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Abstract 
 
 

Microbial invaders of the gastrointestinal ecosystem must overcome a myriad of 

oppositional forces in order to engraft themselves into the gut environment. While 

commensal gut microbes have evolved dispersal strategies that lack negative 

consequences for the host, these strategies only rarely allow for successful invasion 

into a microbiota that has matured past the initial stages of community assembly. In 

contrast, gastrointestinal pathogens have evolved virulence strategies that facilitate their 

dispersal into mature gut microbiotas. The mechanisms governing this antagonism and 

attempted exclusion of microbial newcomers, which we term colonization resistance, 

are not fully understood. Here, we utilize a model invader of the large intestinal 

ecosystem, the pathogen Salmonella enterica subsp. enterica serovar (S.) 

Typhimurium, to gain mechanistic insight into the determinants of gastrointestinal 

colonization resistance. 

In Chapter 1, we review the current understanding of colonization resistance to 

S. Typhimurium in the large intestine. Beginning with the principles microbiota assembly 

and the properties of the gut ecosystem during both homeostasis and dysbiosis, we 

provide a framework for understanding gut microbiome as a product of host-derived 

habitat filters. Evidence of colonization resistance being a phenomenon derived of both 

host and microbial activities is discussed, as is the fact that newcomer engraftment can 

occur if either part of this chimera is disturbed. Finally, we highlight the genus 

Salmonella’s contribution to our understanding of the large intestinal microbiota’s role in 

health and disease. 



 vii 

Chapter 2 presents our use of an oral S. Typhimurium infection in an antibiotic-

naïve mouse model of to study ecosystem invasion by the pathogen in the presence of 

an intact microbiota. We find that S. Typhimurium overcomes colonization resistance on 

day 3 after infection, as evidenced by its increased population size in both the feces and 

the cecum. Metabolomics, microbial community profiling by 16S rRNA amplicon 

sequencing, and literature-informed reverse genetics approaches allowed us to 

elucidate mechanisms by which S. Typhimurium overcomes microbiota-mediated 

colonization resistance. We establish that S. Typhimurium targets the host to abolish 

epithelial hypoxia, inhibit short-chain fatty acid production by the microbiota, and gain 

access to simple carbohydrates. The resulting bloom of S. Typhimurium occurs in the 

presence of a compositionally intact microbiota and is driven by mixed acid fermentation 

and aerobic respiration via the nitric oxide-resistant cytochrome bd oxidase CydAB. 

An extended discussion and contextualization of the findings presented in 

Chapter 2 is provided in Chapter 3. We discuss infection kinetics as a simple yet 

effective tool for gaining insight into colonization resistance, microbiota composition vs. 

microbiota function, the roles of Clostridia in colonization resistance, and the importance 

of host epithelial metabolism as the foundation of the gut ecosystem. Finally, potential 

future directions for the study of the gut environment using S. Typhimurium are 

discussed. 

In conclusion, we provide new insights into the strategies that S. Typhimurium 

uses to successfully overcome microbiota-mediated colonization resistance in the 

gastrointestinal tract.
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Summary 
 

A balanced gut microbiota contributes to health, but the mechanisms maintaining 

homeostasis remain elusive. Microbiota assembly during infancy is governed by 

competition between species and by environmental factors, termed habitat filters, that 

determine the range of successful traits within the microbial community. These habitat 

filters include the diet, host-derived resources and microbiota-derived metabolites, such 

as short-chain fatty acids. Once the microbiota has matured, competition and habitat 

filtering prevent engraftment of new microbes, thereby providing protection against 

opportunistic infections. Competition with endogenous Enterobacterales, habitat filtering 

by short-chain fatty acids and a host-derived habitat filter, epithelial hypoxia, also 

contribute to colonization resistance against Salmonella serovars. However, at a high 

challenge dose, these frank pathogens can overcome colonization resistance by using 

their virulence factors to trigger intestinal inflammation. In turn, inflammation increases 

the luminal availability of host-derived resources, such as oxygen, nitrate, tetrathionate, 

and lactate, thereby creating a state of abnormal habitat filtering that enables the 

pathogen to overcome growth inhibition by short-chain fatty acids. Thus, studying the 

process of ecosystem invasion by Salmonella serovars clarifies that colonization 

resistance can become weakened by disrupting host-mediated habitat filtering. This 

insight is relevant for understanding how inflammation triggers dysbiosis linked to non-

communicable diseases, conditions in which endogenous Enterobacterales expand in the 

fecal microbiota using some of the same growth-limiting resources required by 

Salmonella serovars for ecosystem invasion. In essence, ecosystem invasion by 
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Salmonella serovars suggests that homeostasis and dysbiosis simply represent states 

where competition and habitat filtering are normal or abnormal, respectively.  
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Introduction 
 

The idea that communicable diseases are due to infection with pathogens 

emerged with the inception of Louis Pasteur’s germ theory in 1865 (1), and Robert Koch’s 

invention of approaches to establish causality in 1882 (2). These game-changing 

discoveries became a guiding principle of a new discipline, bacteriology, which is the 

precursor of modern-day microbiology and immunology. Subsequent discoveries of 

diphtheria toxin in 1888 (3) and Shiga toxin in 1903 (4, 5) gave rise to the concept that 

pathogens cause disease because they elaborate virulence factors that manipulate host 

physiology. The century following these seminal discoveries has seen countless studies 

on how virulence factors enable pathogens to overcome host defenses in individuals with 

an intact immune system to cause disease. However, this historic focus on host pathogen 

interaction has left a third player in obscurity, our host-associated microbial communities, 

the microbiota.  

Although research from the 1950s shows that a disruption of the microbiota 

enhances susceptibility to infection (6), the idea that virulence factors could play a role in 

overcoming growth inhibition by resident microbial communities was not explored until 

microbiota analysis became possible by advances in sequencing technologies during the 

first decade of the 21st century(7-9). Subsequent work shows that virulence factors can 

target the host to manipulate the environment inhabited by the microbiota (10-13). 

Through this chain of events, virulence factors can alter the microbiome, which is defined 

ecologically as the microbiota and its host environment (14, 15) (Table 1.1 and Fig. 1.1). 

The fact that mucosal pathogens can use virulence factors to manipulate the microbiome 

renders them useful tools for microbiome research (16). As a result, studies on how 
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virulence factors manipulate the host/microbiota interface are beginning to assemble into 

a framework for a “new bacteriology”, which studies pathogen physiology and gene 

regulation in the natural context of the microbiome (17).  

Here we will review this new chapter in bacteriology using the paradigm that 

spearheaded many advances: studies on the pathogenesis of Salmonella serovars. We 

will start by briefly outlining the conceptual framework of microbiome research, followed 

by discussing how the microbiome protects against infection and how Salmonella 

serovars use their virulence factors to overcome this line of defense. Salmonella enterica 

subspecies enterica serovar (S.) Typhimurium is commonly studied as a representative 

of the species, because it is an important human pathogen (18, 19). S. Typhimurium was 

fist described as the causative agent of a typhoid-like disease in mice (20), a mammalian 

species that is commonly used to model the disease process (21). The luminal S. 

Typhimurium population reaches high numbers in the murine large intestine (22), which 

also harbors the largest microbial community in the human body. Most of our discussion 

will therefore revolve around the interaction of S. Typhimurium with the microbiota of the 

large intestine.   
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The Gut Microbiome 
 

Competition and Habitat Filtering Govern Gut Microbiota Assembly 

 

Principles of community assembly. The infant is thought to be sterile in utero 

(23), suggesting that birth marks the beginning of microbiota assembly. According to 

ecological theory of plant community assembly, this process is governed by two drivers: 

competition and habitat filtering. In plant communities, competition involves interactions 

among species whereas habitat filtering encompasses interactions between species and 

their abiotic environment (24). These assembly rules also apply to the human gut 

microbiota (25, 26), except here the host provides a biotic environment that responds 

dynamically to microbiota-derived signals, which adds additional layers of complexity.  

The host could be viewed as an ecological foundation species (27), who filters the 

habitat of the gut microbiota using biotic factors, which include physical barriers (e.g. 

peristalsis), the emission of chemicals (e.g. gastric acid and bile acids), the excretion of 

antimicrobial proteins (e.g. defensins), the secretion of immunoglobulin A (IgA) and 

epithelial release of resources that shape microbial growth (e.g. mucin) (28, 29). In 

addition to host-derived habitat filters, the range of successful traits within the microbiota 

in the gastrointestinal tract is influenced by microbiota-derived habitat filters (e.g. short-

chain fatty acids) and by an important abiotic habitat filter: the diet (30). Since the choice 

of diet is governed by host behavior, diet could also be viewed as an aspect of host-

mediated habitat filtering (Fig. 1.1).  

Competition and habitat filtering select for different functional traits of coexisting 

species. Competition is common among pairs of similar species and can lead to 
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competitive exclusion, thereby limiting the number of similar coexisting species (31). In 

contrast, habitat filtering limits the range of successful strategies among coexisting 

species (32), which can drive species with particular traits or phenotypes to dominate the 

microbial community.  

 

Habitat filtering establishes dominant taxa in the colonic microbiota. One 

important host-derived habitat filter that shapes the abundance of species inhabiting the 

colon is epithelial hypoxia. The healthy colonic epithelium permanently resides in a state 

of physiological hypoxia (< 1% oxygen) (33), which limits the amount of oxygen diffusing 

into the lumen of the colon, thereby maintaining anaerobiosis (34). As a result, obligate 

anaerobic bacteria dominate the microbial community in the colon (35), a phenotypic 

convergence in a key ecological trait. Elevating epithelial oxygenation disrupts this biotic 

habitat filter, thereby increasing oxygen availability in the intestinal lumen, which results 

in an expansion of facultative anaerobic bacteria in the colonic microbiota (36), a microbial 

signature of dysbiosis (37).  

A second important habitat filter for the colonic microbiota is the diet. Milk 

oligosaccharides in breast milk represent an important maternal habitat filter, as these 

dietary carbohydrates do not nurture the infant, are poorly absorbed in the small intestine 

and reach the colon (38). Milk oligosaccharides drive a predominance of 

Bifidobacteriaceae (phylum Actinobacteria), because these obligate anaerobes are 

among a select few bacteria that contain gene clusters for the consumption of these 

carbohydrates (39, 40). Weaning removes human milk oligosaccharides from the diet 

while introducing dietary fiber, an important habitat filter involved in shaping the colonic 
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microbiota. Dietary fiber is composed of complex carbohydrates that are not degraded 

and absorbed by host enzymes in the upper gastrointestinal tract, thus making them 

available as carbon sources for the colonic microbiota (41, 42). Phenotypic traits 

conferring the ability to utilize dietary fiber are most abundant in members of the classes 

Clostridia (phylum Firmicutes) and Bacteroidia (phylum Bacteroidetes) (43). As a result, 

weaning is associated with a succession characterized by a disappearance of 

Bifidobacteriaceae and an expansion of Clostridia and Bacteroidia in the gut microbiota 

(44).  

These observations illustrate that the dominance of certain bacterial taxa in the 

colonic microbiota is the result of habitat filtering by the host, which involves the host’s 

dietary behavior and host control over the flow of resources from the epithelial lining into 

the microbial habitat. In other words, dietary fiber and epithelial hypoxia ‘filter’ the colonic 

environment in healthy adults so that obligate anaerobic bacteria with a diverse array of 

glycolytic enzymes predominate, which explains why Clostridia and Bacteroidia are the 

most abundant taxa in this habitat patch (35) (Fig. 1.2).  

 

Competition and Habitat Filtering Maintain Microbiota Resistance and Resilience  

 

Microbiota resistance. As the microbiota matures, ecological niches carved out 

through competition and habitat filtering become successively occupied by 

microorganisms that are acquired stochastically over time from maternal or environmental 

sources (45). Fecal microbiota transplantation in adult mice increases species diversity 

compared to the microbiota of both the donor and the recipient, which suggests that the 
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microbiota assembly process does not reach full saturation (46), a property common to 

most ecosystems (47, 48). Nonetheless, established members of the microbial 

community can prevent engraftment of new arrivals either through competition, a process 

known as niche preemption, or through habitat filtering, an activity referred to as niche 

modification (45, 49). Niche preemption can involve competition between closely related 

species for critical resources, such as oxygen (50, 51). An example of niche modification 

is the production of short-chain fatty acids by Clostridia and Bacteroidia species (52, 53), 

which limits the range of successful metabolic strategies among bacterial species 

inhabiting the large intestine. Niche preemption and niche modification generate priority 

effects that enable founding members of a mature microbial community to prevent 

engraftment of additional microbes, thereby generating a stable equilibrium state with 

invariable species composition (54, 55). The resulting temporal stability of the taxa 

composition observed for mature gut-associated microbial communities is termed 

microbiota resistance (45, 56, 57) (Fig. 1.3A).  

Since historical events that govern the initial exposure to microbes differ between 

individuals, the outcome of community assembly is different for each person, a 

phenomenon known as historical contingency (49). Combining historical contingency with 

microbiota resistance is predicted to generate considerable taxonomic diversity between 

gut-associated microbial communities from different individuals. Consistent with this idea, 

the taxa composition exhibits little overlap on the species level when the fecal microbiota 

composition is compared between healthy volunteers (58).  
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Microbiota resilience. The principles of microbial community assembly predict 

that competition and habitat filtering will select for comparable microbial traits in healthy 

individuals that consume a similar diet, which will result in assembly of microbial 

communities that are functionally similar even though they differ in their species 

composition. Consistent with this idea, antibiotics disrupt the fecal microbiota by 

permanently removing some microorganisms, but after completing therapy, habitat 

filtering ensures that vacated niches are occupied again by microbes harboring similar 

traits as their predecessors, thus returning the microbiota to a healthy equilibrium state 

despite the fact that recovery from antibiotic treatment changes the species composition 

(54). For example, oral administration of streptomycin diminishes microbial functions, 

such as short-chain fatty acid production, but concentrations of these metabolites return 

to normal levels after secession of treatment (59), suggesting that reassembly of the 

microbiota returns metabolic traits to their ancestral state. Through this mechanism, 

competition and habitat filtering ensures that the microbiota returns to a healthy state after 

perturbation, a property called microbiota resilience (56, 60) (Fig. 1.3A).  

