the detailed pathogenic mechanisms of ST313 are not 

yet well understood. As described in Chapter 4, D23580, a representative ST313 strain, 

was found to induce a more rapid time-to-death in BALB/c mice and exhibit increased 

acid-resistance when cultured under a higher fluid shear environment using the Rotating 

Wall Vessel (RWV) bioreactor.  These findings with NTS D23580 differed from what 

our laboratory previously observed for the classic Salmonella Typhimurium strain χ3339, 

which exhibited significantly increased virulence and enhanced resistance to several 

stresses in response to low fluid shear culture conditions in the RWV (when cultured to 

the same phase of growth). To better understand the effect of fluid shear on altered 

cellular responses of D23580, beads of different sizes were incorporated during RWV 

culture of this strain to create a series of cultures with incremental changes in fluid shear.  

These cultures were then profiled for select stress responses, macrophage survival, and 

global changes in gene expression using RNA-Seq. In response to incrementally 

increasing fluid shear conditions, gradual increases in D23580 stress-resistance and 

macrophage adherence, internalization, and intracellular survival/replication were 

observed.  In agreement with these findings, RNA-seq analysis revealed corresponding 
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up-regulation in genes encoding fimbriae, SPI-1 (Salmonella Pathogenicity Island 1) 

regulators, and Type Three Secretion System (TTSS) effectors.  This is the first 

demonstration that incremental changes in fluid shear can alter the stress response 

profiles and global gene expression profile of any ST313 strain.  In addition, this is the 

first study to perform global gene expression analysis for any ST313 strain.  
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5.2 Introduction 

 

5.1.1 Review on ST313 D23580 and distinct responses to fluid shear 

 
 

A novel Salmonella enterica serovar Typhimurium (Typhimurium) multilocus 

sequence type 313 (ST313) prevalent in sub-Saharan Africa causes fatal bacteremia, 

(invasive disease) in young children and HIV-infected patients  (5, 7, 8, 15, 16, 18, 177, 

184, 186). Genomic profiling of the ST313 strains revealed a reduced genome resembling 

Salmonella enterica serovar Typhi (Typhi), causing invasive disease, and suggested 

person-to-person transmission given the lack of reports of animal infection  (7, 24, 176).  

Our previous study showed distinct features of biochemical characteristics, colonization 

in host tissues and acid stress resistance distinct from both Typhimurium and Typhi 

(Chapter 2). A previous study determined that ST313 could cause severe infection in 

animals, indicating the potential for an unidentified animal reservoir  (39). Also, previous 

studies with ST313 serovars found important host-pathogen interactions between host 

humoral/complement immunity and bacterial O-antigen/outer membrane  (33-35), 

identified a gene important for bacterial virulence during systemic infection  (40, 182), 

found high intracellular survival of ST313 compared to classic Typhi and Typhimurium 

in vitro ((40, 41), and Chapter 3), and relevance of attenuated flagellin to the enhanced 

bacterial survival in host macrophages  (41). However, there are many aspects of ST313 

pathogenesis that are not yet well understood.   
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The ST313 strains are mostly multidrug resistant (MDR) and frequently recurrent 

after treatment, leading to high mortality  (17). There are increasing risks of the strains 

spreading worldwide due to easy travel and frequent transport globally, and increasing 

numbers of immunocompromised people worldwide as a result of HIV-infection, drug 

use, cancer therapy and aging  (166-175, 271). It is urgent to have effective ways to 

control infection by ST313, and understanding the disease-causing mechanisms of these 

bacteria are important for developing ways to treat and prevent these infections. In this 

study, evidence is provided for the role of fluid shear in regulating the stress resistance, 

macrophage infection profiles, and global gene expression profiles of D23580.  To our 

knowledge, this is the first study to report global gene expression in D23580 is altered by 

fluid shear stress, which is physiologically relevant to levels encountered by the pathogen 

in vivo in the infected host.  

 

The classic Salmonella Typhimurium strain χ3339 was previously demonstrated 

by our lab to display increased virulence, enhanced stress resistance (for select stressors), 

and global changes in gene expression in response to low fluid shear culture conditions 

exhibited in spaceflight and in the RWV bioreactor  (146, 157-159, 164, 165), a 

spaceflight analogue cell culture system that can be used for culturing cells under 

physiological levels of fluid shear  (132, 144, 153, 154, 276, 291). Interestingly, despite 

the increased virulence of χ3339 in response to low fluid shear culture, microarray 

analysis did not reveal any known virulence genes to be induced, indicating the 

possibility that a previously uncharacterized mechanism(s) may be involved. These 
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studies also identified the evolutionarily conserved RNA-binding protein Hfq as a key 

regulator for the response of Salmonella to physiological low fluid shear culture  (164). 

 

As mentioned in previous Chapters, the ST313 strain D23580 showed different cellular 

responses and virulence potential than χ3339 in response to low fluid shear culture in the 

RWV (Chapter 4). D23580 also exhibited more sensitive responses to oxidative stress 

and delayed disease progression when grown in the RWV under the low shear condition 

(Chapter 4). It is not clear why D23580 exhibits different phenotypes than classic 

Typhimurium χ3339 in response to low fluid shear culture.   

 

5.1.2 Investigating the effect of incremental changes in fluid shear that are 

physiologically relevant to those encountered by ST313 during infection  

 

Typhimurium causes self-limiting gastroenteritis and does not normally induce 

systemic infection in healthy humans  (12, 292). This is in contrast to Typhi, which 

causes the invasive disease known as Typhoid fever  (292). ST313 is classified as 

Typhimurium yet causes a fatal bacteremia in immunocompromised people 

predominantly in sub-Saharan Africa. Salmonella entering the host body experience a 

wide range of fluid shear levels during the course of infection, with low fluid shear 

conditions found between the brush border microvilli of epithelial cells where Salmonella 

adhere at the first site of infection  (132). As a facultative intracellular pathogen that 

incorporates both an intracellular and cell-free lifestyle, the spread of Salmonella 
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throughout the GI tract to the extra-intestinal environment of the circulatory system 

exposes the pathogen to a broad range of fluid shear environments. In particular, given 

the capacity of ST313 to routinely cause systemic disease - understanding the influence 

of the high fluid shear environment found within the blood stream (as well as in select 

regions of the GI tract) on the disease-causing properties of this pathovar is an important 

consideration.   

 

This chapter focuses on understanding the effect of incremental increases of fluid 

shear on targeted stress responses, global gene expression profiles, and infection 

properties of ST313 strain D23580.  The studies presented here build upon our lab’s 

previous research conducted using the classic Typhimurium strain χ3339, which 

demonstrated that stress responses and gene expression could be incrementally altered in 

response to progressive increases in fluid shear in the RWV by incorporating beads of 

different sizes during culture  (154). The central hypothesis is that incremental changes in 

fluid shear relevant to these encountered in the intestine and bloodstream will uniquely 

alter the stress responses, global gene expression profile, and infection properties of 

D23580.  
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5.3 Methods 

 

Statistical evaluation.  

All experiments were repeated at least 3 times. Each experiment included three 

technical replicates by plating samples onto LB agar in triplicate. Mean values and 

standard error of the mean (SEM) were calculated from three or more experiments or 

biological trials. All comparisons were made using the Student’s t-test (α< 0.05). The 

significances were indicated as *, P<0.05; **, 0.001<P<0.01; and ***, P<0.001. 

 

Generation of a range of incremental levels of fluid shear in RWV.   

The RWV bioreactor was used in this study to generate different levels of fluid 

shear. Beads of different sizes were included in the RWV during culture, as previously 

described  (154) to increase fluid shear during bacterial culture. Beads of differing size 

and density were used in the current study to generate a range of incrementally increasing 

fluid shear in bacterial culture in the RWV: 3/32-inch (2.381 mm) diameter 

polypropylene (3/32-PP); 1/8-inch (3.175 mm) diameter polypropylene (1/8-PP); and 

1/8-inch diameter ceramic (1/8-C) (Baltec, Inc., Los Angeles, CA.). The fluid shear 

levels previously quantified by Nauman et al, in the RWV with and without bead addition 

are shown in Figure 5-1. The RWV without beads generates a low fluid shear 

environment with less than 1 dynes/cm2 and a 3/32-PP or a 1/8-PP generates 5.2 

dynes/cm2 or 7.8 dynes/cm2, respectively, based on the steady-state Navier-Stokes 

equations  (154, 275). The ceramic bead, which is denser than polypropylene, was 

included to further increase the fluid shear (this has not yet been quantified). To generate 
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an even higher fluid shear condition, two beads were added simultaneously to the RWV 

bioreactor (1/8-PP and 1/8-C). Beads were sterilized and subsequently added into RWVs 

aseptically. For ease of reference, the five different incrementally increasing fluid shear 

conditions ranging from low-to-high as a result of bead addition(s) in the RWV are 

designated as follows: Shear 1 (S1; no bead); Shear 2 (S2; 3/32 PP); Shear 3 (S3; 1/8 

PP); Shear 4 (S4; 1/8 C), and Shear 5(S5; 1/8 PP and 1/8 C). 

 

Bacterial strains and growth conditions.  

S. Typhimurium D23580 was used as a representative ST313 strain in this study 

and was cultured in Lennox broth (LB) at 37°C in all experiments. An overnight culture 

of D23580 grown for 15-16 h with aeration was diluted 1:200 into fresh LB and loaded 

into the RWV bioreactors. The RWV was completely filled with culture medium and air 

bubbles were removed to avoid additional fluid shear. The RWVs were incubated at 25 

rpm for 24 h with aeration and growth curves were performed by determining live colony 

forming units per milliliter (CFU/mL) at various time points to define bacterial growth in 

different fluid shear conditions (Figure 5-2). For all studies, bacterial cells were grown 

for 24 hours to stationary phase. 
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Figure 5-1. Diagram of RVW bioreactor including beads of varying size and 
densities to induce incremental increases in fluid shear stress.   
The RWV bioreactors are completely filled with culture medium and rotated on their 
horizontal axis at 25 rpm, which creates a solid body rotation of the media. Bacteria 
are maintained in a suspension culture in a gentle fluid orbit, and in the absence of a 
bead, bacteria experience a low fluid shear stress of less than 1 dyne/cm2.  Maximum 
mechanical forces of fluid shear stress surrounding the bead in fluid in RWV 
bioreactors, quantified by Nauman et al, are 5.2 dynes/cm2 in 3/32-PP and 7.8 
dynes/cm2 in 1/8-PP. A dyne is defined as the force required to accelerate a mass of 
one gram at a rate of one centimeter per second squared (1 dyne = 1 g·cm/s2). The 
maximum shear force generated by the 1/8-Cera bead has not yet been determined. 
The density of the ceramic bead is greater than the polypropylene bead, so that the 
ceramic bead falls to the bottom of the RWV at the same rotating speed and rolls on 
the bottom surface inside the RWV, while the polypropylene bead floats within a 
steady-state position under the same conditions.  
S1 indicates that the RWV contains no beads; S2 indicates that the RWV contains a 
3/23-inch polypropylene bead; S3 indicates that the RWV contains a 1/8-inch 
polypropylene bead; S4 indicates that the RWV contains a 1/8-inch ceramic bead; 
and S5 indicates that the RWV contains both a 1/8-inch polypropylene bead and a 
1/8-inch ceramic bead. The RWV reactors are depicted as a scaled series of 
incrementally increasing fluid shear biosystems, with shear (S) levels ranked on a 
scale of low-to-high as a result of bead(s) addition (with S1 being low and S5 being 
high).  
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Figure 5-2. Growth curve of D23580 grown in RWV bioreactors with or 
without beads.  
D23580 was inoculated into LB with aeration (180 rpm) for 15 hours at 37°C. 
These cultures were diluted at 1:200 in fresh LB and loaded into RWVs (~50 mL 
per bioreactor) with or without beads and subsequently incubated at 37°C and 25 
rpm on their horizontal axis. Cultures were monitored by plating on LB agar for 
viable colony-forming units (CFU).  

 

 

Stress survival assays.   

Bacteria were grown as described above to stationary phase, and 10 mL of each 

culture was immediately subjected to the tested stresses. For acid stress assays, sterile 1M 

citrate buffer was added to lower the pH to 3.5. For oxidative stress assays, 6% hydrogen 

peroxide was added to the culture samples to a final concentration of 0.12%.  Cells were 

incubated statically at room temperature during exposure to the stress and the pH was 

confirmed with an electrode at the end of the assay. Samples were removed at time zero 
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(before the addition of stress) and at various time points thereafter, diluted in phosphate 

buffered saline (PBS) for the acid stress assay or 0.1M sodium bicarbonate buffer (0.1M-

Na2CO3 0.1M-NaHCO3, pH 7.5) for the oxidative stress assay and then plated on LB agar 

to determine the CFU. Percent survival was calculated as the ratio of the CFU at each 

time point to the CFU at time zero. At least three independent trials were performed.  

 

J774A.1 macrophage infection.  

J774A.1 cell line was purchased from the American Type Culture Collection 

(ATCC, Cat. #TIB-67 TM) and cultured in high glucose-Dulbecco's Modified Eagle's 

Medium (DMEM) (GIBCO #11995) containing 4mM Lglutamine, 4500 mg/L glucose, 1 

mM sodium pyruvate, and 3700 mg/L sodium bicarbonate with heat-inactivated 10 % 

fetal bovine serum. The cells were grown as monolayers at 37°C with 5% CO2 without 

antibiotics. The number of live cells was enumerated by trypan blue exclusion prior to 

infection and ~1- 2 x 105 cells/mL (~75% confluency) were infected by D23580 cultured 

as described above at a multiplicity of infection (m.o.i.) of ~10 for 30 min (adhesion). 

The infected cells were washed 3 times with Hanks' balanced salt solution (HBSS) and 

lysed with 0.1 % sodium-deoxycholate or incubated further in DMEM with 50 µg/mL 

gentamycin (50Gen) for 2.5 hrs at 37°C with 5% CO2 (total 3 hrs infection for 

intracellular invasion). The infected cells incubated in DMEM-50Gen were then washed 

3 times with HBSS and either lysed or further incubated in fresh DMEM with 10 µg/mL 

gentamycin (10Gen) for 21 hrs (total 24 hrs infection for intracellular 

survival/replication). The infected cells in DMEM-10Gen were then washed and lysed as 

previously described.  Lysates were serially diluted 10-fold with sterile PBS and each 
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dilution plated onto LB agar three times and counted to assess averaged CFU/mL. 

Percent survival compared to the initial inoculum was calculated as a ratio of the CFU at 

each time point to the CFU of the infection dose at time zero. Percent survival compared 

to the previous infection point was calculated as the ration of the CFU at each time point 

to the CFU recovered at the previous time point.  Three biological replicates were 

performed independently and each included three technical replicates that were averaged.  