 

Homeostasis versus dysbiosis. The taxonomic diversity in the microbiota 

composition between individuals (58) makes it all but impossible to determine what 

constitutes a balanced microbial community based on cataloguing microbial species 

names (61). Dysbiosis is commonly described as an imbalance in microbial communities 

characterized by a decrease in microbial diversity, the presence of potentially harmful 

microbes or the absence of beneficial ones (62), but this definition becomes untenable 

when homeostasis cannot be explained by the presence or absence of specific microbial 
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species (63). Problems with a taxonomic definition for homeostasis and dysbiosis provide 

a compelling rationale for developing functional definitions for these terms (27). The 

processes that govern microbial community assembly suggest that homeostasis 

represents the outcome of normal competition and habitat filtering, which in turn 

generates microbiota resistance and microbiota resilience. Normal habitat filtering could 

be defined as an activity characteristic of or appropriate to a healthy or normally 

functioning host. Conversely, dysregulation of processes involved in microbial community 

assembly will trigger dysbiosis, which can be defined as a state resulting from abnormal 

competition or habitat filtering (Fig. 1.3B).  
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Colonization Resistance 
 

A Host-Microbe Chimera Confers Colonization Resistance  

 

Functions of the gut microbiota. Defining homeostasis functionally focuses 

attention on the role the gut microbiota plays in health. One function of a balanced colonic 

microbiota is to aid in the digestion of nutrients that cannot be broken down by host 

enzymes in the small intestine, such as fiber (64). Habitat filters that maintain 

anaerobiosis ensure that catabolism of fiber has to proceed though pathways that 

generate fermentation products, such as short-chain fatty acids (65). In turn, microbiota-

derived fermentation products are absorbed by the host for nutrition, which provides us 

with an estimated 6 to 10% of our energy budget (66, 67). The microbiota has thus been 

likened to an organ containing our “second genome”, which encodes digestive enzymes 

to harvest otherwise inaccessible nutrients (68, 69) (Fig. 1.4).  

A second function of a balanced gut microbiota is to educate and prime our host 

defenses (70-76). Altered production of microbiota-derived metabolites during dysbiosis 

has been linked to a broad spectrum of non-communicable diseases associated with 

chronic immune activation, such as colorectal cancer (77), atherosclerosis (78) and 

allergic airways disease (79). Comparison of germ-free and conventional mice reveals 

that the microbiota profoundly influences functionality and development of both the 

mucosal and systemic immune systems (80, 81). It has thus been proposed that the 

microbiota should be viewed as an organ aiding in immune education (82) (Fig. 1.4).  

The organ analogy has obvious limitations, as organs are passed down across 

generations, whereas heritability estimates for the human microbiota are low (83, 84). 
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Furthermore, the fact that germ-free mice are viable suggests that the digestive function 

of the microbiota and its role in immune education are not essential for life. However, one 

could argue that the latter assertion is flawed, because germ-free mice require dietary 

supplementation with microbial products (e.g. vitamin K) (85) and are exquisitely sensitive 

to infection. In the absence of a microbiota, environmental exposure would inevitably 

result in death from opportunistic infections. These considerations underscore that in 

addition to aiding nutrition and immune education, the microbiota executes a third function 

that contributes to health, which is to limit the ability of harmful microbes to gain a foothold 

and expand on body surfaces, a property known as colonization resistance (Fig. 1.4). 

Colonization resistance is a canonical non-specific immune function that is essential for 

life. This vantage point suggests that our resident microbes should be considered effector 

cells of our immune system, an idea that requires an expansion of theory to incorporate 

microbial ecology into the classical framework of immunology (28).   

 

Sterilizing immunity versus microbiota-nourishing immunity. One subdivision 

of our immune system ensures sterility of host tissues (sterilizing immunity) by detecting 

invading microorganisms and distinguishing them from self. In turn, self/nonself 

discrimination induces innate and adaptive immune responses that are aimed at removing 

the microbial intruders from tissue to restore sterility (86). However, whereas the goal of 

sterilizing immunity is to remove microbes from host tissues, the goal of our interaction 

with microbes inhabiting body surfaces is not to detect and remove them, but rather to 

maintain and balance microbial communities for health (87). It has thus been proposed 

that host-derived habitat filters that shape microbial communities form a functional unit 
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with the microbiota, termed microbiota-nourishing immunity, which constitutes an immune 

system subdivision that is separate from sterilizing immunity (28, 88) (Fig. 1.1).  

Several fundamental differences between microbiota-nourishing immunity and 

sterilizing immunity justify such a subdivision. Firstly, at the very core of sterilizing 

immunity lies the ability to discriminate between self and nonself, which needs to be 

applied to members of the microbiota. For instance, microbiota entering tissue during 

traumatic injury necessitates its elimination to restore sterility. However, whereas 

self/nonself discrimination by sterilizing immunity is essential for hunting down individual 

microbes in host tissue, this process is not critical for balancing the microbiota on body 

surfaces using host-derived habitat filters. Although microbiota-derived metabolites can 

be detected by host cell receptors to regulate host-derived habitat filters (89-91), this 

process neither distinguishes individual microbes from self nor does it trigger responses 

aimed at sterilizing body surfaces (92, 93).  

Secondly, microbiota-nourishing immunity is a host-microbe chimera, in which the 

microbial contribution to colonization resistance is mediated through ecological priority 

effects executed by microbial effector cells (94). In contrast, all components involved in 

sterilizing immunity are host-derived, which makes the idea that microbial cells could be 

considered effector cells of our immune system appear strange to card-carrying 

immunologists (28).  

Thirdly, although there is overlap between antimicrobial mechanisms employed by 

effector cells of sterilizing immunity and by host-derived habitat filters of microbiota-

nourishing immunity (e.g. defensins), only the latter employs mechanisms that literally 

nourish the microbiota (e.g. milk oligosaccharides) (28). Thus, habitat filters of microbiota-
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nourishing immunity balance the microbiota using a carrot-and-stick approach that is 

never utilized by sterilizing immunity. 

The emerging picture suggests that microbiota-nourishing immunity constitutes 

our first line of defense against mucosal pathogens, but our functional understanding of 

this immune system subdivision lags behind that of sterilizing immunity. Although the 

concept of microbiota-nourishing immunity is new (28, 88), there is a large body of work 

on colonization resistance reaching all the way back to the 1950s (6). Taking a fresh look 

at this literature through the novel lens of microbiota-nourishing immunity provides an 

opportunity to infuse the conceptual framework of a data-driven discipline, microbiome 

research, with a wealth of information on bacterial physiology and pathogenesis. Here we 

will perform this task for S. Typhimurium, one the best studied bacterial model organisms 

that has long been a workhorse of research in bacterial genetics and metabolism (95). S. 

Typhimurium is ideally suited for studying the interplay between the pathogen, the host 

and its microbiota due to the availability of excellent animal models (21, 96).  

 

Niche Modification by Microbiota-Derived Short-Chain Fatty Acids  

 

Historical overview. A clinical appreciation for the protective functions of the 

gastrointestinal microbiota began in the 1940s and 50s with the rapid introduction of 

antibiotics for the treatment of bacterial infections (97). Alongside the profound success 

of antibiotic therapies came the observation that patients often became susceptible to 

secondary bacterial infections after antibiotic treatment of a primary infection, implicating 

an unperturbed microbiota as a key player in the generation of colonization resistance 
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(98-100). In an effort to study this phenomenon, Marjorie Bohnhoff at the University of 

Chicago pioneered the use of a mouse model for the study of microbiota-mediated 

colonization resistance (6). This model, which is still widely used today, involves oral 

pretreatment of mice with the antibiotic streptomycin. The treatment was found to 

significantly alter the abundance and composition of the large intestinal microbiota, 

measured by the contemporary standards of aerobic plate counts and Gram stain (101, 

102). An acute susceptibility to intragastric S. Enteritidis infection coincides with this 

streptomycin-dependent alteration of the large intestinal microbiota, with the infectious 

dose being lowered to <10 colony-forming units, whereas untreated mice resist 

colonization by S. Enteritidis challenges of as high as 106 colony-forming units (6). This 

ten-thousand-fold increase in the challenge dose required for lethal S. Enteritidis infection 

in mice with an intact microbiota compared to mice with streptomycin-ablated microbiota 

illustrates that colonization resistance provides strong protection against low-dose 

pathogen challenge. Early work also contributed a prescient description of microbiota 

resilience, by demonstrating that a drastic reduction in the overall bacterial abundance 

and morphological diversity triggered by streptomycin treatment rebounded to pre-

treatment levels within one week (101, 102). 

Initial studies on streptomycin pre-treated mice suggest that an intact microbiota 

has bacteriostatic or weakly bactericidal activity against S. Typhimurium, which is 

attributable to the metabolic functions of the microbiota (52). The most abundant by-

products of the fermentative metabolism of the colonic microbiota are the short-chain fatty 

acids acetate, propionate, and butyrate. Fecal concentrations of acetate are commonly 

measured in the 50 mM range while propionate and butyrate levels vary widely from 5 to 
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30 mM. The observation that short-chain fatty acids are required to inhibit the growth of 

S. Enteritidis in vivo, in fecal homogenates ex vivo, and in rich media in vitro reveals their 

crucial role in mediating colonization resistance (53). However, the inhibitory mechanism 

of action of short-chain fatty acids requires an acidic environmental pH as only their 

protonated forms exhibit significant inhibitory effects on the growth of members of the 

Enterobacterales [ord. nov. (103), the order Salmonella serovars belong to, by freely 

diffusing across cellular membranes (104). Initial characterization of the large intestinal 

environment of mice revealed that short-chain fatty acids are present at high 

concentrations alongside a mildly acidic pH (53, 101). Disturbance of the microbiota by 

streptomycin treatment lowers short-chain fatty acid concentrations and increases the 

luminal pH of the large intestine, thereby generating conditions that are favorable to 

growth Salmonella serovars in vivo and in vitro (53, 101).  

However, the inhibitory activity of short-chain fatty acids alone is not sufficient to 

explain how a low abundance of Enterobacterales is maintained in the microbiota, 

because this would require short-chain fatty acids to be preset constantly at precisely the 

right concentration to check population growth, whereas any further increases in the 

concentration would drive this taxon to extinction (105). Rolf Freter thus proposed that 

the abundance of Enterobacterales in the fecal microbiota is determined by the availability 

of growth-limiting resources (106). During homeostasis, a low abundance of these 

growth-limiting resources maintains Enterobacterales as minority species in the 

microbiota (106). A first inkling of the possible nature of these growth-limiting resources 

comes from the early observation that depletion of short-chain fatty acids increases the 

redox potential in the cecum to conditions that approximate an aerobic broth culture (101), 
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which predates the finding that streptomycin increases oxygen availability in the colon by 

more than 50 years (89). A more detailed discussion of growth-limiting resources that 

govern the abundance of Enterobacterales in the fecal microbiota is provided below in 

the section on host-derived habitat filters. 

 

Mechanism of growth inhibition by short-chain fatty acids. More recent work 

on colonization resistance against Salmonella serovars and other Enterobacterales 

confirms the importance of short-chain fatty acids and provides mechanistic insights into 

their mode of growth inhibition (107-109). As weak acids, the degree of dissociation for 

acetate, propionate, and butyrate decreases as the environmental pH approaches their 

respective pKa values (the negative base-10 logarithm of the acid dissociation constant) 

of 4.76, 4.87, and 4.82. In order to maintain a proton motive force and cellular 

homeostasis, Enterobacterales maintain their intracellular pH in the range of 7.2 to 7.8 

(110-113). This cytosolic pH range is essential for driving ATP production by oxidative 

phosphorylation, which relies on protons translocating through ATP synthase and down 

their concentration gradient. When protonated short-chain fatty acids (HAc) diffuse into a 

bacterial cell, intracellular proton release (H+ + Ac-) disrupts pH homeostasis in the cytosol 

(101, 110, 114, 115). If enough protonated short-chain fatty acids are present in the 

environment, then this process will proceed until the intracellular pH matches the 

environmental pH, thereby disturbing cellular pH homeostasis (108). Therefore, the 

inhibitory capacity of short-chain fatty acids is determined both by their concentration and 

the luminal pH, which is described by the Henderson-Hasselbalch equation (pH = pKa + 
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log10{[Ac-]/[HAc]}). Through this mechanism, short-chain fatty acids act as a habitat filter 

that maintains a low abundance of Enterobacterales during homeostasis. 

 

Short-chain fatty acid-producers. Acetate is produced by a broad range of 

bacterial species and cannot be attributed to a specific taxon within the gut microbiota. In 

contrast, Bacteroidaceae (class Bacteroidia) are the main producers of propionate (107), 

whereas the bulk of butyrate production in the colon is attributed to Ruminococcaceae 

(class Clostridia) and Lachnospiraceae (class Clostridia) (116, 117). Variation in the 

abundance of Bacteroidaceae between different inbred mouse lines reveals that 

propionate production by members of this family contributes to colonization resistance 

against S. Typhimurium (107). Colonization resistance in mice harboring a gut microbiota 

with low Bacteroidaceae abundance can be strengthened by administering Bacteroides 

thetaiotaomicron, but not a B. thetaiotaomicron mutant deficient for propionate-production 

(107). Similarly, a streptomycin-mediated depletion of Ruminococcaceae and 

Lachnospiraceae weakens colonization resistance against S. Typhimurium, which can be 

restored by administering butyrate or butyrate-producing Clostridia isolates (89, 118).    

 

Beyond short-chain fatty acids. Recent work suggests that suppression of S. 

Typhimurium growth by microbiota-mediated habitat filtering is not limited to the 

production of short-chain fatty acids, but also includes a depletion of critical resources, 

such as amino acids. A microbiota-mediated depletion of amino acids filters the 

environment to exclude bacteria that lack amino acid biosynthesis pathways (119), a 

selective pressure that helps maintain prototrophy in S. Typhimurium. This selective 
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pressure no longer acts on Salmonella serovars that are exclusively associated with 

extraintestinal disease, such as the human-adapted S. Typhi or S. Paratyphi A (120), 

which might explain why these pathogens are auxotrophic for tryptophan or cysteine and 

arginine, respectively (121, 122). Depletion of the gut microbiota with antibiotics increases 

concentrations of amino acids in the colonic lumen (123). In turn, S. Typhimurium can 

take advantage of the increased availability of amino acids after antibiotic treatment by 

utilizing aspartate as an exogenous electron acceptor for fumarate respiration (124).  

 

Host-Derived Habitat Filters Uphold Colonization Resistance  

 

A microbial signature of dysbiosis. Salmonella serovars belong to the order 

Enterobacterales [ord. nov. (103), phylum Proteobacteria], a taxon comprising less than 

0.1% of the human fecal microbiota in healthy volunteers (35). However, disruption of the 

microbiota during antibiotic therapy weakens colonization resistance, which gives rise to 

a dysbiotic expansion of endogenous Enterobacterales in the fecal microbiota (125). 