Data presented represents the average of all three biological replicates.  Matched time 

point controls were included for all studies using the non-invasive E. coli strain HB101. 

D23580 was verified to be gentamycin-sensitive prior to the study. 

 

RNA sequencing.  

RNA sequencing (RNA-Seq) was performed on an Illumina HiSeq-2000 

sequencer to profile the entire transcriptome of D23580. Three RNA sample types were 

processed- no bead (S1), 1/8-PP (S3), and 1/8-C (S4)   For all three RWV conditions (S1, 

S3 and S4), the RNA samples were prepared from two sets of biological replicates of 

bacterial cultures (D23580) grown in LB medium to stationary phase for 24 hours at 37 

°C. Total RNA was purified using the miRNeasy kit (Qiagen) and quantified using a 

Nanodrop spectrophotometer, and the integrity verified by formaldehyde-agarose gel 

electrophoresis (Figure 5-3). The sample cDNA libraries were generated utilizing the 

encore complete prokaryotic RNA-Seq library systems, enriching non-rRNA during 

cDNA synthesis and providing barcoded adaptors to enable multiplex sequencing. The 

barcode indexes for samples were ‘CGATGT’ for N1 sample, ‘TGACCA’ for N2, 

‘ACAGTG’ for PP1, ‘GCCAAT’ for PP2, ‘CAGATC’ for C1, and ‘CTTGTA’ for C2. 
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The synthesized cDNAs (generated with Nugen’s Ovation SPIA chemistry) were 

fragmented, ligated with adaptors using Kapa Biosystems NGS library preparation kit, 

and PCR-amplified using Kapa Biosystems HiFi polymerase to generate sequencing 

libraries. Six-plexed 2x100 bp paired-end DNA sequencing yielded a total of 202 million 

pairs of reads, and the reads per sample ranged from 28 to 48 millions (Table 5-1). The 

reads were then aligned to the S. Typhimurium D23580 chromosome FN424405 and 

plasmid pST-BT FN432031, counted per gene, and quantified as FPKM (Fragments Per 

Kilobase Per Million Reads) by TopHat and Cufflinks software (PMID: 22383036). 

When data from duplicated samples for each group were merged, we detected an average 

of ~2,500 genes (out of ~4,500 protein coding genes in the genome) with FPKM > 1 with 

average coverage of ~50x (Table 5-2). Pair-wise comparisons among no-bead (S1), 1/8-

inch polypropylene bead (S3), and 1/8-inch ceramic bead (S4) samples were performed 

by using t-test, and differentially expressed genes were selected with thresholds of >2 

fold changes (either up- or down-regulated) and P < 0.05. 
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Figure 5-3. Purified RNAs in D23580.  
RNA was purified from D23580 grown in the RWV for 24 hrs in the S1, S3, or S4 
conditions . The purified total RNA samples were verified by formaldehyde-
agarose gel electrophoresis in 1.5 % agarose gel. 16S rRNA and fragmented 23S 
rRNA are shown (arrows).  The fragmentation of 23S rRNA is a characteristic of S. 
Typhimurium (293).  *Imaging done by Jennifer Barrila 

 
 

Table 5-1. RNA sequencing results. 
(A) RNA-Seq read counts 

       1 (S1) 2 (S1) 3 (S3) 4 (S3) 5 (S4) 6 (S4) 
Total paired Reads  28,733,271   29,829,775   48,462,255   27,930,881   35,214,995   32,034,443  
Mapped 
Reads 

Count  24,859,509   26,183,706   41,624,296   23,979,855   30,927,263   27,654,979  
% 86.50% 87.80% 85.90% 85.90% 87.80% 86.30% 

Unmapped 
Reads 

Count  3,873,763   3,646,070   6,837,960   3,951,027   4,287,733   4,379,465  
% 13.50% 12.20% 14.10% 14.10% 12.20% 13.70% 

 
(B) Gene counts and coverage 

    S1 (no bead) S3 (1/8-PP) S4 (1/8-C) 
Detected 

Genes 
FPKM > 0 3005 2756 2620 
FPKM > 1 2731 2504 2300 

Ave. Coverage 51.2 67.6 38 
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5.4 Results 

 

5.1.3 Acid resistance of D23580 is influenced by changes in physiological fluid 

shear in a reciprocal manner.  

 

To investigate the effect of incremental changes of fluid shear on the acid stress 

response of D23580, bacteria were cultured as described above (Figure 5-1) in S1, S2, 

S3 and S4 conditions. As shown in Figure 5-4, as D23580 was exposed to incrementally 

increasing levels of fluid shear, a progressive increase was observed in the acid stress 

resistance. In particular, the highest fluid shear condition (S4) significantly increased the 

resistance of D23580 to the acid stress at all time points tested. Moreover, the effect of 

increased acid resistance between fluid shear conditions became greater over time. 

Specifically, differences between the highest (S4) and the lowest (S1) fluid shear 

conditions were 4.27-fold at 30 mins, 8.00-fold at 60 mins, 11.54-fold at 90 mins, and 

44.25-fold at 180 mins. It should be noted that the S2 condition did not show 

significantly different acid resistance when compared to the lowest fluid shear condition 

(S1), suggesting a potential threshold of the fluid shear force on the surface of D23580 to 

initiate changes in bacterial responses to acid stress.  
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Figure 5-4. Survival at pH 3.5 of D23580 grown under incremental fluid shear in 
the RWV. 

D23580 was cultured in the RWVs with either no bead (S1, white bars), 3/32-PP bead 
(S2, dark grey bars), 1/8-PP bead (S3, light grey bars), or 1/8-C bead (S4, black bars). 
Surviving bacteria were examined in every 30 min after cells were subjected to acid 
stress of pH 3.5. Percent survival of each sample were determined by the ratio of 
CFU/mL at the tested times to the CFU/mL at time zero. Five independent trials were 
performed. Mean values, standard error of means, and p-values are indicated. Statistical 
significance was evaluated as described above. 
 

 

5.1.4 J774A.1 macrophage infection of D23580 grown under incremental fluid 

shear in the RWV  

 

Classic S. Typhimurium χ3339 grown to log phase in low fluid shear in the RWV 

(no bead) was reported to survive better in J774 macrophages than when bacteria were 
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grown in the higher fluid shear control condition  (143, 159).  Infection of J774 cells with 

strain D23580 cultured under incrementally increasing levels of fluid shear had not 

previously been assessed. Bacterial adherence (30 min post-infection), 

invasion/phagocytosis (3 h post-infection), and intracellular survival/replication (24 h 

post-infection) was measured after D23580 was grown in a range of fluid shear 

conditions (S1, S3, and S4) in the RWVs.  The condition of S2 was excluded in this study 

because the condition did not lead to a significant alteration in acid-resistance of D23580 

(see above). The results showed that incremental increases in fluid shear progressively 

increased the adherence, internalization (invasion/phagocytosis) and intracellular survival 

of D23580 in J774 monolayers, which included a ≥ 2-fold difference between the N and 

C conditions at each time point (Figure 5-5). In particular, a representative biological 

trial displayed significant increases in adherence (4.71-fold), invasion (5.20-fold) and 

intracellular survival (3.96-fold) when D23580 was grown in incrementally increasing 

fluid shear (Figure 5-5B). These results demonstrate that D23580 infection of J774 

macrophages is enhanced by changes in fluid shear stress. 