Hence, the main experimental approach for studying colonization resistance against 

Enterobacterales has been to disrupt the microbiota using antibiotics, causing the majority 

of studies to become fixated on microbial factors contributing to this non-specific immune 

function. As a result, conventional wisdom, summarized in a number of recent review 

articles (126-130) stipulates that colonization resistance is mediated solely by the gut 

microbiota through a “battle of the bugs”, a process that does not involve the host.  

However, the advent of microbiome research is beginning to shift this paradigm by 

revealing that in addition to the microbiota, the host makes important contributions to 
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colonization resistance against Enterobacterales (Fig. 1.4)(34, 131). During homeostasis, 

anaerobiosis in the large intestine maintains a dominance of obligate anaerobic bacteria 

(Fig. 1.5A). However, profiling of the human fecal microbiota reveals that an expansion 

of facultative anaerobic Enterobacterales is one of the most consistent and robust 

ecological patterns associated with dysbiosis (37), which is commonly observed in the 

absence of antibiotic therapy. For example, this microbial signature of dysbiosis is 

associated with chronic alcohol consumption (132), radiotherapy (133), malnutrition 

(134), inflammaging (135) and observed in individuals with inflammatory bowel disease 

(IBD) (136), colorectal cancer (77), necrotizing enterocolitis (137), HIV enteropathy (138), 

graft versus host disease (139), and infectious diarrhea (140). There is now mounting 

evidence that in many of these diseases, a dysbiotic expansion of Enterobacterales in the 

fecal microbiota is driven by an underlying dysregulation of host-mediated habitat-filtering.  

 

Host phagocytes transform the gut environment during inflammation. 

Studies on Salmonella pathogenesis spearheaded this research by showing that, 

paradoxically, severe acute intestinal inflammation drives a pathogen expansion in the 

gut microbiota (7, 8), in part because phagocytes migrating into the intestinal lumen 

release antimicrobial compounds, such as reactive oxygen species (ROS) and reactive 

nitrogen species (RNS) (10, 141). Although direct exposure to these antimicrobial 

compounds can kill the pathogen (142, 143), phagocyte-derived ROS and RNS diffuse 

into the gut lumen, where they react to form non-toxic by-products, such as tetrathionate 

and nitrate, which serve as electron acceptors for anaerobic respiration, thereby 

promoting S. Typhimurium growth (10, 141, 144, 145) (Fig. 1.5B). Subsequent work 
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shows that intestinal inflammation also weakens colonization resistance against other 

members of the Enterobacterales through similar mechanisms. For instance, intestinal 

inflammation triggered by virulence factors of the enteric pathogen Yersinia enterocolitica 

causes the pathogen to expand in the gut microbiota through tetrathionate respiration 

(12). Similarly, nitrate respiration drives a dysbiotic expansion of commensal E. coli (order 

Enterobacterales) in mouse models of Toxoplasma gondii-induced colitis (146), 

chemically-induced colitis (147, 148) or genetically induced colitis (147, 148). Host-

derived nitrate also weakens colonization resistance against Klebsiella oxytoca in a 

mouse model of cancer cachexia (149). In conclusion, migration of phagocytes into the 

intestinal lumen during intestinal inflammation lowers colonization resistance against 

Enterobacterales by inducing a state of abnormal habitat filtering, which creates 

increased luminal concentrations of electron acceptors that drive an expansion of 

facultative anaerobic bacteria through anaerobic respiration (131).  

 

Epithelial metabolism shapes the gut microbiota. Research on Salmonella 

pathogenesis was also at the forefront of discovering that the metabolism of the colonic 

epithelium functions as a control switch, mediating a shift between homeostatic and 

dysbiotic microbial communities (34). Virulence factors of S. Typhimurium trigger a shift 

in epithelial energy metabolism from mitochondrial oxidative phosphorylation to aerobic 

glycolysis, thereby reducing epithelial oxygen consumption in the colonic epithelium 

(118). The resulting loss of epithelial hypoxia increases the amount of oxygen diffusing 

into the intestinal lumen, thereby disrupting anaerobiosis and driving a pathogen 

expansion through aerobic respiration (50, 59, 118) (Fig. 1.5B). Loss of epithelial hypoxia 
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in the colon is also induced by virulence factors of Citrobacter rodentium, a murine 

pathogen that expands in the colonic microbiota by exploiting the resulting increase in 

luminal oxygen bioavailability to fuel its growth (9, 11, 150, 151). Reduced mitochondrial 

bioenergetics in the colonic epithelium are not only linked to aerobic growth of enteric 

pathogens, but also contribute to a weakening of colonization resistance against 

commensal Enterobacterales in mouse models of non-communicable diseases, such as 

ulcerative colitis (152, 153) or colorectal cancer (154). Collectively, these data suggest 

that physiological hypoxia of the colonic surface limits growth of Enterobacterales during 

homeostasis (34, 36). However, conditions that reduce mitochondrial bioenergetics in the 

colonic epithelium increase the luminal availability of host-derived oxygen, thereby 

creating a state of abnormal habitat filtering that lowers colonization resistance against 

Enterobacterales (155). 

Notably, a loss of epithelial hypoxia weakens colonization resistance against S. 

Typhimurium even in the presence of normal concentrations of microbiota-derived short-

chain fatty acids (89). These results appear to be at odds with in vitro findings that the 

presence of short-chain fatty acids inhibits growth of Enterobacterales in murine fecal 

homogenates, and that oxygen alone is not sufficient to overcome this growth inhibition 

(108). A factor lacking in the in vitro experiments is a shift in epithelial energy metabolism, 

which is required to lower colonization resistance against an avirulent S. Typhimurium 

strain (i.e. a strain lacking both type III secretion systems [T3SSs]) in mice harboring 

normal levels of microbiota-derived short-chain fatty acids (89). These observations 

suggest that when cells derive energy through aerobic glycolysis (the conversion of 
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glucose into lactate even in the presence of oxygen (156)), the epithelium releases factors 

in addition to oxygen that weaken colonization resistance against S. Typhimurium.  

Metabolite profiling reveals that lactate is the most abundant metabolite in the gut 

lumen during S. Typhimurium-induced colitis, while only small amounts of this compound 

are detected in mock-infected mice (59). A similar increase in the luminal lactate 

concentration is also observed after antibiotic treatment, but this increase is blunted when 

mice are treated with a PPAR-g (peroxisome proliferator-activated receptor gamma) 

agonist that polarizes host cell metabolism towards oxidative phosphorylation, which is 

consistent with the idea that an increase in the luminal lactate concentration is mostly 

derived from a conversion of glucose into lactate by host cells (59). During its expansion 

in the gut microbiota, S. Typhimurium converts lactate into pyruvate using a NAD-

independent lactate dehydrogenase (encoded by lldD), which transfers electrons from 

lactate to oxygen using cytochrome bd oxidase (encoded by cydA), thus linking lactate 

utilization in the gut to the presence of host-derived oxygen (59). Notably, S. Enteritidis 

can overcome growth inhibition by short-chain fatty acids in vitro when lactate is added 

to murine fecal homogenates (53), pointing to catabolism of host-derived lactate as a 

possible mechanism to overcome niche modification by microbiota-derived short-chain 

fatty acids. Finally, the terminal steps in acetate production through the 

phosphotransacetylase-acetate kinase (Pta-AckA) pathway are required for S. 

Typhimurium to overcome colonization resistance in chickens (157). Thus, it is tempting 

to speculate that epithelial release of lactate and oxygen cooperatively enables S. 

Typhimurium to ramp up intracellular acetate production to limit diffusion of microbiota-
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derived acetic acid into the cytosol, thereby preventing disruption of pH homeostasis.  

However, additional work is needed to test this hypothesis.  

Considering all of these studies suggests that an increased abundance of 

Enterobacterales is a microbial signature of dysbiosis that often involves abnormal habitat 

filtering by the host. During homeostasis, epithelial hypoxia limits the availability of 

respiratory electron acceptors (i.e. oxygen and nitrate), thereby filtering the habitat to 

ensure Enterobacterales remain minority species within the colonic microbiota. However, 

intestinal inflammation and/or a loss of epithelial hypoxia weaken colonization resistance 

by inducing a state of abnormal habitat filtering. In turn, abnormal habitat filtering leads to 

an elevated release of host-derived critical resources that enable commensal and 

pathogenic Enterobacterales to overcome niche modification by microbiota-derived short-

chain fatty acids. The abundance of these limiting resources determines the abundance 

of Enterobacterales in the gut microbiota. In other words, limited availability of critical 

resources, such as respiratory electron acceptors and lactate, keeps a tight rein on 

Enterobacterales, which is responsible for the low abundance of this taxon during 

homeostasis. However, conditions that enlarge the availability of limiting resources drive 

dysbiosis characterized by an Enterobacterales expansion. 

 

Niche Preemption by Endogenous Enterobacterales  

 

Competition with closely related species. In addition to habitat filtering by the 

microbiota and the host, colonization resistance against Salmonella serovars also 

involves competition with closely related bacterial species that are resident in the gut 



 26 

microbiota. Commensal species within the Enterobacterales that are closely related 

genetically to Salmonella serovars (103) are a normal constituent in the fecal microbiota 

of humans (35) and other mammals (158). There are currently no approaches to 

specifically deplete Enterobacterales from the gut microbiota to ascertain their 

contribution to colonization resistance. However, not all laboratory mice harbor 

endogenous Enterobacterales (51), which is due to variability in animal husbandry 

practices between vendors. Many vendors of laboratory mice engraft germ-free animals 

with altered Schaedler flora (159) to establish a baseline microbiota in their foundation 

breeding colonies, prior to transferring animals into barrier production, where microbiota 

assembly proceeds while animals are screened to prevent specific pathogens from 

entering the colony (specific pathogen-free mice) (160). The screening procedures for 

specific pathogens differ between vendors, resulting in mice from some suppliers to 

remain Enterobacterales-free, while specific pathogen-free procedures from others do not 

exclude commensal or opportunistic Enterobacterales from engrafting during microbiota 

assembly. Notably, comparison of genetically similar mice from different vendors reveals 

that the presence of endogenous Enterobacterales, which are minority species in the gut 

microbiota, results in a 100-fold increase in colonization resistance against S. 

Typhimurium, illustrating that competition with closely related species plays an important 

role in protecting against infection (51). Commensal Enterobacterales, such as E. coli, 

also enhance colonization resistance against Salmonella serovars in gnotobiotic mice 

(161), gnotobiotic piglets (162), day-of-hatch chicks (50) or in a mouse model of high-fat 

diet (163).  
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Keystone species limit the availability of critical resources. Recent work is 

beginning to elucidate the mechanisms through which endogenous Enterobacterales 

contribute to colonization resistance against Salmonella serovars. Germ-free mice 

engrafted with defined microbial communities fail to confer colonization resistance against 

S. Typhimurium when pathways involved in microbial respiration are underrepresented 

compared to microbiota of conventional mice (164). However, colonization resistance can 

be strengthened by supplementing the defined microbial community with facultative 

anaerobic species, including E. coli, Streptococcus danieliae and Staphylococcus 

xylosus, a correlation that points to the presence of respiratory pathways in the microbial 

community as a factor important for protection against S. Typhimurium infection (164). 

Interestingly, a commensal avian E. coli isolate competes more successfully with S. 

Enteritidis for oxygen when the commensal establishes gut colonization in neonatal 

chicks prior to pathogen challenge, compared to when both species are introduced 

simultaneously (50). This finding suggests that endogenous Enterobacterales have a 

competitive advantage over similar species that attempt to enter the ecosystem since 

priority effects provide them with access to growth-limiting resources. Although the 

precise mechanisms by which niche preemption enables endogenous Enterobacterales 

to gain priority access to oxygen remain obscure, an intact aerobic metabolism (i.e. a 

functional cytochrome bd oxidase) is required for endogenous E. coli to confer 

colonization resistance against Salmonella serovars in mice (51). Thus, one of the 

mechanisms contributing to colonization resistance against Salmonella serovars is 

competition with endogenous Enterobacterales for host-derived respiratory electron 

acceptors.  
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In addition to respiratory electron acceptors, Enterobacterales compete for 

nutritional resources. For example, the concentrations of many monosaccharides 

become elevated in colon contents during antibiotic treatment (123), which supports 

growth of S. Typhimurium in the gut (165, 166). Some monosaccharides become oxidized 

(167), because an antibiotic-mediated depletion of short-chain fatty acids induces nitric 

oxide production by recruiting inflammatory monocytes to the colonic mucosa (168) and 

by increasing inducible nitric oxide synthase (iNOS) production in the colonic epithelium 

(89). Oxidation of monosaccharides by RNS in the gut lumen generates acidic sugars, 

such as glucarate and galactarate, which drive a post-antibiotic expansion of S. 

Typhimurium (167). There is evidence to suggest that pathogen engraftment in the 

microbiota can be blocked through nutrient competition with endogenous 

Enterobacterales. Klebsiella michiganensis is a commensal member of the 

Enterobacterales that confers colonization resistance against E. coli in a mouse model 

(169). However, K. michiganensis-mediated colonization resistance against E. coli is lost 

when mice receive galacitol, a poorly absorbed sugar alcohol that reaches the colon, 

where it promotes growth of E. coli over K. michiganensis, because the latter cannot 

utilize this carbon source (169). These data suggest that antibiotic treatment generates 

an environment in which growth of Enterobacterales is fueled by monosaccharide 

catabolism. Niche preemption mediated by endogenous Enterobacterales likely involves 

competition for these critical resources with pathogens that attempt to enter the 

ecosystem.   

In essence, although members of the Enterobacterales are minority species within 

the gut microbiota that are often present at levels below the limit of detection by 



 29 

conventional microbiota profiling (51), they play a key role in conferring protection against 

facultative anaerobic pathogens, such as Salmonella serovars. Thus, endogenous 

Enterobacterales have a disproportionally large effect on colonization resistance relative 

to their abundance within the microbial community, which renders them keystone species. 

Studies on the underlying mechanism reveal that endogenous Enterobacterales 

contribute to colonization resistance through niche preemption, a process that involves 

competition with Salmonella serovars for critical resources, such as respiratory electron 

acceptors and monosaccharides.  
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Niche Opportunities Created by Virulence Factors 
 

Ecosystem Engineering by Virulence Factors Licenses Pathogen Engraftment 

 

Pathogens overcome colonization resistance - opportunists do not. A mature 

gut microbiota is resistant to change (45, 56, 57), because the microbiome prevents 

engraftment of newly arriving commensal or opportunistic microbes through competition 

and habitat filtering (49). The phenomenon of microbiota resistance is testament to the 

fact that once the microbiota reaches a stable equilibrium state, priority effects pose an 

all but impenetrable barrier to engraftment of new commensal or opportunistic bacterial 

species belonging to the Enterobacterales. For example, priority effects prevent 

replacement of resident endogenous Enterobacterales present in the human fecal 

microbiota (35), with recently emerged opportunistic pathogens, such as carbapenem-

resistant Enterobacteriaceae (CRE), thereby limiting community spread of CRE. Due to 

priority effects, the only way for opportunistic CRE to engraft in the gut microbiota is during 

microbiota assembly or after microbiota disruption (e.g. after antibiotic therapy). 