 

In chapter 3, low levels of D23580 internalization (invasion/phagocytosis) into 3-

D immunocompetent intestinal cell culture models containing phagocytic macrophages 

was reported when the bacteria were grown in shake flasks. In this study, progressive 

increases in internalization into pure cultures of J774 monolayers was observed when 

D23580 was grown under incrementally increasing fluid shear in the RWV bioreactor. 

The apparent paradox in invasion between these studies may be related to differences in 

experimental design, including a) the use of flask grown bacteria in the 3-D infection 
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studies as compared to RWV grown bacteria in the monolayer studies, which would 

result in different fluid shear and oxygen levels, and b) the use of different host cell types 

alone or in combination.  Another important consideration is bacterial access to 

phagocytic cells in the two studies.  While monolayers were composed solely of J774 

phagocytes (with 100% bacterial access), the majority of cells in the 3-D co-culture 

model were epithelial, with macrophages being present in much lower numbers and often 

localized beneath the epithelial cells in the lamina propria region (which would not have 

direct access to bacteria). The elevated numbers of D23580 at 24 h post infection in J774 

macrophages demonstrates enhanced bacterial survival and intracellular replication. 

These data are in agreement with the intracellular survival/replication trends for D23580 

in 3-D co-cultures in chapter 3.  
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Figure 5-5 J774 infection profile of D23580 cultured in the RWV with and 
without addition of beads.   
J774A.1 monolayers were infected with D23580 grown in RWVs without a bead (S1, 
white bars), 1/8-PP (S3, grey bars), and 1/8-C (S4, black bars). Live bacteria were 
recovered at 0.5 h, 3h, and 24 h post-infection and the percent survival (normalized to 
the initial inoculum) were calculated as described above. (A) Three independent trials 
including three technical replicates per trial were plotted. Mean values, standard error 
of means are indicated.  (B) A representative graph from one biological trial is 
shown. Mean values, standard error of means, and p-values are indicated. Statistical 
significance was evaluated as described above. 
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5.1.5 Fluid shear-induced alterations in the global gene expression profile of 

D23580.   

 

To explore the impact of a range of physiological fluid shear levels on gene 

expression in D23580, we profiled changes in global expression of transcripts using 

RNA-sequencing. Total RNA from D23580 grown in the RWV with no bead (S1), 1/8-

PP (S3), and 1/8-C (S4) was sequenced and screened for genes showing differential 

expression. A total of 4643 ORFs were found to be expressed and of those 109 genes 

showed statistically significant differences in expression (P< 0.05). Of these, 12 genes 

were expressed only in the highest fluid shear condition (S4, FPKM>1), while 20 genes 

were expressed only in the low fluid shear condition (S1, FPKM>1) (Table 5-2).  

 

Table 5-2. Genes expressed above baseline in only one fluid shear condition 
(A) Genes expressed only in the highest fluid shear condition (S4),; or (B) the lowest 
fluid shear condition (S1) (P<0.05, FPKM>1). Averaged FPKMs are listed. ORFs 
differentially expressed (p<0.05) influenced by fluid shear were screened. Genes with 
FPKM>1 were considered to be expressed and are shown in bold text; while genes 
with FPKM1 <1 were considered to have little-to-no expression and are not bold.  

  STMMW Description S1 S3 S4 

(A) Genes expressed only in S4    
 11001 hypothetical protein 0.14 0.05 1.08 
 17321 TonB protein 0.02 0.11 1.22 
 15381 uptake hydrogenase small subunit 0.29 0.83 1.37 
 16521 putative membrane transport protein 0.08 0.30 1.40 
 44551 hypothetical protein 0.04 0.20 1.63 
 24391 nucleoside permease 0.02 0.03 1.67 
 20971 secreted protein SopA 0.06 0.32 1.93 
 13351 putative outer membrane protein 0.19 0.69 3.08 
 35051 MalT regulatory protein 0.77 0.87 3.24 
 12881 hypothetical protein 0.55 0.23 3.26 
 30081 hypothetical protein 0.31 0.07 3.91 
 12601 putative cytochrome 0.89 0.17 10.95 
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(B) Genes expressed only in S1    
 44631 hypothetical protein 1.07 0.08 0.12 
 07191 hypothetical protein 1.07 0.01 0.29 
 14731 hypothetical protein 1.18 0.01 0.02 
 30441 putative oxidoreductase 1.19 0.36 0.02 
 08941 putative formate acetyltransferase 3 1.21 0.02 0.03 
 00881 putative sulfatase 1.25 0.16 0.01 
 15531 putative glycogen debranching protein 1.27 0.19 0.09 
 30941 hexuronate transporter 1.33 0.08 0.30 
 12321 spermidine/putrescine transport system 

permease protein PotC 
1.74 0.05 0.09 

 27571 putative GAB DTP gene cluster repressor 1.80 0.04 0.89 
 40711 5,10 methylenetetrahydrofolate reductase 1.99 0.04 0.86 
 37821 putative carbohydrate kinase 2.19 0.05 0.50 
 09511 hypothetical protein 2.28 0.01 0.07 
 23761 histidine-binding periplasmic protein 2.44 0.19 0.40 
 06341 hypothetical protein 2.49 0.22 0.16 
 21681 phage protein 2.73 0.09 0.33 
 15811 ATP-binding protein 3.01 0.04 0.17 
 09801 transport protein 3.59 0.00 0.04 
 22031 putative oxidoreductase 4.67 0.09 0.16 
  37081 lipopolysaccharide 1,6-galactosyltransferase 7.55 0.65 0.38 
S1 indicates no bead condition; S4, 1/8-PP bead; S4, 1/8-C bead. FPKM>1 are 
bolded 

 

We proceeded to analyze these data for significant upregulation and 

downregulation of genes related to fluid shear through comparative analysis of each 

condition using inclusion criteria of ≥ 2-fold change, p< 0.05 (upregulation) and ≤ -2-fold 

change, p < 0.05 (downregulation).  Using these criteria, 77 genes showed significant 

upregulation in response to increasing fluid shear conditions and 48 genes were 

significantly downregulated (Table 5-3 and 5-4). Of the upregulated genes, 53.25% 

(41/77) were found in the S3 to S1 comparison, while 40.26% (31/77), and 18.18% 

(14/77) were present in S4 compared to S1, and S4 compared to S3 conditions, 

respectively (Table 5-3). Of the downregulated genes, 50% (24/48) were present in S3 to 
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S1 comparison (19.17% (14/48) were present in the S4 to S1 comparison, and 37.5% 

(18/48) were present in the S4 to S3 comparison  (Table 5-4). Of note, more than 50% of 

the genes upregulated or downregulated in the higher fluid shear condition were present 

in the S3 to S1 comparison, indicating that the fluid shear between 0.01 and 7.8 dyne/cm2 

may be responsible for approximately half of the observed changes in gene expression.  
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Table 5-3. Genes showing increased expression in response to higher fluid shear 
(2-fold cutoff, P<0.05, n = 77 genes)  
ORFs upregulated in higher fluid shear conditions with ≥2-fold change are listed. (A) 
Upregulation in S3 is more than 2-fold greater than in S1; (B) Upregulation in S4 is 
more than 2-fold greater than in S1; Upregulation in S4 is more than 2-fold greater 
than in S3. 