Disruption of the microbiota with antibiotics can clear a niche (54) and provide an 

advantage for opportunistic CRE over antibiotic-sensitive competitors. As a result, an 

antibiotic-mediated disruption of the gut microbiota predisposes patients in the intensive 

care unit to developing carriage and nosocomial infection with CRE, which commonly 

includes strains of Klebsiella pneumoniae and E. coli (170-174). Due to weakened 

colonization resistance in individuals on broad-spectrum antibiotics, nosocomial CRE 

infections are readily transmitted between patients by hospital workers. In turn, a 

weakening of colonization resistance drives an expansion of CRE in the gut microbiota, 
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which is a source of opportunistic bloodstream infections in immunocompromised patients 

(175, 176). Due to lack of treatment options, 40% of CRE infections lead to death (177, 

178), which makes these opportunistic pathogens one of the most urgent threats to public 

health worldwide (179).  

A key difference between infection with opportunistic pathogens, such as CRE, 

and pathogens, such as Salmonella serovars, is that only the latter can overcome host 

defenses in individuals with an intact immune system. In other words, whereas CRE 

infection requires that colonization resistance is weakened by antibiotics, Salmonella 

serovars can engraft in individuals even when their microbiota-nourishing immunity is 

intact. In immunocompetent individuals, both CRE and Salmonella serovars initially enter 

an ecosystem that does not support their growth because the host and the microbiota 

limit critical resources through competition and habitat filtering. As a result, CRE numbers 

decline, resulting in an extinction of the opportunistic pathogen. Colonization resistance 

can also lead to an extinction of Salmonella serovars, particularly when the challenge 

dose is low (51) (Fig 1.6). However, if the challenge dose is high enough to ensure the 

pathogen can deploy its virulence factors prior to becoming extinct, the initial decline in 

S. Typhimurium numbers is halted and followed by a marked expansion, resulting in 

pathogen engraftment in the gut ecosystem (118). S. Typhimurium virulence factors are 

long known to trigger disease in an immunocompetent host (180-182), a characteristic 

that distinguishes pathogens from opportunists, but the importance of virulence factors in 

overcoming colonization resistance has come to light only recently (7, 8). Importantly, 

virulence factors of S. Typhimurium weaken colonization resistance not by targeting the 
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microbiota, but by manipulating the physiology of host cells, thereby inducing a state of 

abnormal habitat filtering that opens new niche opportunities (183). 

 

Virulence factors carve out a new nutrient-niche for the pathogen. The main 

virulence factors of S. Typhimurium are two T3SSs that enable the pathogen to invade 

the epithelial lining (T3SS-1)(180) and survive in host tissue (T3SS-2)(181). Each T3SS 

injects several dozen proteins, called effectors, into the cytosol of epithelial cells (for 

T3SS-1) or macrophages (for T3SS-2)(184) to induce bacterial entry (185) or ensure the 

spread of bacteria in tissue (186), respectively. For a detailed discussion type III secreted 

effector proteins and their activity on host cell physiology, the reader is referred to a recent 

review article devoted to this subject (187).  

The presence of bacteria in tissue induces sterilizing immunity by activating 

pathogen recognition receptors (188-193), thereby triggering innate immune responses 

that orchestrate severe acute intestinal inflammation (182, 194, 195). Detection of fecal 

leukocytes in salmonellosis patients illustrates that Salmonella-induced intestinal 

inflammation is accompanied by migration of phagocytes into the intestinal lumen (196), 

where these host cells contribute to the production of tetrathionate and nitrate as 

discussed above (10, 141)(Fig 1.6). In addition, migration of neutrophils into the intestinal 

lumen leads to a depletion of Clostridia (197, 198), the main butyrate producers in the gut 

microbiota (116, 117), thereby reducing butyrate concentrations in colon contents (118). 

Since butyrate is an agonist of PPAR-g, a nuclear receptor that activates mitochondrial 

bioenergetics in the colonic epithelium, depletion of this short-chain fatty acid shifts the 

epithelial energy metabolism towards aerobic glycolysis, thereby increasing epithelial 
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oxygenation and diffusion of oxygen into the intestinal lumen (89, 118). Salmonella-

induced colitis also makes host-derived lactate the most abundant metabolite in the gut 

lumen (59).  

Collectively, these virulence factor-induced changes in the gut environment trigger 

a state of abnormal habitat filtering, which is characterized by markedly elevated luminal 

concentrations of critical resources to support pathogen growth, including tetrathionate 

(10), nitrate (144, 145), oxygen (118) and lactate (59) (Fig 1.6). These observations 

establish the concept that S. Typhimurium uses its virulence factors for ecosystem 

engineering, a process culminating in the generation of a new nutrient-niche that supports 

pathogen engraftment into the gut ecosystem (94, 183). The consequent expansion of S. 

Typhimurium in the gut microbiota is required for pathogen transmission by the fecal-oral 

route (118, 199), which represents the principal driving force of natural selection for this 

strategy of ecosystem invasion. 

  

 New niche opportunities create competition. A drawback of ecosystem 

engineering is that the new nutrient-niche generated by S. Typhimurium virulence factors 

can also be occupied by endogenous Enterobacterales. Since S. Typhimurium and 

endogenous Enterobacterales encounter the newly engineered nutrient-niche 

simultaneously, presumably neither one gains an advantage through priority effects, 

which levels the playing field. During the fierce competition that ensues for niche 

occupancy, contestants deploy antimicrobial weaponry to gain the upper hand in battling 

for critical resources. S. Typhimurium-induced intestinal inflammation increases 

concentrations of bile acids in the colon (200), a signal to induce expression of a type VI 
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secretion system (T6SS), which is used by the pathogen to kill commensal competitors, 

such as K. oxytoca (201) (Fig. 1.6). One of the resources S. Typhimurium and 

endogenous Enterobacterales compete for is iron, because the availability of this trace 

element is reduced in the inflamed gut. Reduced iron availability during inflammation 

requires bacteria to release small molecular weight ferric iron chelators, termed 

siderophores, to acquire this essential metal (202). The siderophore produced by most 

Enterobacterales, enterobactin, is neutralized by the host protein lipocalin-2 (203, 204), 

which is released into the gut lumen during intestinal inflammation (205, 206). Salmonella 

serovars adapt to this environment by producing a glycosylated derivative of enterobactin, 

termed salmochelin (207), which is not neutralized by lipocalin-2 (208), thus providing the 

pathogen with a growth advantage over competitors that rely solely on enterobactin for 

iron acquisition (209). However, the probiotic E. coli strain Nissle 1917 releases 

salmochelin-derivatives conjugated to antimicrobial peptides, termed microcins M and 

H47 (210), which are internalized by salmochelin uptake systems of Salmonella serovars, 

thereby providing the commensal with a competitive advantage over the pathogen (211). 

The need to synthesize outer membrane siderophore receptors in the inflamed gut also 

provides an opportunity to battle related Enterobacterales by releasing colicins, which are 

bacteriocins with limited host range that commonly use siderophore receptors to enter 

their target cell (212). However, the T6SS is only induced when inflammation increases 

the concentration of bile acids  (201) and neither microcins nor colicins provide a 

competitive advantage in the absence of intestinal inflammation, because iron limitation 

generated by this host response induces expression of receptors for microcins and 
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colicins in Enterobacterales (211, 212). Thus, Enterobacterales restrict the use of their 

antimicrobial weaponry to a state of abnormal habitat filtering.  

All things considered, colonization resistance of mature microbial communities 

constitutes a formidable barrier that blocks an engraftment of commensal or opportunistic 

Enterobacterales. As a result, windows of opportunity for engrafting these species are 

limited to microbiota assembly in childhood or to episodes of weakened colonization 

resistance, which can be induced, for example, by antibiotics (Fig. 1.3A). In contrast, 

pathogenic Enterobacterales, such as Salmonella serovars, can overcome colonization 

resistance in immunocompetent individuals by using their virulence factors for ecosystem 

engineering (Fig 1.6). The pathogen remodels the gut ecosystem by using its virulence 

factors to trigger intestinal inflammation. The consequent changes in the metabolite 

landscape create a state of abnormal habitat filtering that provides niche opportunities, 

which is a crucial determinant of the pathogen’s success in ecosystem invasion. 

Importantly, this strategy for ecosystem invasion is limited to pathogens, because 

ecosystem engineering by virulence factors generates collateral damage, thereby 

producing signs of disease, the defining characteristic of pathogens. However, a 

drawback of this strategy for ecosystem invasion is that virulence factors engineer a 

nutrient-niche that also accommodates related Enterobacterales species. As a result, the 

nutrient-niche engineered by virulence factors of the pathogen provides a playground in 

which S. Typhimurium and endogenous Enterobacterales use their antimicrobial 

weaponry to fight for supremacy (94). 

 

Reconstructing Salmonella’s Nutrient-Niche from the Ruins 
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 Genome-guided assembly of a metabolic network for gut colonization. 

Information on how intestinal inflammation alters the luminal habitat is key to 

understanding why this condition gives rise to imbalances in the gut microbiota that are 

linked to various non-communicable diseases, such as IBD (152), colorectal cancer (77) 

or cardiovascular disease (78). Intestinal inflammation induced by Salmonella serovars 

can be used to model this state of abnormal habitat filtering, but our knowledge of the 

consequent changes in the luminal environment is still incomplete. The metabolic 

pathways the pathogen uses to fuel its growth in the inflamed gut can provide a window 

into the nutrient-niche S. Typhimurium occupies, which in turn offers clues about how 

inflammation alters the habitat of the gut microbiota (96). Notably, an experiment of nature 

makes it possible to identify these metabolic pathways through whole genome 

comparison of Salmonella serovars (213-215).  

Whereas the vast majority of Salmonella serovars are associated with 

gastroenteritis in humans, an infection that remains localized to the intestine and 

mesenteric lymph nodes, a few specialists have evolved to cause exclusively 

extraintestinal disease (e.g. S. Typhi) (216, 217). These specialists transmit from an 

extraintestinal reservoir (e.g. the gall bladder in case of S. Typhi) and no longer cause 

gastroenteritis in their respective hosts, thereby removing the driving force of natural 

selection for maintaining metabolic pathways required for growth in the inflamed gut 

(120). Consequently, genes that provide an adaptation to the nutrient-niche 

gastrointestinal Salmonella serovars (e.g. S. Typhimurium) occupy in the inflamed 

intestine are dispensable in extraintestinal Salmonella serovars and are beginning to 
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randomly degrade by point mutation. This ongoing experiment of nature explains the large 

numbers of degraded genes (pseudogenes) detected in the genomes of extraintestinal 

Salmonella serovars compared to gastrointestinal pathogens (218-222), a prominent 

genetic fingerprint that resembles an unsaturated mutagenesis of the pathways required 

for pathogen growth in the lumen of the inflamed gut (213, 223, 224). However, the 

emergence of extraintestinal Salmonella serovars is a relatively recent event linked to the 

Neolithic transition towards an agricultural and pastoralist economy (225, 226), 

suggesting that there was limited time for genome decay to leave its mark on their 

genomes. Since the process of genome degradation is quite incomplete, analysis of a 

single Salmonella serovar does not unveil a decaying metabolic network. Instead, whole 

genome comparison of multiple extraintestinal and gastrointestinal Salmonella serovars 

is required to bring a network of genes to light that is degrading in genomes of 

extraintestinal pathogens but intact in genomes of gastrointestinal pathogens (Fig. 1.7) 

(213-215).  

The metabolic network identified by such an in silico analysis contains more than 

400 genes (213), only a fraction of which has yet been tested experimentally for their 

contribution to growth in an inflamed intestine (Fig. 1.7). The emerging experimental 

validation of these in silico predictions shows that genes for the import of host-derived 

lactate (lldP) and its cytochrome bd oxidase-dependent conversion into pyruvate (lldD), 

are required for luminal growth of S. Typhimurium during colitis (59). Pyruvate generated 

through this reaction can be converted by pyruvate formate lyase (encoded by pflDC) into 

acetyl-CoA and formate, two metabolites important for growth in the gut. The conversion 

of acetyl-CoA into acetate (ackA pta) is required for intestinal colonization of S. Enteritidis 
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(157). Formate is degraded to carbon dioxide (CO2) and hydrogen (H2) by a nitrate 

respiration-dependent formate dehydrogenase (encoded by fdnGHI), which is required 

for growth of E. coli in the inflamed intestine (153). Hydrogen generated through this 

reaction supports growth of S. Typhimurium in the gut by serving as an electron donor 

(hybOABCDEFG) (227) for fumarate respiration (frdABCD), which is powered by 

exogenous aspartate or malate (dcuABC, aspA and fumB) (124). Chemotaxis towards 

nitrate (encoded by tsr) (228), nitrate respiration (mediated by a periplasmic nitrate 

reductase encoded by napFDAGHBC) (145) and tetrathionate respiration (mediated by a 

tetrathionate reductase encoded by ttrABC ) (10) are required for growth of S. 

Typhimurium in the niche it occupies in the inflamed intestine, in part because anaerobic 

respiration powers bacterial microcompartments that function in the catabolism of 

microbiota-derived fermentation products, including 1,2-propanediol 

(pduABCDEGHJKLMNOPQSTUVWX) (229) and ethanolamine 

(eutSPQTDMNEJGHABCLKR) (230). Nitrate respiration is also required for S. 

Typhimurium to catabolize microbiota-derived fermentation products, including succinate 

(231) (sdhCDAB) and butyrate (ydiFO ydiQRST fadHIJK) (232, 233). Finally, catabolism 

of some monosaccharides plays a role during S. Typhimurium gut colonization, as shown 

for fucose (fucAO fucPIKUR), glucarate (gudDT) and galactarate (garDL STM2959) (165, 

167). Thus, the computer-generated concept that gene decay in extraintestinal 

Salmonella serovars defines a large metabolic network required for growth of 

gastrointestinal Salmonella serovars in the gut lumen (213-215) has been validated by 

numerous experimental studies (59, 124, 145, 153, 157, 167, 229, 231, 233). However, 

the majority of genes in this web still remain to be analyzed. 
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Predicting the metabolic landscape in Salmonella’s nutrient-niche. Glancing 

at the hypothetical metabolic pathways identified by comparative genome analysis (213) 

provides a preview of the resources that might be available in the nutrient-niche 

engineered by S. Typhimurium virulence factors. The metabolic network suggests that S. 

Typhimurium has access to numerous monosaccharides (including glucose, gluconate, 

galactose, galactonate, trehalose, rhamnose, ribose, xylose, arabinose, idonate, 2,3-

diketo-gulonate, hexunonate, and galacitol) and amino acids (including serine, histidine, 

arginine, glutamate, aspartate and proline) (Fig. 1.7), indicating its nutrient-niche differs 

from the habitat of the non-inflamed gut, where the microbiota depletes these critical 

resources (119, 165). It is also apparent from this model that the inflammatory host 

response might generate several respiratory electron acceptors in addition to nitrate 

(144), tetrathionate (10) and oxygen (118), which includes sulfite, thiosulfate, nitric oxide, 

nitrite, S-oxides (R2-SO) and N-oxides (R3-N+-O-), such as trimethylamine N-oxide 

(TMAO) (Fig. 1.7). Whereas nitric oxide is directly derived from inflammatory monocytes 

(141), S-oxides and N-oxides can be generated in the gut lumen when ROS and RNS 

diffuse away from host cells and react with organic sulfides and tertiary amines present 

in the intestinal lumen (234, 235). Furthermore, ROS and RNS released by luminal 

phagocytes react to form nitrate and tetrathionate, which are converted to nitrite and 

thiosulfate through nitrate respiration and tetrathionate respiration, respectively (10, 141, 

147). Finally, sulfite is the product of thiosulfate respiration (236). Thus, the projected 

generation of an array of different respiratory electron acceptors in the gut lumen (Fig. 
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1.7) is expected to require recruitment of phagocytes into the intestinal lumen, which is a 

by-product of intestinal inflammation triggered by S. Typhimurium virulence factors (131).  

In a nutshell, in silico analysis predicts that T3SS-1 and T3SS-2-mediated 

intestinal inflammation engineers a nutrient-niche that is characterized by an increased 

availability of diverse repertoires of monosaccharides, amino acids and respiratory 

electron acceptors (213). These sweeping changes in the luminal metabolite landscape 

are projected to create a state of abnormal habitat filtering to support pathogen 

engraftment and drive its expansion in the gut microbiota, which is required for 

transmission (118, 199). The latter provides the ultimate driving force of natural selection 

that maintains the metabolic network depicted in Fig. 1.7 in gastrointestinal Salmonella 

serovars (213).  
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Concluding Remarks 
 

What Salmonella serovars teach us about dysbiosis 

 

 To summarize the above, the host and its microbiota cooperate to execute a non-

specific host defense mechanism, termed colonization resistance, which prevents 

ecosystem invasion by opportunistic pathogens. Microbiota-derived short-chain fatty 

acids filter the environment to exclude bacteria lacking mechanisms to maintain pH 

homeostasis with the available resources. The resources used for maintenance of pH 

homeostasis in Clostridia and Bacteroidia remain to be described, but the dominance of 

these obligate anaerobic bacteria in the gut microbiota is testament to their ability to avert 

disruption of pH homeostasis by short-chain fatty acids. Facultative anaerobic 

Enterobacterales, on the other hand, require respiratory electron acceptors (such as 

oxygen and nitrate) and additional unidentified host-derived resources to overcome 

growth inhibition by short-chain fatty acids. Hence, the availability of these critical 

resources determines the abundance of Enterobacterales within the gut microbiota. 

During homeostasis, epithelial hypoxia severely limits the availability of respiratory 

electron acceptors, thereby relegating Enterobacterales to an existence as minority 

species within the gut microbiota (Fig. 1.2). Despite their low abundance, these minority 

species have a disproportionally large effect on colonization resistance against 

Salmonella serovars by limiting the pathogen’s access to critical resources through 

priority effects, which identifies endogenous Enterobacterales as keystone species within 

the gut microbiota.  
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During homeostasis, engraftment of opportunistic pathogens, such as CRE, is 

efficiently blocked through niche modification by microbiota-derived short-chain fatty 

acids, habitat filtering by epithelial hypoxia and niche preemption by endogenous 

Enterobacterales. However, frank pathogens, such as gastrointestinal Salmonella 

serovars, can use their virulence factors to overcome these defenses in an 

immunocompetent individual by disturbing host-mediated habitat filtering. Ecosystem 

invasion forces gastrointestinal Salmonella serovars to overcome growth inhibition by 

microbiota-derived short-chain fatty acids, an ecological problem demanding an 

increased availability of critical resources, such as respiratory electron acceptors, that are 

kept in short supply by host-mediated habitat filtering and are poorly accessible to the 

pathogen due to competition with endogenous Enterobacterales. Success in gut 

ecosystem invasion requires the pathogen to endure until its virulence factors generate 

inflammatory host responses that boost the luminal availability of these critical resources, 

an outcome that becomes more likely when the challenge dose is high. Framing the 

outcome of infection as an ecological problem highlights the importance of virulence 

factors in remodeling the gut ecosystem by triggering inflammation, a host response that 

ultimately creates a state of abnormal habitat filtering, thereby providing new niche 

opportunities for the pathogen. These considerations identify gastrointestinal Salmonella 

serovars as ecosystem engineers, a pathogenic strategy inevitably linked to disease (i.e. 

gastroenteritis).  

 S. Typhimurium virulence factors engineer a nutrient-niche that also 

accommodates related Enterobacterales species (Fig. 1.6). Thus, the state of abnormal 

habitat filtering created by S. Typhimurium virulence factors might share features with 
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non-communicable diseases associated with an expansion of Enterobacterales in the 

fecal microbiota (37, 237). Notably, S. Typhimurium virulence factors induce this state of 

abnormal habitat filtering by targeting only the host (7, 10, 118, 144). Extrapolating this 

insight to non-communicable diseases suggests that a dysbiotic Enterobacterales 

expansion in the fecal microbiota is secondary to an underlying defect in host-mediated 

habitat filtering (34, 36, 131). Recent studies using mouse models of IBD and colorectal 

cancer provide compelling experimental support for this concept (147, 148, 150, 152-154, 

238). Thus, lessons learned from studying S. Typhimurium ecosystem invasion paved the 

way for developing a mechanistic understanding of factors driving a microbial signature 

of dysbiosis in the fecal microbiota, which is observed in a spectrum of non-communicable 

diseases. 

 

Where do we go from here? 

 

New strategies to rebalance the microbiota. The finding that dysbiosis is linked 

to many human diseases has generated hopes that microbiome research will identify 

novel treatment strategies. Whereas targeting the microbes themselves with fecal 

microbiota transplants (239), probiotics (240), antibiotics (241), or precision editing of the 

microbiota (148, 238) shows promise in treating some conditions, great challenges 

remain to adapt these therapies to the broad spectrum of diseases associated with 

dysbiosis. By trailblazing the concept that an expansion of Enterobacterales in the fecal 

microbiota is a signature of dysbiosis that is triggered by an underlying defect in host-

mediated habitat filtering (34, 36, 131), research on S. Typhimurium pathogenesis has 
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created great prospects for identifying alternative treatment targets for remediating 

dysbiosis. Provided that dysbiosis results from abnormal habitat filtering by the host, it 

stands to reason that the microbiota can be rebalanced by normalizing host-mediated 

habitat filtering. A proof of concept for this therapeutic strategy comes from studies on 

IBD. Environmental risk factors for IBD include a history of antibiotic usage and a 

Western-style high-fat diet (242-244). These environmental risk factors cooperate to 

reduce mitochondrial bioenergetics in the colonic epithelium, thereby increasing epithelial 

oxygenation in the murine colon (152). In turn, oxygen emanating from the epithelial 

surface drives an expansion of endogenous Enterobacterales in the fecal microbiota, 

which exacerbates pre-IBD (152). Treatment with an agonist of PPAR-g, a nuclear 

receptor in the colonic epithelium that activates mitochondrial bioenergetics, restores 

epithelial hypoxia, thereby blunting an Enterobacterales expansion in mice with pre-IBD 

(152) and in ulcerative colitis patients (245). Thus, host-derived habitat filters represent 

promising treatment targets for rebalancing the microbiota in a broad range of non-

communicable diseases linked to gut dysbiosis.  

 

Expanding the microbiome toolbox. Studies on S. Typhimurium ecosystem 

invasion have provided first insights into how normal habitat filtering can be disrupted, but 

our understanding of host-derived habitat filters in the colon is still incomplete. 

Furthermore, identifying host-derived habitat filters that govern microbiota assembly at 

body surfaces other than the colon represents an immense task that remains to be 

achieved before we can hope to understand dysbiosis at these habitats. Following the 

example of Salmonella serovars, virulence factors of pathogens colonizing other 



 45 

surfaces, such as the respiratory tract or the reproductive tract, provide countless 

opportunities for identifying host-derived habitat filters at these sites. In turn, this 

information is expected to reveal what conditions contribute to normal habitat filtering at 

these body surfaces and how virulence factors induce a state of abnormal habitat filtering 

that enables pathogens to invade the respective ecosystem. Researchers in bacterial 

pathogenesis are well-positioned to produce such mechanistic insights into how normal 

habitat filtering maintains homeostasis at various body surfaces. Input from the bacterial 

pathogenesis field will be needed to identify habitat filters, because this information 

cannot be gleaned simply from cataloging bacterial species names. In turn, identification 

of habitat filters will aid in the interpretation of microbiota profiling data, by linking microbial 

signatures of dysbiosis to the disruption of habitat filtering by virulence factors. As more 

information becomes available, it might become possible to read microbiota profiling data 

in ways similar to a blood test result. In the not so distant future, a microbial signature of 

dysbiosis at a given body surface might indicate an underlying defect in a specific host-

derived habitat filter, which in turn might suggest a treatment aimed at normalizing that 

function. These prospects make the study of ecosystem invasion by mucosal pathogens 

one of the most exciting emerging areas in microbiome research.   
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Tables 
 
Table 1.1: Microbiome vocabulary  

Term Definition 

Colonization resistance Mechanisms executed by microbiota-nourishing immunity 

that prevent engraftment of a specific microorganism 

through competition and habitat filtering 

Communicable disease Disease caused by an infectious agent that is transmitted 

from one animal or person to another, through direct 

contact, or indirectly through fomites or vectors 

Dominant taxa Dominant taxa are the most abundant taxa in a community, 

exerting a strong influence on other taxa 

Dysbiosis A state of abnormal competition or habitat filtering 

Ecosystem engineering The process by which a keystone species modifies a 

habitat, thereby strongly effecting other organisms 

Facultative anaerobic 

bacteria 

Bacteria that can grow in the presence of (and often can 

respire) oxygen at atmospheric levels but can grow 

fermentatively when oxygen is absent 

Foundation species A species that provides the foundation for a habitat by 

physically modifying the environment, thereby structuring 

communities of other organisms 

Habitat filters Factors that select for microbial traits licensing growth and 

survival in a host habitat patch 
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Habitat patch The dynamic environment on a host surface where the 

microbiota assembles 

Historical contingency Dependence of the taxa composition on the order and 

timing of species arrival during microbiota assembly 

Homeostasis The outcome of normal competition and normal habitat 

filtering, which in turn generates microbiota resistance and 

microbiota resilience 

Keystone species A species that has a disproportionally large effect on its 

habitat relative to its abundance within the microbial 

community 

Microbiome The microbiota and its host environment 

Microbiota Host-associated microbial communities 

Microbiota-nourishing 

immunity 

A subdivision of the immune system, composed of the 

microbiota and host-derived habitat filters, which confers 

colonization resistance on body surfaces 

Microbiota resilience The ability of the microbiota to return to a healthy 

equilibrium state after perturbation 

Microbiota resistance Temporal stability in the taxa composition of mature host-

associated microbial communities 

Niche modification A mechanism that uses microbiota-mediated habitat 

filtering to prevent engraftment of microorganisms that 

harbor inadequate trait combinations  
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Niche preemption A mechanism that uses direct competition for critical 

resources with members of the microbiota to prevent 

engraftment of similar microorganisms 

Non-communicable 

disease 

Medical condition that is not caused by an infectious agent 

but is due to an underlying defect in host physiology that is 

not transmissible 

Nutrient-niche An ecological position defined by criticsl resources that 

support growth of a suitable occupant 

Obligate anaerobic 

bacteria 

Bacteria that cannot respire oxygen and cannot grow under 

atmospheric oxygen concentrations  

Opportunistic infection Infection with opportunistic pathogen 

Opportunistic pathogens Microbes associated with disease in immunocompromised 

members of a host species 

Pathogens (or frank 

pathogens) 

Microbes associated with communicable diseases in 

immunocompetent members of a host species 

Priority effects The ability of resident microbes to prevent engraftment of 

new microorganisms through niche preemption and/or 

niche modification 

Sterilizing Immunity The part of our immune system that preserves tissue 

sterility by detecting and distinguishing microbial intruders 

from self and subsequently triggering innate and adaptive 

immune responses aimed at removing the intruder from 

tissue 
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Virulence factors Molecules produced by pathogens to overcome host 

defenses and cause disease 
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Figures 
 

 
 
Figure 1.1: Composition of the term microbiome. The microbiome is defined as the 

microbiota and its environment. The latter is determined by host-derived habitat filters and 

the diet, which is controlled by host behavior. Host-derived habitat filters shape the size, 

species composition and biogeography of the microbiota and in turn the microbiota 

contributes to host nutrition and immune education. Microbiota-nourishing immunity is 

composed of the microbiota and host-derived habitat filters, which form a host-microbe 

chimera that functions in conferring colonization resistance.  
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Figure 1.2: Habitat filtering in the adult colon. Epithelial hypoxia and dietary fiber 

filter the habitat in the large intestine to license growth of obligate anaerobic fiber eaters, 

which drives a dominance of the classes Clostridia and Bacteroidia in the fecal 

microbiota. Facultative anaerobic bacteria, such as members of the Enterobacterales, 

remain minority species because epithelial hypoxia limits critical resources they require 

for overcoming growth inhibition by short-chain fatty acids (acetate, butyrate and 

propionate). Created with BioRender.com 
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Figure 1.3: Normal competition and habitat filtering promote homeostasis, 

microbiota resistance and microbiota resilience. (A) After birth, the microbiota 

exhibits fluctuations as it assembles to fill nutrient-niches created by competition and 

habitat filtering. Once microbiota assembly is complete, a state of normal competition 
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and habitat filtering maintains homeostasis, characterized by a stable equilibrium state 

in which the microbiota composition remains invariable over time, a phenomenon 

termed microbiota resistance. A brief perturbation, such as a disruption of the microbiota 

with antibiotics, leads to a transient state of abnormal competition and habitat filtering, 

which causes dysbiotic fluctuation in the microbiota composition. However, once normal 

competition and habitat filtering resume, the microbiota reassembles to reach an 

equilibrium state that is functionally similar to that of the community prior to the 

perturbation. The ability of the microbiota to return to homeostasis after a perturbation is 

termed microbiota resilience. (B) A lasting perturbation, which can be caused for 

example by chronic intestinal inflammation, triggers a permanent state of abnormal 

competition and habitat filtering. As new nutrient-niches created by abnormal 

competition and habitat filtering are filled, the microbiota composition shifts permanently 

to reach an alternate equilibrium state. Through this process, abnormal competition and 

habitat filtering maintain a perpetual state of dysbiosis. Created with BioRender.com 
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Figure 1.4: Functions of the gut microbiota. Nutrients (e.g. fiber) that evade 

absorption and degradation by host enzymes in the small intestine enter the colon 

where they are converted into fermentation products by the gut microbiota. This 

metabolic activity of the gut microbiota has been likened to the function of an organ that 

contributes to host nutrition and immune education. Host-derived habitat filters and the 

microbiota form a host microbe chimera that performs a third function, termed 

colonization resistance, which prevents harmful microbes from entering the body. 