  STMMW Gene Description Fold Change 

    
(A) S1 < S3 (41 genes) S1 to S3   

 06281 ykgD araC family transcriptional regulator 59.72     
 44881 yjjA hypothetical protein 55.12     
 30541 endA endonuclease I 51.02     
 40021 fdhD FdhD protein 46.10     
 15271 - hypothetical protein 36.37     
 43411 fklB FkbP-type peptidyl-prolyl cis-trans 

isomerase 
31.93     

 06171 fimZ† transcriptional regulator (FimXZ protein) 29.68     
 28381 hilA† invasion protein transcriptional regulator 29.33     
 18031 ycgN hypothetical protein 27.35     
 02551 yafC transcriptional regulator 26.09     
 27791 - putative transmembrane transport protein 25.37     
 13751 sufA hypothetical Fe-S cluster assembly protein 

SufA 
25.25     

 31411 parE topoisomerase IV subunit B 18.96     
 44041 pyrI aspartate carbamoyltransferase regulatory 

subunit 
18.59     

 10881 helD helicase IV (75 kD helicase) 17.49     
 28461 sipC†* 

(sspC) 
SPI1 TTSS effector: translocation 
machinery (cell invasion protein) 

15.28     

 24301 - putative ion-channel protein 14.57     
 44161 yjgD hypothetical protein 13.49     
 39291 recQ ATP-dependent DNA helicase 13.34     
 14681 manA mannose-6-phosphate isomerase 13.01     
 12491 - putative bacteriophage protein 11.55     
 18311 kdgR transcriptional regulator KdgR 11.32     
 26631 srmB ATP-dependent RNA helicase SrmB 10.81     
 28471 sipB†* 

(sspB) 
SPI1 TTSS effector: translocation 
machinery component 

10.71     

 34881 hslO heat shock protein 10.29     
 36021 yhjJ putative zinc-protease precursor 10.00     
 35931 - hypothetical protein 9.78     
 14521 tyrS tyrosyl-tRNA synthetase 9.72     
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 06141 fimD† outer membrane usher protein FimD 9.61     
 39281 pldA detergent-resistant phospholipase A 9.48     
 28981 cysD ATP sulfurylase (ATP:sulfate 

adenyltransferase) 
9.20     

 SLT-
BT0141 

- conserved hypothetical protein 8.00     

 30001 lysS LysRS 7.72     
 24251 yfdZ putative aminotransferase 6.94     
 33411 sspA stringent starvation protein A 6.63     
 28451 sipD†* 

(sspD) 
SPI1 TTSS secretory apparatus, translocon 
(cell invasion protein) 

6.38     

 44361 - putative ATP-dependent Lon protease 6.11     
 11031 sopB†* SPI1 TTSS effector, cell invasion protein 5.33     
 00061 talB transaldolase B 5.30     
 21121 gnd 6-phosphogluconate dehydrogenase 4.70     
 11731 grxB glutaredoxin 3.44     
            
(B) S1 to S4 (31 genes)  S1 to S4  
 24391 xapB nucleoside permease   73.09   
 29071 ygcB hypothetical protein   61.98   
 17321 tonB* TonB protein   54.19   
 44551 - hypothetical protein   44.41   
 20971 sopA† SPI1 TTSS effector (invasion-associated)   34.96   
 18441 sopE2† SPI1 TTSS  effector (invasion-associated)   32.66   
 17731 ychM putative sulfate transporter   21.75   
 28381 hilA† invasion transcriptional regulator HilA   18.98   
 28441 sipA†* 

(sspA) 
SPI1 TTSS effector  (invasion-associated)   18.17   

 16521 zntB putative membrane transport protein   18.01   
 13351 -* putative outer membrane protein   16.24   
 29401 fucK L-fuculose kinase   13.32   
 30081 ygfZ hypothetical protein   12.72   
 12601 - putative cytochrome   12.36   
 11031 sopB†* SPI1 TTSS effector (invasion-associated)   10.87   
 06111 fimA†* type-1 fimbrial protein   10.42   
 28581 invA† TTSS secretory apparatus  (associated 

with virulence) 
  9.09   

 11021 pipC†* cell invasion protein (SPI3 chaperone, 
similar to TTSS SigE) 

  8.86   

 28451 sipD†* 
(sspD) 

SPI1 TTSS secretory apparatus, translocon 
(cell invasion protein) 

  8.14   

 16021 - Putative lipoprotein YdcL   5.06   
 23401 nuoM NADH dehydrogenase I subunit M   4.77   
 15381 hyaA2 uptake hydrogenase small subunit   4.72   
 35051 malT* MalT regulatory protein   4.20   
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 06121 fimI† Fimbrial protein FimI (major pilin protein)   4.09   
 07981 cydB* cytochrome D ubiquinol oxidase subunit II   3.85   
 42121 siiE hypothetical protein   3.15   
 30781 - putative hydrolase   3.13   
 34901 pckA phosphoenolpyruvate carboxykinase   2.88   
 09761 dmsA* anaerobic dimethyl sulfoxide reductase 

subunit A 
  2.82   

 13971 spiR†* putative two-component sensor kinase 
SsrA; TTSS regulation 

  2.60   

 28371 hilD†* Transcriptional regulator (activator for 
invasion genes) 

  2.51   

            
(C) S3 < S4 (14 genes)   S3 to S4 
 14981 dmsA2 putative dimethyl sulfoxide reductase 

subunit 
    129.34 

 12601   putative cytochrome     63.99 
 24391 xapB nucleoside permease     62.02 
 30081 ygfZ Putative global regulator     59.94 
 29071 ygcB hypothetical CRISPR-associated 

endonuclease/Helicase Cas3 
    34.98 

 27571 ygaF putative GAB DTP gene cluster repressor     25.31 
 11001 pipB† SPI2 TTSS effector     21.15 
 31241 yqhD probable alcohol dehydrogenase     14.14 
 12881 yeaK hypothetical protein     14.05 
 16021 - putative lipoprotein     9.19 
 04391 prpC methylcitrate synthase     8.68 
 35401 ggt gamma-glutamyltranspeptidase     6.60 
 31141 - hypothetical protein     5.63 
 30781 - putative hydrolase     4.28 
*, genes with incremental increases in expression in in concert with increasing fluid 
shear; †, pathogenesis/virulence associated genes; -, not available;   
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Table 5-4. Genes showing decreased expression in response to higher fluid shear  
(2-fold cutoff, P<0.05, n = 48 genes).  
ORFs downregulated in the higher fluid shear condition with ≤ -2-fold change are 
listed. Negative values indicate decreased gene expression between the tested 
conditions (A) Genes downregulated in S3 as compared to S1 (fold cut-off ≤2); (B) 
Genes downregulated in S4 as compared to S3 (fold cut-off ≤2); and (C) Genes 
downregulated in S4 as compared to S3 (fold cut-off ≤2). 
 

  STMMW Gene Description Fold Change 
    

(A) S1 > S3 (24 genes) S1 to S3   
  09511 ybjE hypothetical protein -187.32     
  14731 - hypothetical protein: Metallo-dependent 

hydrolase 
-125.67     

  07191 ybeQ hypothetical protein -119.29     
  15811 - hypothetical protein: ATP-binding protein -72.66     
  32801 deaD ATP-dependent RNA helicase (dead-box 

protein) 
-63.06     

  08941 pflF putative formate acetyltransferase 3 -58.62     
  40711 metF 5,10 methylenetetrahydrofolate reductase -53.73     
  27571 ygaF putative GAB DTP gene cluster repressor -51.02     
  22031 yohF putative oxidoreductase: Acetoin 

dehydrogenase 
-50.66     

  37821 - putative carbohydrate kinas: Ribokinase -48.15     
  26011 - putative prophage protein: Putative 

transposase 
-39.13     

  12321 potC spermidine/putrescine permease -36.85     
  21681 sseK2† TTSS2 (minor role in virulence) -30.39     
  30941 exuT hexuronate transporter -17.50     
  22511 yejG hypothetical protein -17.40     
  04131 - hypothetical rtn protein -17.12     
  44631 yjiN hypothetical protein -13.91     
  30191 ygfB hypothetical protein -13.59     
  11851 flgE flagellar hook  -12.82     
  23761 hisJ histidine-binding periplasmic protein -12.80     
  37081 rfaB† lipopolysaccharide 1,6-

galactosyltransferase 
-11.61     

  06341 ybdG hypothetical Miniconductance 
mechanosensitive channel 

-11.18     

  20351 yeeI hypothetical protein: DgsA anti-repressor 
MtfA 

-11.01     

  38601 asnCb DNA-binding transcriptional repressor of 
asnA 

-8.16     
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(B) S1 > S4 (14 genes)  S1 to S4  
  00881 - putative sulfatase   -195.04   
  22511 yejG hypothetical protein   -129.13   
  09801 ycaM probable transport protein: Inner 

membrane transporter  
  -87.37   

  30441 - Putative mannitol dehydrogenase   -47.96   
  08941 pflF putative formate acetyltransferase 3   -37.09   
  40301 - putative  Na+/galactoside symporter   -27.97   
  30191 ygfB hypothetical protein   -23.06   
  38601 asnCb DNA-binding transcriptional repressor of 

asnA 
  -20.28   

  37081 rfaB† lipopolysaccharide 1,6-
galactosyltransferase 

  -19.98   

  06341 ybdG hypothetical protein: Miniconductance 
mechanosensitive channel 

  -15.58   

  15531 - putative glycogen debranching protein   -14.50   
  20351 yeeI hypothetical protein: DgsA anti-repressor 

MtfA 
  -14.27   

  15941 pdgL D-alanyl-D-alanine dipeptidase   -12.29   
  27801 emrR putative transcriptional regulator   -11.80   
             
(C) S3 > S4 (18 genes)   S3 to S4 
  15271 - hypothetical inner membrane protein     -231.09 
  30541 endA endonuclease I     -160.63 
  18031 ycgN hypothetical protein     -136.97 
  34881 hslO heat shock protein: Hsp33-like chaperonin     -92.03 
  27791 - putative transmembrane transport protein     -62.15 
  44161 yjgD hypothetical protein: RNase E inhibitor 

protein 
    -61.53 

  44041 pyrI aspartate carbamoyltransferase regulatory 
subunit 

    -58.93 

  14681 manA mannose-6-phosphate isomerase     -57.84 
  09281 potF putrescine-binding periplasmic protein     -51.89 
  36791 sadA putative inner membrane protein     -37.84 
  36021 yhjJ putative zinc-protease precursor     -36.35 
  39291 recQ ATP-dependent DNA helicase     -36.09 
  39281 pldA detergent-resistant phospholipase A     -31.65 
  40301 - putative sugar transport protein     -26.20 
  33411 sspA stringent starvation protein A     -22.16 
  14521 tyrS tyrosyl-tRNA synthetase     -16.20 
  24251 yfdZ putative aminotransferase     -14.85 
  18311 kdgR transcriptional regulator KdgR     -11.05 
*, genes with incremental decrease expression in concert with increasing fluid shear; †, 
pathogenesis/virulence associated genes; -, not available. 
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Of the differentially expressed genes, 21.19% were found to respond to 

incremental changes in physiological fluid shear; 14 genes showed incremental increases 

with increasing fluid shear, while 9 genes showed incremental decreases with increasing 

fluid shear (Table 5-5). Interestingly, of the genes upregulated in higher fluid shear with 

greater than 2-fold change, 17 genes were found to be related to bacterial infection, 

including fimbrial genes (fimAIDZ) and TTSS1 and TTSS2 related genes (pipBC, spiR, 

sopABE2, hilAD, invA, sipADCB) (Table 5-5).  Among those, expression of 9 genes 

(fimA, pipC, spiR, sopB, hilD, sipA, sipD, sipC, sipB) exhibited incremental increases in 

expression (S1<S3<S4) in increasing fluid shear conditions (S1-S3-S4). The rfaB gene, 

associated with LPS synthesis, and emrR, a multidrug efflux repressor, were detected to 

be downregulated incrementally (S1>S3>S4) in increasing fluid shear conditions (S1-S3-

S4).   
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Table 5-5 Selected genes altered in expression as a function of fluid shear (24 
genes).  
Fold-changes between two conditions are presented and the significant differences 
with greater than 2-fold are bolded (≥2-fold, P<0.05). Incrementally up- or down-
regulated genes in incrementally increasing fluid shear are listed. Only genes, up- or 
down-regulated, with greater than 2-fold changes in at least one incremental change 
are listed and the significant fold-changes are bolded. * - genes of incremental 
increase in gene expression in incremental fluid shear; †, pathogenesis/virulence 
associated genes; -, not available. Statistical significance was evaluated as described 
above. Fold-differences greater than 2 are bold (≥2-fold change, P<0.05). (A) 
Incrementally upregulated genes in higher fluid shear, and (B) incrementally 
downregulated genes in higher fluid shear. 
 

  STMMW Gene Description Fold Change 

              
(A) Genes with incremental increase (15 genes) S1 to S3 S3 to S4 S1 to S4 
  06111 fimA†* Type-1 fimbrial protein 4.46 2.34 10.42 
  06121 fimI† Fimbrial protein FimI (major pilin protein) ~1 4.68 4.09 
  06141 fimD† Outer membrane usher protein FimD 9.61  ~1  2.60 
  06171 fimZ† Transcriptional regulator (FimXZ protein) 29.68 -4.97  5.97 
  11001 pipB† SPI-2 TTSS effector  ~1 21.15 7.50 
  11021 pipC†* Cell invasion protein (SPI-3 chaperone, 

similar to TTSS SigE) 
4.00 2.21 8.86 

  13971 spiR†* Putative two-component sensor kinase 
SsrA; TTSS regulation 

2.00 1.30 2.60 

  18441 sopE2†* SPI-1 TTSS effector (invasion-associated) 11.63 2.81 32.66 
  11031 sopB†* SPI-1 TTSS effector (cell invasion 

protein) 
5.33 2.04 10.87 

  20971 sopA† SPI-1 TTSS effector (invasion-associated)  ~1 ~1  34.96 
  28371 hilD†* Transcriptional regulator (activator for 

invasion genes) 
2.14 1.17 2.51 

  28381 hilA† Invasion transcriptional regulator HilA 29.33 -1.55 18.98 
  28581 invA†* TTSS secretory apparatus  (associated 

with virulence) 
3.58 2.54  9.09 

  28441 sipA†* 
(sspA) 

SPI-1 TTSS effector  (invasion-associated) 6.22 2.92 18.17 

  28451 sipD†* 
(sspD) 

SPI-1 TTSS secretory apparatus, 
translocon (cell invasion protein) 

6.38 1.27 8.14 

  28461 sipC†* 
(sspC) 

SPI-1 TTSS effector: translocation 
machinery (cell invasion protein) 

15.28 2.61 39.86 

  28471 sipB†* 
(sspB) 