Created with BioRender.com 
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Fig. 1.5: Intestinal inflammation creates a state of abnormal habitat filtering. (A) 

During homeostasis, microbiota-derived butyrate maintains high oxygen (O2) 

consumption in the colonic epithelium through mitochondrial oxidative phosphorylation 

(246-248). The resulting epithelial hypoxia limits diffusion of oxygen into the gut lumen 

to preserve anaerobiosis, which maintains a dominance of obligate anaerobic bacteria 

in the gut microbiota (89). Sulfate-reducing bacteria generate hydrogen sulfide (H2S) 

(249), which is detoxified by epithelial sulfide oxidases to thiosulfate (S2O32-) (250, 251). 

(B) During intestinal inflammation, neutrophils and inflammatory monocytes migrate into 

the intestinal lumen. Inflammatory monocytes are the dominant source of inducible nitric 

oxide synthase (iNOS), which generates nitric oxide (NO) (252). Nitric oxide can react 

with superoxide (O2-.) produced by phagocyte NADPH oxidase (NOX2) to form 
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peroxynitrite (253), which decomposes to nitrate (NO3-) in the gut lumen (254). 

Superoxide is converted by superoxide dismutase (SOD) to hydrogen peroxide (H2O2), 

which is converted to hypochloric acid (HOCl) by neutrophil myeloperoxidase (MPO). 

These reactive oxygen species oxidize thiosulfate to tetrathionate (S4O62-) (10). 

Intestinal inflammation reduces mitochondrial bioenergetics in the colonic epithelium, 

thereby reducing epithelial oxygen consumption (154). The resulting loss of epithelial 

hypoxia increases diffusion of oxygen into the intestinal lumen to disrupt anaerobiosis. 

Catabolism of glucose (Glc) by host cells through aerobic glycolysis increases the 

luminal concentration of host-derived lactate (59). Through these mechanisms, 

intestinal inflammation elevates the availability of oxygen, lactate, nitrate and 

tetrathionate in the colonic lumen to create a state of abnormal habitat filtering that 

drives an expansion of facultative anaerobic Enterobacterales, which is a microbial 

signature of dysbiosis in the fecal microbiota (36, 37). Created with BioRender.com 
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Fig. 1.6: S. Typhimurium uses its virulence factors for ecosystem engineering. 

During homeostasis, conversion of microbiota-derived butyrate to carbon dioxide (CO2) 

through mitochondrial oxidative phosphorylation (Ox phos) results in high epithelial 

oxygen (O2) consumption, which maintains epithelial hypoxia. Epithelial cells detoxify 

microbiota-derived hydrogen sulfide (H2S) by conversion into thiosulfate (S2O32-). Upon 

entry, S. Typhimurium uses its virulence factors to invade the intestinal epithelium 

(T3SS-1) and survive in macrophages in host tissue (T3SS-2). However, prior to the 

development of host responses, anaerobiosis and niche preemption by endogenous 

Enterobacterales limit access of the luminal S. Typhimurium population to resources 

critical for overcoming growth inhibition by short-chain fatty acids (SCFA’s). As a result, 

the luminal S. Typhimurium population drops, which can lead to a pathogen extinction if 

the challenge dose is low. In the meantime, the virulence factor-mediated tissue 

invasion is detected by the innate immune system, which results in orchestration of an 

inflammatory response characterized by cellular infiltrates that are dominated by 
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neutrophils. The inflammatory response eventually clears the subpopulation of the 

pathogen that resides in tissue, but it also induces migration of phagocytes into the 

intestinal lumen. Luminal phagocytes release reactive oxygen species (ROS) and 

reactive nitrogen species that generate host-derived electron acceptors, including 

tetrathionate (S4O62-) and nitrate (NO3-). Luminal neutrophils also deplete butyrate-

producing Clostridia from the gut microbiota, which reduces mitochondrial bioenergetics 

in the intestinal epithelium. The consequent shift in epithelial energy metabolism to 

aerobic glycolysis, the conversion of glucose (Glc) into lactate, is associated with 

elevated epithelial release of oxygen and lactate. In turn, these changes in the luminal 

environment create a state of abnormal habitat filtering, thereby providing S. 

Typhimurium with critical resources (nitrate, tetrathionate, oxygen and lactate) to 

expand in the gut microbiota, which is required for pathogen transmission by the fecal 

oral route. The new nutrient-niche created by virulence factor-induced inflammation also 

supports growth of endogenous Enterobacterales, provided they can overcome growth 

inhibition by lipocalin-2 (Lipocalin), an antimicrobial protein released by epithelial cells 

during intestinal inflammation. Through this chain of events, virulence factor-mediated 

ecosystem engineering creates a new nutrient-niche in which S. Typhimurium and 

endogenous Enterobacterales battle for supremacy using their antimicrobial weaponry, 

including colicins, microcins and type VI secretion systems (T6SS). Created with 

BioRender.com 
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Figure 1.7: Reconstruction of a metabolic network required for growth in an 

engineered nutrient-niche. Whole genome comparison of 5 genomes representing 

extraintestinal Salmonella serovars and 10 genomes representing gastrointestinal 

Salmonella serovars reveals metabolic pathways gastrointestinal pathogens use to fuel 

their growth in the inflamed gut (213). The graphic shows pathways that are degrading 

in genomes of extraintestinal Salmonella serovars (genes in blue font) but are intact in 

genomes of gastrointestinal Salmonella serovars. The metabolic network predicted by 

this in silico analysis provides a window into the nutrient-niche that is engineered by S. 

Typhimurium virulence factors in the gut. Modified from (213) with permission. 
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Summary 
 

The gut microbiota prevents harmful microbes from entering the body, a function known 

as colonization resistance. The enteric pathogen Salmonella enterica serovar (S.) 

Typhimurium uses its virulence factors to break colonization resistance through unknown 

mechanisms. Using metabolite profiling and genetic analysis we show that the initial rise 

in luminal pathogen abundance was powered by a combination of aerobic respiration and 

mixed acid fermentation of simple sugars, such as glucose, which resulted in their 

depletion from the metabolome. The initial rise in the abundance of the pathogen in the 

feces coincided with a reduction in the cecal concentrations of acetate and butyrate and 

an increase in epithelial oxygenation. Notably, these changes in the host environment 

preceded changes in the microbiota composition.  We conclude that changes in the host 

environment can weaken colonization resistance even in the absence of overt 

compositional changes in the gut microbiota.  
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Introduction  
 

Salmonella enterica serovar (S.) Typhimurium is an invasive enteric pathogen that 

causes an inflammatory diarrhea in immunocompetent individuals(1). The pathogen uses 

a type III secretion system (T3SS-1) encoded by Salmonella pathogenicity island 1 

(SPI1)(2) to invade the intestinal epithelium(3). A second type III secretion system (T3SS-

2) encoded by SPI2(4) enables the pathogen to survive in tissue(5), in part by avoiding 

NADPH phagocyte oxidase-dependent killing(6-8). T3SS-1-mediated entry and T3SS-2-

mediated survival in tissue trigger acute intestinal inflammation(9), an aspect of host-

pathogen interaction that can be modeled in streptomycin pretreated mice (mouse colitis 

model)(10). In streptomycin pretreated mice, T3SS-1 and T3SS-2 contribute to 

inflammation in the cecum and colon(11), a host response that prevents microbiota 

recovery after antibiotic treatment(12, 13) by driving the recruitment of phagocytes into 

the intestinal lumen(14). Streptomycin pretreated, genetically susceptible mice have been 

used extensively to study virulence factors of the pathogen and mucosal immune 

responses to infection(15). 

However, streptomycin pretreatment disrupts microbiota-mediated colonization 

resistance(16), thereby reducing the utility of the mouse colitis model for studying how S. 

Typhimurium overcomes this non-specific host defense. A streptomycin-mediated 

microbiota disruption depletes short-chain fatty acids(17), resulting in a metabolic 

reprogramming of the intestinal epithelium that increases the availability of oxygen and 

nitrate in the mucus layer(18). Furthermore, streptomycin treatment increases the 

concentrations of simple carbohydrates in cecal contents(19). Thus, when S. 

Typhimurium arrives in the cecum of a streptomycin pretreated mouse, the pathogen can 
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fuel its luminal growth using critical resources that are not available when the microbiota 

is intact. As a result, the pathways that allow S. Typhimurium to initially overcome 

microbiota-mediated colonization resistance remain incompletely understood. Here we 

determined how S. Typhimurium overcomes colonization resistance in mice with an intact 

microbiota and which resources drive an initial pathogen expansion.  
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Results 
 

Salmonella virulence factors overcome microbiota-mediated growth inhibition  

 

To establish the kinetics of fecal shedding when antibiotic-naïve mice are infected 

with S. Typhimurium, CBA mice from Jackson laboratories (CBA/J mice), which were 

routinely confirmed to be Enterobacterales free(20), were mock-infected or infected with 

109 colony-forming units (CFU) of the S. Typhimurium wild type (strain IR715, a nalidixic 

acid-resistant derivative of isolate ATCC14028) by oral gavage. Fecal pellets were 

collected daily for 10 days to enumerate S. Typhimurium. Whereas pathogen numbers in 

the feces decreased initially, a notable increase was observed three days after infection 

and S. Typhimurium was subsequently shed at high numbers with the feces (Fig. 2.1A).  

To contrast the kinetics to the commonly used mouse colitis model(15), CBA/J 

mice received a single dose of streptomycin and were infected the next day with 109 CFU 

of the S. Typhimurium wild type. Notably, the initial decrease in S. Typhimurium numbers 

observed two days after infection in antibiotic-naïve CBA/J mice was not observed in 

streptomycin-pretreated CBA/J mice (Fig. 2.1A), implicating the gut microbiota in the 

initial control of pathogen growth.   

To determine whether the marked rise in S. Typhimurium numbers recovered from 

feces of antibiotic-naïve CBA/J mice three days after infection required inflammation 

triggered by virulence factors of the pathogen, the experiment was repeated with an 

isogenic S. Typhimurium strain that was rendered avirulent by engineering mutations in 

invA, encoding a component of T3SS-1, and spiB, encoding a component of T3SS-2. 

When Enterobacterales-free CBA/J mice were infected with 109 CFU of an avirulent invA 
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spiB mutant, a rise in S. Typhimurium numbers recovered from the feces was no longer 

observed three days after infection and the avirulent strain was recovered in low numbers 

from the feces throughout the experiment (Fig. 2.1A). Collectively, these data suggested 

that an intact microbiota reduces pathogen load in the feces during the initial two days 

after infection, but the pathogen uses its virulence factors to overcome this growth 

inhibition by three days after infection, presumably because virulence factor-induced 

intestinal inflammation triggers changes in the intestinal growth environment.  

 

A rise in absolute pathogen abundance is linked to a depletion of simple sugars  

 

 Previous work shows that virulence factor-induced inflammation drives respiration 

using cytochrome bd II oxidase, encoded by cyxA, and nitrate reductases encoded by 

napA, narZ, and narG (13). Consistent with this idea, a S. Typhimurium napA narZ narG 

cyxA mutant exhibited reduced fitness compared to the S. Typhimurium wild type 10 days 

after inoculating antibiotic-naïve CBA/J mice with a 1:1 mixture of both strains (Fig. 2.1B). 

However, cytochrome bd II oxidase-mediated aerobic respiration and anaerobic nitrate 

respiration did not confer a fitness advantage three days after infection. These data 

suggested that virulence factors enabled S. Typhimurium to overcome microbiota-

mediated growth inhibition three days after infection (Fig. 2.1A) through an unknown 

mechanism.  

 To determine which resources the pathogen initially relies on to overcome 

microbiota-mediated growth inhibition, we determined which metabolites were depleted 

from the cecal metabolome at days three and four after S. Typhimurium infection. 
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Antibiotic-naïve CBA/J mice were mock-infected or infected with 109 CFU of the S. 

Typhimurium wild type by oral gavage. Cecal contents collected three or four days after 

S. Typhimurium infection were analyzed by metabolite profiling. Principal component 

analysis of the samples showed a distinct clustering of metabolite profiles from samples 

collected four days after S. Typhimurium infection compared to samples collected from 

mock-infected mice (Fig. 2.1C), indicating that S. Typhimurium infection changes the 

composition of the murine cecal metabolome either directly, or indirectly by triggering 

inflammation. The 95% confidence interval of metabolite profiles from samples collected 

three days after S. Typhimurium infection overlapped with the other two treatment groups. 

Notably, all features significantly decreased in samples collected four days after S. 

Typhimurium infection compared to mock-infection were also significantly decreased in 

samples collected three days after S. Typhimurium infection.  

The metabolic footprint S. Typhimurium produced four days after infection featured 

a depletion of simple sugars from cecal contents, including depletion of tri- and 

disaccharides (e.g., maltotriose, maltose, sucrose, cellobiose, and sophorose), hexoses 

(e.g., glucose, 3,6-anhydro-D-galactose, and glucose-1-phosphate), pentoses (e.g., 

ribose, xylulose, and xylose), trioses (e.g., dihydroxyacetone), amino sugars (e.g., UDP-

N-acetylglucosamine), sugar acids (e.g., galacturonic acid, glucuronic acid, and glyceric 

acid), and sugar alcohols (e.g., sorbitol, lactitol, and galactinol) (Fig 2.1D).  

 

Mixed acid fermentation drives an S. Typhimurium expansion in the feces 
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We reasoned that S. Typhimurium might reduce the cecal concentration of sugars 

either directly by catabolizing them or indirectly by triggering inflammation. Pathways for 

catabolizing simple sugars converge on phosphoenolpyruvate and pyruvate. In the 

absence of respiratory electron acceptors, such as oxygen or nitrate, these metabolites 

are then broken down by S. Typhimurium through mixed acid fermentation in a set of 

reactions that yield the fermentation products lactate, acetate, succinate, formate, 

ethanol, carbon dioxide and hydrogen (Fig. 2.S1A)(21). To test the hypothesis that S. 

Typhimurium catabolism reduces the cecal concentration of sugars, we determined 

whether S. Typhimurium uses mixed acid fermentation to overcome growth inhibition by 

the microbiota three days after infection. Since bacterial growth is limited by the 

availability of adenosine triphosphate (ATP)(22), we prioritized mutating the energy-

producing steps of mixed acid fermentation. One branch of mixed acid fermentation 

involves conversion of phosphoenolpyruvate to fumarate through the reductive 

tricarboxylic acid (TCA) cycle(21). Fumarate reductase encoded by frdABCD functions in 

energy production (i.e., fumarate respiration) by transferring electrons from the quinone 

pool to fumarate, which is reduced to succinate (Fig. 2.S1A). Consistent with a previous 

report(23), fumarate respiration conferred a clear fitness advantage at days five, seven 

and ten after S. Typhimurium infection, but the contribution of this pathway to growth at 

three days after infection was less prominent (Fig. 2.1E).  

A second branch of mixed acid fermentation is initiated by the enzyme pyruvate 

formate lyase, which converts pyruvate to formate and acetyl-coenzyme A (CoA). Acetyl-

CoA is further catabolized to acetate by phosphate acetyltransferase (Pta) and acetate 

kinase (AckA), which yields ATP through substrate level phosphorylation (Fig. 2.S1A). A 
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S. Typhimurium ackA pta mutant exhibited reduced fitness compared to wild-type S. 

Typhimurium at three days after infection (Fig. 2.1F). However, interpretation of this 

phenotype is complicated by the fact that a S. Typhimurium ackA pta mutant is also 

defective for acetyl-phosphate signaling, which could contribute to growth 

attenuation(24). We therefore also tested a mutant lacking alcohol dehydrogenase 

(AdhE), because to maintain redox balance when sugars are fermented to acetate, a 

fraction of acetyl-CoA must be converted to ethanol by this enzyme(21). A S. Typhimurium 

adhE mutant exhibited a discernable fitness defect at three days after infection (Fig. 

2.1G). The finding that both an ackA pta mutant and an adhE mutant exhibited prominent 

growth defects three days after infection (Fig. 2.1F and 2.1G) suggested that this branch 

of mixed acid fermentation enhanced S. Typhimurium growth when virulence factors 

enabled the pathogen to overcome microbiota-mediated growth inhibition (Fig. 2.1A). 

 

Glucose utilization contributes to virulence factor-dependent pathogen expansion 

 

 Next, we determined whether fermentation of specific sugars contributes to a rise 

in the absolute abundance of S. Typhimurium in the feces three days after infection. 

Metabolite profiling suggested that the abundance of glucose was highest in cecal 

contents compared to other simple sugars (Fig. 2.S1B). Since glucose is also the 

preferred carbon source of S. Typhimurium, we constructed a mutant defective in glucose 

transport/metabolism (Fig. 2.1A). To this end, we mutated ptsG, encoding a component 

of the enzyme II complex of the phosphoenolpyruvate-dependent glucose-specific 

phosphotransferase system (PTS), glk, encoding glucokinase, and manXYZ, encoding a 
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PTS transporter with broad specificity for mannose, glucose, 2-deoxyglucose, N-

acetylglucosamine, N-acetylmannosamine and galactosamine. These mutations were 

chosen, because previous work shows that a S. Typhimurium ptsG glk manXYZ mutant 

is unable to utilize glucose as a carbon source(25). Importantly, inactivation of ptsG, glk, 

and manXYZ prevents accumulation of phosphorylated intermediates (Fig. 2.S1A), which 

can have toxic effects(26). A S. Typhimurium ptsG glk manXYZ mutant exhibited reduced 

fitness compared to wild-type S. Typhimurium at three days after infection as indicated by 

reduced recovery from the feces of mice infected with a 1:1 mixture of both strains (Fig. 

2.2A). These data suggested that glucose was one of the sugars contributing to a rise in 

the absolute abundance of the pathogen three days after infection.  

 Next, we tested whether other simple sugars that become depleted during S. 

Typhimurium infection also contribute to growth of the pathogen. Among the metabolites 

depleted during S. Typhimurium infection were the acidic sugars galacturonic acid and 

glucuronic acid (Fig. 2.S1B), which are degraded through the Entner–Doudoroff pathway. 

We thus tested whether inactivation of this pathway through mutations in edd, encoding 

6-phosphogluconate dehydratase, and eda, encoding 2-keto-3-deoxy-6-

phosphogluconate aldolase, would reduce fitness of S. Typhimurium. A S. Typhimurium 

edd eda mutant exhibited reduced fitness compared the S. Typhimurium wild type at three 

days after infection (Fig. 2.S1C), thus further supporting the idea that utilization of simple 

sugars supports an initial pathogen expansion. 

 Next, we wanted to determine whether enhanced pathogen growth is triggered by 

an increased availability of glucose. S. Typhimurium initiates infection by invading Peyer’s 

patches in the ileum(27), which triggers ileitis(28). Ileitis is known to induce malabsorption 
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in the small intestine, which decreases glucose absorption(29, 30). We thus hypothesized 

that S. Typhimurium-induced inflammation in the small intestine causes malabsorption to 

increase the amount of dietary glucose entering the large intestine. Expression of Lcn2, 

encoding the proinflammatory marker lipocalin-2, was significantly increased in RNA 

isolated from preparations of ileal epithelial cells three days after S. Typhimurium infection 

(Fig. 2.2B), which was indicative of inflammation. Glucose is primarily absorbed by 

epithelial cells via the sodium-dependent glucose co-transporter (SGLT1)(30). Transcript 

levels of Sglt1 were significantly reduced in RNA isolated from preparations of ileal 

epithelial cells three days after S. Typhimurium infection compared to samples from mock-

infected mice (Fig. 2.2C). A similar reduction in mRNA levels were also observed for 

Glut2, encoding a transport protein that facilitates diffusion of glucose across cell 

membranes (Fig. 2.2D). Next, antibiotic-naïve CBA/J mice were mock infected or infected 

with the S. Typhimurium wild type and received a bolus of glucose by oral gavage 3 days 

after infection. S. Typhimurium infection reduced blood glucose levels compared to mock-

infection (Fig. 2.2E and 2.2F), indicative of either reduced glucose absorption or 

increased glucose tolerance.  

The hypothesis that S. Typhimurium virulence factors trigger glucose 

malabsorption predicted that inhibition of host glucose transport would rescue growth of 

an avirulent S. Typhimurium invA spiB mutant (Fig. 2.1A). To test this prediction, 

antibiotic-naïve CBA/J mice were infected with an S. Typhimurium invA spiB mutant. Two 

days after infection, mice were mock-treated or treated with sotagliflozin, a sodium-

glucose co-transporter 1 and 2 inhibitor, by oral gavage followed 30 minutes later by 

feeding a bolus of glucose by the same route. Sotagliflozin treatment did not increase 
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growth of an avirulent S. Typhimurium invA spiB mutant (Fig. 2.2G), which did not support 

the hypothesis that virulence factor-induced glucose malabsorption enables S. 

Typhimurium wild type to overcome microbiota-mediated growth inhibition three days 

after infection. Next, we measured absolute glucose levels in cecal contents of mice by a 

colorimetric assay. Consistent with results from metabolite profiling (Fig. 2.1D and Fig. 

2.S1B), the concentration of glucose was reduced in cecal contents three days after 

infection with the S. Typhimurium wild type compared to mock-infected mice (Fig. 2.2H). 

This depletion of glucose during S. Typhimurium infection was dependent on virulence 

factors of the pathogen because it was no longer observed in animals infected with an 

avirulent S. Typhimurium invA spiB mutant. We hypothesized that glucose consumption 

by the pathogen would mask an increase in glucose availability triggered by 

malabsorption in the ileum. We thus reasoned that an increase in cecal glucose 

concentration would be observed when mice are infected with a S. Typhimurium ptsG glk 

manXYZ mutant, which has intact virulence factors to trigger inflammation, but lacks the 

ability to deplete glucose (Fig. 2.S1A). The concentration of glucose was no longer 

reduced in cecal contents three days after infection with a S. Typhimurium ptsG glk 

manXYZ mutant compared to mock-infected mice (Fig. 2.2H). These data supported the 

idea that a reduction in the cecal glucose concentration three days after infection with the 

S. Typhimurium wild type was causatively linked to glucose consumption by the pathogen. 

However, compared to mock-infected mice, glucose levels were not increased in ceca of 

mice infected with a ptsG glk manXYZ mutant, thus refuting the idea that malabsorption 

in the ileum increases the concentration of glucose in the cecum during S. Typhimurium 

infection. 
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In summary, two lines of evidence refuted the hypothesis that virulence factor-

induced inflammation in the small intestine increased glucose availability in the cecum by 

causing glucose malabsorption (Fig 2.2G and 2.2H). Instead, the most parsimonious 

explanation for our observations was that virulence factors triggered an unknown change 

in the cecal environment to stimulate pathogen growth. In turn, enhanced pathogen 

growth resulted in the depletion of simple sugars, such as glucose.  

 

Initial pathogen growth is not linked to compositional microbiota changes 

 

Having established that depletion of glucose is a consequence of pathogen 

expansion, we wanted to determine which virulence factor-induced changes in the host 

environment caused a rise in the absolute luminal abundance of S. Typhimurium three 

days after infection. Since virulence factors trigger colitis(13), we first wanted to determine 

whether this host response is already overt at three days after infection. S. Typhimurium 

infection increased transcript levels of genes encoding proinflammatory cytokines, 

including Il17a (Fig. 2.3A), Mip2 (Fig. 2.3B), Kc (Fig. 2.3C), and Lcn2 (Fig. 2.3D), in RNA 

isolated from the cecal mucosa three days after infection. Furthermore, blinded scoring 

of histological sections prepared from tissue samples collected from the cecum three days 

after S. Typhimurium infection revealed severe acute inflammatory changes (Fig. 2.3E 

and 2.3F). Notably, the severity of inflammatory changes was similar at three and ten 

days after infection. These data suggested that overt intestinal inflammation was already 

detectable at three days after S. Typhimurium infection.  
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Since intestinal inflammation is known to change the microbiota composition 

during S. Typhimurium infection(12, 13), we next investigated how compositional changes 

developed over time. To this end, we performed 16S ribosomal RNA amplicon sequencing 

(microbiota profiling) on fecal samples collected from mice before, and at days three, five, 

seven and ten after S. Typhimurium infection. Principle coordinate analysis suggested 

that compared to samples collected prior to infection, the microbiota composition became 

progressively more divergent at later time points after S. Typhimurium infection (Fig. 

2.4A). Comparing the distance between microbial communities using weighted unique 

fraction metric (UniFrac) revealed that the composition of the fecal microbiota in samples 

collected at days five, seven and ten after S. Typhimurium infection was significantly 

different from fecal microbial collected prior to infection (Fig. 2.4B). However, weighted 

UniFrac distance of the fecal microbiota collected at three days after S. Typhimurium 

infection was not significantly different from microbiota collected prior to infection.  

Consistent with a previous report(13), a significant reduction in the relative 

abundance of Clostridia species was observed 10 days after infection (Fig. 2.4C). 

Random forest analysis predicted that differences in the relative abundance of Clostridia 

were the largest predictor of variation between treatment groups (Fig. 2.4D). The number 

of amplicon sequence variants (ASVs) belonging to the class Clostridia that exhibited a 

reduced relative abundance increased progressively over time, with more than 200 

Clostridia ASVs showing a significant reduction 10 days after infection compared to pre-

infection samples (Fig. 2.4E). On the Clostridia family level, the most striking reduction in 

the relative abundance was observed for members of the families Lachnospiraceae and 

Oscillospiraceae at 10 days after infection (Fig. 2.4F). However, at three days after 
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infection, neither the relative abundance of Clostridia (Fig. 2.4C) nor the relative 

abundances of individual Clostridia families (Fig. 2.4F) were significantly reduced 

compared to the community composition prior to infection. In summary, microbiota 

profiling suggested that compared to pre-infection samples, statistically significant 

compositional changes were not observed three days after infection.  

 

Reactive nitrogen species impair microbiota metabolism to change the host 

environment.  

 

To investigate whether inflammation alters microbiota function three days after S. 

Typhimurium infection, we determined concentrations of short-chain fatty acids, the main 

fermentation products of the gut microbiota, in cecal contents using gas 

chromatography/mass spectrometry (GC/MS). Whereas the concentration of propionate 

in cecal contents of mice collected three days after S. Typhimurium infection did not 

change compared to cecal contents collected from mock-infected mice, acetate and 

butyrate levels were significantly higher in cecal contents of mock-infected mice (Fig. 

2.5A). S. Typhimurium did not deplete butyrate using anaerobic b-oxidation, because 

reduced cecal butyrate levels were still observed in mice three days after infection with a 

S. Typhimurium fadD ydiQRSTD mutant (Fig. 2.5B). Short-chain fatty acids are known to 

contribute to colonization resistance against S. Typhimurium by mediating a pH-

dependent growth inhibition of the pathogen(17, 31). To determine whether the observed 

reduction in short-chain fatty acid levels can accelerate growth of S. Typhimurium in vitro, 

feces from naïve CBA/J mice were diluted in saline containing short-chain fatty acids 
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levels that either resembled conditions encountered prior to infection (i.e., 40 mM acetate, 

3 mM propionate, and 7.5 mM butyrate) or conditions encountered 3 days after infection 

(i.e., 20 mM acetate, 3 mM propionate, and 2 mM butyrate). Fecal slurries were then 

sterile filtered, buffered to pH 5.8, inoculated with S. Typhimurium and cultured under 

microaerophilic conditions (1% oxygen) in a hypoxia chamber. Fecal slurries containing 

short-chain fatty acid levels that resembled conditions encountered 3 days after infection 

increased S. Typhimurium growth compared to fecal slurries containing short-chain fatty 

acid levels that resembled conditions encountered prior to infection (Fig. 2.5C). 