SPI-1 TTSS effector: translocation 
machinery component 

10.71 1.91 20.50 



   118 

  07981 cydB* Cytochrome D ubiquinol oxidase subunit 
II 

1.47 2.62 3.85 

  09761 dmsA* Anaerobic dimethyl sulfoxide reductase 
subunit A 

2.01 1.40 2.82 

  17321 tonB TonB protein ~1 ~1 54.19 
  30081 ygfZ Putative global regulator ~1 59.94 12.72 
  35051 malT* MalT regulatory protein ~1 3.70 4.20 
  13351 −* Putative outer membrane protein 3.63 4.47 16.24 
             
(B) Genes with incremental decrease (9 genes) S1 to S3 S3 to S4 S1 to S4 
  22511 yejG* hypothetical protein -17.40 -7.42 -129.13 
  30191 ygfB* hypothetical protein -13.59 -1.70 -23.06 
  38601 asnCb* DNA-binding transcriptional repressor of 

asnA 
-8.16 -2.48 -20.28 

  37081 rfaB*† lipopolysaccharide 1,6-
galactosyltransferase 

-11.61 ~1 -19.98 

  06341 ybdG* hypothetical miniconductance 
mechanosensitive channel 

-11.18 ~1 -15.58 

  20351 yeeI* hypothetical protein: DgsA anti-repressor 
MtfA 

-11.01 -1.30 -14.27 

  40301 -* putative  Na+/galactoside symporter ~1 -26.20 -27.97 
  15941 pdgL* D-alanyl-D-alanine dipeptidase -4.85 -2.54 -12.29 
  27801 emrR* repressor of multidrug efflux emrAB -4.95 -2.38 -11.80 

*, genes of incremental increase in gene expression in incremental fluid shear; †, 
pathogenesis/virulence associated genes; -, not available. Significant fold-changes are 
bold (P<0.05, fold-difference>2). ~1, -1.2<Fold-difference<1.2 or one or both of 
RPKM<1 

 

 

5.1.6 Alteration of oxidative stress resistance of D23580 as assessed under an 

extended range of fluid shear levels.   

 

As shown above, D23580 alters its acid stress resistance, infection profiles in 

macrophages, and global gene expression in response to changes in fluid shear. We 

expanded our study on the influence of fluid shear by adding yet another high fluid shear 
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condition S5, by including two beads with the same size (1/8-inch) but differing densities 

(1/8-PP + 1/8-C) during RWV culture (Figure 5-1).  D23580 grown in RWV in the fluid 

shear conditions of S1 (no bead), S3 (/8-PP), S4 (1/8-C), and S5 (1/8-PP + 1/8-C) was 

tested for bacterial survival in the presence of H2O2-induced oxidative stress.  Observed 

increases in fluid shear correlated with increased survival of oxidative stress at each time 

point (Figure 5-6). D23580 grown in the highest fluid shear conditions possessed the 

most resistance to oxidative stress, showing more than 5-fold increased survival as 

compared to the lowest fluid shear condition at each of the observed time points (Table 

5-6). The results demonstrate the effects of fluid shear on resistance to H2O2-induced 

oxidative stress in D23580.  

 

 

Table 5-6. Fold-increase of D23580 survival under H2O2-induced oxidative stress 
in high fluid shear conditions.  
The ratio of the percent survival of D23580 in higher fluid shear conditions to the 
percent survival in the lower fluid shear condition was calculated: (% S4)/( %S1),  (% 
S5)]/(%S1), (%S5)/(%S4). Mean values, standard error of means, and p-values are 
indicated. Statistical significance was evaluated as described above. 
 

(mins) S1 < S4 S4 < S5 S1 < S5* 
30 3.14* 2.17 6.81* 
45 1.91 4.05* 7.71* 
60 2.18 2.38 5.18* 
75 7.35* 1.47 10.78* 

*, p<0.05; S1, no bead; S3, 1/8-PP bead; S4, 1/8-C bead; and S5, 1/8-PP + 1/8-C. 
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Figure 5-6 Oxidative stress response of D23580 cultured in the RWV with and 
without addition of beads. 
D23580 in RWVs with no bead (S1, white bars), 1/8-PP (S3, dark grey bars), 1/8-C 
(S4, light grey bars), and 1/8-PP + 1/8-C (S5, black bars) were tested. Surviving 
bacteria were examined every 15 min after cells were subjected to oxidative stress 
(0.12% H2O2). Percent survival of each sample was determined by the ratio of 
CFU/mL at each tested times to the CFU/mL at time zero. Six independent trials were 
performed. Mean values, standard error of means, and p-values are indicated. 
Statistical significance was evaluated as described above. 

 

 

5.5 Discussion 

 

During the course of infection, Salmonella experiences a wide range of fluid 

dynamics, from low fluid shear in between the brush border of epithelial cell microvilli to 

high fluid shear in certain regions of the gastrointestinal tract and circulatory system. 

While classic S. Typhimurium normally causes gastroenteritis in healthy humans, a novel 
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sequence type of S. Typhimurium, ST313, causes a systemic infection with a marked lack 

of gastroenteritis symptoms  (7, 15-17, 24). While previous studies showed that low fluid 

shear culture of the classic Typhimurium strain χ3339 led to increased virulence and 

pathogenesis-related stress resistance for a select panel of stress responses  (143, 146, 

157, 164, 165), the experiments presented in this chapter demonstrate that fluid shear 

alters the cellular responses of the ST313 strain D23580 in a different manner than classic 

Typhimurium. In this study, we explored the effect of incrementally increasing fluid 

shear on infection kinetics, stress resistance, and gene expression in D23580. To our 

knowledge, this is the first evidence that D23580 can respond to different levels of fluid 

shear. 

 

5.1.7 Commonalities in the fluid shear-mediated transcriptomic alterations 

between D23580 and classic Typhimurium χ3339  

 

Our data indicate that fluid shear stress induced global alterations in the 

transcriptomic profile of D23580.  Approximately 2.35% of the total transcripts detected 

in this study were differentially expressed in response to environmental fluid shear stress. 

While low fluid shear was previously shown to be an environmental signal that 

significantly influences bacterial cellular responses and pathogenesis  (135, 137, 139, 

140, 143-146, 150, 152-158, 164, 165), the precise mechanism by which bacteria can 

translate this signal and alter their infection mechanisms still remains unknown.  Previous 

studies implicated the RNA-binding protein Hfq as a key regulatory protein involved in 
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the fluid shear mediated response of classic Typhimurium χ3339  (164). In comparing the 

gene expression profiles between D23580 and χ3339 to evaluate the potential for 

commonalities across the two pathovars, similarities could be found between the two 

studies.  The virulence-related genes of fimA, invA, sipD and the regulatory gene malT 

were upregulated both in χ3339 (microarray) and in D23580 (RNA-seq) in response to 

high fluid shear conditions. In addition, genes in the SUF system, important for 

biosynthesis of iron-sulfur clusters (Fe-S), were upregulated in high fluid shear 

conditions: sufA (iron-sulfur cluster assembly scaffold protein) in D23580 and sufC and 

sufS (part of SUF system involved in inserting iron-sulfur clusters into proteins) in 

χ3339. In addition, rfa genes involved in LPS core synthesis were downregulated in high 

fluid shear conditions: rfaG in χ3339 and rfaB in D23580  (146).  Furthermore, as 

pathogenesis-related genes in D23580 such as pip, sop, sip, spi, inv, hil, and fim were 

downregulated in low fluid shear, SPI-1 and -2 genes (orgA, prgH, pigB, sseBJ, ssaLV) 

and regulators (rseA, inv genes, himA) were also suppressed in response to low fluid 

shear for χ3339  (146) Previous microarray studies demonstrated that expression of the 

master response regulator hfq and its regulons were significantly altered by extreme low 

fluid shear conditions in spaceflight conditions for χ3339  (164). However, our RNA-seq 

analysis of D23580 found no statistically significant difference in the expression of hfq 

under the conditions of this study (although a downward trend was observed under low 

fluid shear conditions). Overall, the data suggests that there are common mechanisms in 

S. Typhimurium χ3339 and ST313 D23580 responsible for regulating gene expression in 



   123 

response to environmental fluid shear stress which ultimately lead to alteration of cellular 

responses that include bacterial physiology and virulence. 

 

5.1.8 Fluid shear-mediated incremental changes in the gene expression of D23580  

 

Strikingly, 16.51% (18/109) of the differentially expressed genes were directly 

associated with bacterial infection (Table 5-5, indicated with ‘†’) and 66.67% (12/18) of 

them presented incremental changes in their expression with changes in fluid shear 

(Table 5-5, indicated with ‘†*’).  Of these, 91.67% (11/12) showed incremental 

upregulation with increasing fluid shear. Specifically, fimA (Type-1 fimbrial protein) was 

upregulated, as were invasion protein genes pipC (cell invasion protein, SPI-3), spiR 

(related to TTSS regulation), sopB/sopE2 (SPI-1 TTSS, invasion proteins), hilD 

(regulator activating invasion genes), invA (regulator activating invasion genes), and 

sipA/sipD/sipC/sipB (SPI-1 TTSS effectors). SPI-1 TTSS gene sopA (SPI-1 TTSS) also 

showed upregulation, but only in the S4 condition, the highest fluid shear condition used 

in this experiment. Upregulation of these fimbrial and invasion genes are consistent with 

the results obtained in D23580 infection of J774A.1 macrophages.  

 

RNA-seq analysis showed that ygfZ (putative global gene regulator) was 

incrementally upregulated and rfaB (LPS synthesis protein (294)), ybdG (hypothetical 

miniconductance mechanosensitive channel), STMMW_40301 (putative Na+/galactoside 

symporter), and emrR (MDR repressor) were incrementally downregulated with 
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increasing fluid shear. The differential expression of genes encoding hypothetical 

proteins, cell surface-associated molecules, transporters, and regulators identified in this 

work may be important in the overall response of D23580 to physiological fluid shear, 

ranging from sensing biomechanical fluid shear stress on the cellular surface, transferring 

these signals into molecular changes, and altering cellular responses. More studies 

examining the specific role of each gene will help to determine answers to these 

questions. 

 

5.1.9 Fluid shear-mediated incremental changes in D23580 colonization in J774 

macrophages  

 

Incremental changes in fluid shear led to progressive increases in the adherence, 

internalization (invasion/phagocytosis), and survival of D23580 in in J774 monolayers. 

Relevant to these findings, gene expression analysis revealed the upregulation of 

fimAIDZ in the two high fluid shear conditions (S3 or S4) relative to the low fluid shear 

condition (S1) (Table 5-3 and 5-5). Moreover, the higher internalization of D23580 into 

J774 macrophages as a function of increasing fluid shear is consistent with the 

progressive upregulation of Salmonella invasion-related genes (SPI-1 and TTSS) with 

increasing fluid shear. The enhanced survival of D23580 that was observed in response to 

acid and oxidative stresses following higher fluid shear culture was also consistent with 

the higher intracellular survival and replication in macrophages. The enhanced adherence 
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and invasion of D23580 as observed with increasing fluid shear stress may also have 

been contributed to the enhanced intracellular survival of D23580 in J774 macrophages.  

 

Ramachandran et al previously showed enhanced intracellular survival and 

replication of flagellin-attenuated ST313 strains followed by higher phagocytosis by 

macrophages compared to classic Typhimurium ST19 strains  (41). These findings are 

consistent with what we have also observed (Chapter 3), wherein infection of our novel 

immunocompetent, 3-D intestinal cell culture model with D23580 showed decreased 

invasion relative to classic Typhimurium strain SL1344, yet significantly enhanced 

intracellular survival/replication. Moreover, we and others have shown that ST313 strains 

are recovered at higher numbers from deeper tissues of the host than classic 

Typhimurium ST19 strains  ((39); and Chapter 2, manuscript submitted).  In this regard, 

the studies presented in this chapter have demonstrated that high fluid shear conditions 

alter the pathogenesis-related stress responses, infection profile and global gene 

expression of D23580 in important ways that may contribute to its rapid systemic 

dissemination within the host.  

 

 

Summary - Chapter 5: 

This chapter reports the impact of incremental increases in the physiological force of 

fluid shear on global gene expression and pathogenesis-related stress response profiles of 

D23580 during culture in the RWV bioreactor.  The incremental increases in fluid shear 
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were imparted by incorporation of spherical beads of different sizes and densities into the 

bioreactor during bacterial culture. The results of this work demonstrated a progressive 

relationship between the applied fluid shear and D23580 molecular genetic and 

phenotypic responses. 

 

ü D23580 responds to different levels of fluid shear stress. Specifically, incremental 

increases in fluid shear increased bacterial resistance to acid and oxidative 

stresses. 

ü Fluid shear alters global gene expression in D23580, including genes encoding 

fimbriae (fimAIDZ), Salmonella pathogenicity island/SPI-1) (pipBC, spiR, 

sopABE2, sipADCB, invA), and transcriptional regulators of pathogenesis (hilAD).   

ü Incremental increases in fluid shear up-regulate expression of pathogenesis-

related genes in D23580.  This includes families of genes encoding products 

whose functions are in alignment with observed fluid-shear induced alterations in 

phenotypic properties (fimA, pipC, spiR, sopB, hilD, sipA, sipD, sipC, sipB). 

ü Incremental increases in fluid shear increased bacterial survival in macrophages 

as evidenced by enhanced adherence, internalization and intracellular 

survival/replication.   
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FINAL SUMMARY 

 

FINAL SUMMARY: 

The collective body of work presented in this dissertation demonstrates that 

D23580 differs from classic Salmonella pathovars Typhimurium and Typhi in a number 

of key ways, including physiology, metabolism, pathogenesis-related stress responses, 

infection and virulence profiles.  Importantly, the biomechanical force of fluid shear was 

found to distinctly regulate key infection properties of D23580 in a manner that differs 

from classic Typhimurium, thus emphasizing the importance of studying this important 

bacterial pathogen under physiologically relevant culture conditions.   

In future studies, we will investigate: 

1) How the distinct phenotypic and metabolic characteristics of D23580 contribute 

to the enhanced ability of this pathovar to cause disease. 

2) Why and how D23580 displays the distinct co-localization pattern associating 

with different host cell types observed using an in vitro 3-D co-culture model, and 

whether it is relevant to the disease phenotype in vivo. 

3) How the pathogenesis-related genes up-regulated in high fluid shear conditions 

are associated with bacterial infection and disease properties – adherence, 

invasion, intracellular survival/replication, and dissemination in host tissues. 

4) What are the regulatory mechanisms used by D23580 to both sense environmental 

fluid shear stress and translate the signal to initiate molecular genetic and cellular 

responses. 
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