We next investigated whether S. Typhimurium-induced intestinal inflammation 

(Fig. 2.3) impairs microbiota metabolism to reduce concentrations of acetate and butyrate 

by three days after infection (Fig. 2.5A). Inhibition of nitric oxide production using the 

inducible nitric oxide (iNOS) inhibitor aminoguanidine, but not treatment with the NADPH 

oxidase inhibitor apocynin, restored acetate and butyrate levels three days after S. 

Typhimurium infection (Fig. 2.5D). Expression of Nos2, the gene encoding iNOS, was 

significantly elevated in the cecal mucosa by day three after S. Typhimurium infection 

(Fig. 2.5E). Compared to mock-treated mice, an increase in acetate and butyrate levels 

in aminoguanidine-treated mice (Fig. 2.5D) was associated with reduced numbers of S. 

Typhimurium recovered from the feces three days after infection (Fig. 2.5F), but this 

difference did not reach statistical significance. However, analysis of short-chain fatty acid 

levels from five independent experiments revealed that colonization levels of the S. 

Typhimurium wild type were inversely correlated to the cecal concentrations of butyrate 

(P = 0.011) and acetate (P = 0.014) (Fig. 2.5G). Concentrations of butyrate and acetate 

explained only a fraction of the changes in S. Typhimurium colonization levels (i.e., the 
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R2 values were 0.108 and 0.101, respectively), which suggested that mechanisms in 

addition to reduced short-chain fatty acid levels might contribute to a more efficient 

utilization of glucose by the pathogen. 

 

CydAB-mediated respiration fuels pathogen growth three days after infection.  

 

 We initially considered that nitric oxide resistance of S. Typhimurium may provide 

the pathogen with an advantage over nitric oxide sensitive obligately anaerobic bacteria 

(Table S1). To test this idea, we constructed mutations in S. Typhimurium genes 

implicated in mediating resistance against nitric oxide, including hmpA, norVW, and 

cydAB(32-34). Neither inactivation of hmpA nor deletion of norVW reduced the numbers 

of S. Typhimurium recovered from feces three days after infection (Fig. 2.6A and 2.6B). 

In contrast, inactivation of cydAB markedly reduced the fitness of S. Typhimurium three 

days after infection (Fig. 2.6C). However, inactivation of cydAB did not markedly change 

the minimal inhibitory concentration of S. Typhimurium against nitric oxide released by 

diethethylenetriamine NONOate during anaerobic growth in vitro (Table 2.S1).  

The cydAB genes encode cytochrome bd oxidase, which promotes aerobic 

respiration under microaerophilic conditions. We reasoned that instead of mediating nitric 

oxide resistance, cytochrome bd oxidase might promote growth by respiring oxygen. An 

inverse correlation of S. Typhimurium colonization levels with concentrations of acetate 

and butyrate (Fig, 2.5G) also pointed to a possible elevation of epithelial oxygenation, 

because short-chain fatty acids maintain epithelial hypoxia(18). To determine whether 

epithelial oxygenation is already elevated at three days after S. Typhimurium infection to 

increase oxygen availability in the lumen, we visualized epithelial oxygenation with 
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pimonidazole, a 2-nitroimidazole that is reductively activated specifically in hypoxic cells 

(< 1% oxygen)(35, 36). Anaerobiosis in the intestinal lumen is maintained by epithelial 

hypoxia(18), which was eliminated at three days after S. Typhimurium infection (Fig. 2.6D 

and 2.6E).  

Short-chain fatty acids help uphold epithelial hypoxia(18, 37) by maintaining the 

regulatory T cell pool in the colonic mucosa(38-41), and because butyrate stimulates 

epithelial peroxisome proliferator-activated receptor gamma (PPAR-γ) signaling to 

activate mitochondrial oxygen consumption(18). Epithelial hypoxia can be lost when 

short-chain fatty acids are depleted(18, 37), or when epithelial injury during inflammation 

stimulates regenerative hyperplasia(42-44), which leads to reduced mitochondrial oxygen 

consumption in the intestinal epithelium. To determine whether a loss of epithelial hypoxia 

three days after S. Typhimurium infection involved a shift in epithelial energy 

metabolism(45), we determined transcript levels the PPAR-γ regulated gene Angptl4, the 

gene encoding PPAR-γ coactivator (PGC)-1alpha (Pgc1a), and genes encoding 

components of the electron transport chain, including Ndufs1, Ndufv1, Uqcr, cox1, and 

Atp5g1, in preparations of epithelial cells isolated from cecal tissue three days after 

infection with S. Typhimurium or mock infection. Transcript levels of Angptl4, Pgc1a, 

Ndufs1, Ndufv1, Uqcr, cox1, and Atp5g1 were significantly reduced in RNA isolated from 

cecal epithelial cells three days after S. Typhimurium infection compared to mock 

infection, suggesting that an increased oxygen bioavailability in the intestinal lumen (Fig. 

2.6C) was linked to reduced epithelial mitochondrial activity associated with reduced 

epithelial PPAR-γ signaling (Fig 2.6F).  
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The picture emerging from this work is that an expansion of S. Typhimurium in the 

feces three days after infection (Fig. 2.1A) depends on catabolism of simple sugars (Fig. 

2.1D, 2.2A and 2.S1C), which is fueled by a combination of mixed acid fermentation (Fig. 

2.1F and 2.1G) and respiration of oxygen (Fig. 2.6C), which becomes available when 

epithelial hypoxia diminishes (Fig. 2.6D and 2.6E).  
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Discussion 
 

Based on the idea that the microbiome is composed of the microbiota and their 

genes(46), dysbiosis is commonly defined as a compositional change, including an 

absence of beneficial microbes, the presence of potentially harmful microorganisms, or a 

decrease in microbial diversity(47). This viewpoint focuses research on establishing links 

between compositional and functional changes in the gut microbiota(47). However, a 

weakening of a canonical microbiome function (i.e., colonization resistance) became 

apparent three days after S. Typhimurium infection, when significant compositional 

changes were absent. An alternative idea is that the microbiome comprises the microbiota 

and their host environment(48, 49). Our observation is better compatible with this 

alternative definition and its correlate that dysbiosis represents a change in the host 

environment(50, 51). Changes in the host environment were notable three days after S. 

Typhimurium infection, which included overt intestinal inflammation, elevated epithelial 

oxygenation, and a significant drop in the luminal concentrations of acetate and butyrate, 

which is considered a biomarker of dysbiosis(52). These changes in the host environment 

three days after S. Typhimurium infection were accompanied by enhanced pathogen 

growth, indicative of impaired colonization resistance, even though significant changes in 

the microbiota composition were still absent. Thus, S. Typhimurium can overcome 

colonization resistance by triggering changes in the host environment through metabolic 

reprogramming of the epithelium before changes in the microbiota composition become 

apparent. These data suggest that virulence factors break colonization resistance by 

acting on the host to increase oxygen availability, whereas changes in the microbiota 

composition at later stages of infection are secondary sequelae. 
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Short-chain fatty acids are the main metabolites produced by the gut microbiota 

through fermentation of carbohydrates. Production of acetate and butyrate by obligately 

anaerobic bacteria hinges upon acetyl-CoA production by pyruvate:ferredoxin 

oxidoreductase, an enzyme that is inhibited when the non-heme iron in its catalytic site 

reacts with nitric oxide(53, 54). Thus, a possible explanation for reduced levels of acetate 

and butyrate three days after S. Typhimurium infection is that nitric oxide inhibits enzymes 

involved in acetyl-CoA production by obligately anaerobic bacteria.  

Pathogen growth correlated with a reduced concentration of several simple sugars 

in the cecal metabolome three days after S. Typhimurium infection. One possible 

explanation for this correlation was that the pathogen catabolized simple sugars to 

increase its luminal abundance. Notably, the relative abundance of glucose in the cecal 

metabolome was higher than that of most other simple sugars but was significantly 

reduced three days after S. Typhimurium infection. Glucose is a preferred carbon source 

of S. Typhimurium, which controls utilization of alternative carbon sources by catabolite 

repression(55, 56). A S. Typhimurium mutant deficient for glucose fermentation no longer 

reduced cecal glucose concentrations during infection, which causatively linked 

catabolism of glucose by S. Typhimurium to a depletion of this sugar in cecal contents 

three days after infection. Furthermore, the ability to catabolize glucose was required for 

pathogen growth three days after infection. Collectively, these data suggest that depletion 

of glucose from cecal contents three days after S. Typhimurium infection was a 

consequence of the pathogen using this carbon source to increase its abundance in the 

intestinal lumen.  
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The fermentative catabolism of simple carbohydrates by S. Typhimurium 

converges on a pathway known as mixed acid fermentation(21). Increased recovery of S. 

Typhimurium from feces three days after infection was dependent on the energy 

producing branches of mixed acid fermentation, which provided experimental support for 

the idea that sugar fermentation fueled luminal growth of the pathogen. In addition, 

cydAB-mediated aerobic respiration contributed to pathogen growth three days after 

infection. Sugar catabolism in E. coli and S. Typhimurium is known to involve a 

combination of mixed acid fermentation and aerobic respiration, except under extreme 

circumstances. Complete conversion of glucose into carbon dioxide only proceeds under 

atmospheric oxygen levels (i.e., 21% O2) when culture flasks are vigorously agitated to 

improve the transfer of oxygen from gas to liquid(57). As oxygen availability is reduced 

below this level, the amount of acetate produced from glucose increases and reaches its 

maximum under anaerobic conditions(57). Epithelial hypoxia maintains the oxygen 

concentration in the murine cecum at approximately 0.6% O2(58), which is close to 

anaerobiosis(57). When epithelial hypoxia is lost, oxygen levels in the cecal lumen can 

rise to tissue levels, which is approximately 4% O2 in the cecal mucosa(58). In this 

environment, glucose is expected to be catabolized by a combination of aerobic 

respiration and mixed acid fermentation(57), with oxygen being the main factor 

determining whether growth of the pathogen is accelerated.  

The picture emerging from this study and previous work is that in mice with an 

intact microbiota, S. Typhimurium uses its virulence factors to break colonization 

resistance by triggering changes in the host environment prior to changing the microbiota 

composition. These changes in the host environment trigger an initial bloom of the 
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pathogen, which is driven by catabolism of simple sugars, such as glucose, through a 

combination of aerobic respiration and mixed acid fermentation. We show that the initial 

growth on oxygen involves cytochrome bd oxidase. However, by day ten after infection, 

pathogen growth also depends on cytochrome bd II oxidase-dependent respiration of 

oxygen, respiration of nitrate and respiration of tetrathionate(13, 59). The environmental 

cues responsible for this change in the utilization of respiratory reductases remain 

unknown. The desired outcome might be an optimal utilization of growth-limiting 

resources, such as respiratory electron acceptors, to ensure that S. Typhimurium is 

continuously shed in high numbers with the feces, which in turn is required for fecal oral 

transmission of the pathogen(13, 60). 
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Figures 
 

 

Figure 2.1: An initial rise in the absolute S. Typhimurium abundance is driven by 

mixed acid fermentation in mice with an intact microbiota.  

(A) Groups (n = 8) of antibiotic-naïve, genetically resistant (CBA/J) mice were infected 

with 109 colony-forming units (CFU) of the S. Typhimurium wild type (WT) or an avirulent 

invA spiB mutant and the recovery of CFU from feces was recorded over time. To compare 

these data with findings from the mouse colitis model, CBA/J mice were pretreated with 

a single dose of streptomycin (20 mg/animal) and infected one day later with 109 CFU of 

the S. Typhimurium wild type. Solid lines indicate the geometric mean. Dotted lines 

indicate the geometric standard deviation. (B and E-G) CBA/J mice were infected with a 

1:1 mixture of the indicated strains. The graphs show CFU of the S. Typhimurium WT and 

the respective mutant recovered from feces at the indicated days after infection (Days 

p.i.). WT and mutant CFU recovered from the same animal are connected by dotted lines. 
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The competitive index (CI) determined for each time point is the ratio of wild type to mutant 

bacteria. (B) Mice were infected with WT and a napA narZ narG cyxA mutant. (C and D) 

CBA/J mice were mock infected or infected with 109 CFU of the S. Typhimurium WT. 

Cecal contents were collected three days after infection (Day 3 p.i.) or four days after 

infection (Day 4 p.i.) for untargeted metabolomics analysis. (C) Principal component 

analysis of the cecal metabolome in the indicated groups of mice. (D) Volcano plot of 

metabolites with carbohydrates colored in yellow. (E) Mice were infected with the S. 

Typhimurium WT and a frdABCD mutant. (F) Mice were infected with the S. Typhimurium 

WT and an ackA pta mutant. (G) Mice were infected with the S. Typhimurium WT and an 

adhE mutant. (B, C and E-G) Each dot represents data from one animal (n). *, P < 0.05; 

**, P < 0.01; *****, P < 0.001; ns, P > 0.05. 
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Figure 2.2: S. Typhimurium depletes cecal glucose by catabolizing the sugar to 

increase absolute pathogen abundance in the feces.  

(A) Antibiotic-naïve, genetically resistant (CBA/J) mice were infected with a 1:1 mixture of 

the S. Typhimurium wild type (WT) and a mutant unable to catabolize glucose (ptsG glk 

manXYZ mutant). The graph shows colony-forming units (CFU) of each strain recovered 

from feces at the indicated days after infection (Days p.i.). WT and ptsG glk manXYZ 

mutant CFU recovered from the same animal are connected by dotted lines. The 

competitive index (CI) determined for each time point is the ratio of wild type to mutant 

bacteria. (B-D) CBA/J mice were mock infected or infected with the S. Typhimurium WT 

and ileal epithelial cells were collected three days later to isolate mRNA. Fold changes in 

transcript levels of Lcn2 (B), Sglt1 (C), and Glut2 (D) were determined by quantitative 

real-time PCR. (E and F) CBA/J mice were mock infected (n = 16) or infected with the S. 

Typhimurium WT (n = 15) and received a bolus of glucose three days later. (E) Blood 

glucose levels were measured after the indicated time points after receiving the bolus of 
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glucose (glucose tolerance test). Data is from two independent experiments. (F) The 

graph shows the area under the curve of the glucose tolerance test. (G) Groups (n =8) of 

CBA/J mice were infected with an avirulent S. Typhimurium strain (invA spiB mutant). Two 

days after infection, mice were mock-treated or treated with sotagliflozin, followed 30 

minutes later by feeding a bolus of glucose. The graph shows recovery of the S. 

Typhimurium invA spiB mutant from the feces at the indicated time points after infection. 

(H and I) CBA/J mice were mock infected or infected with the indicated S. Typhimurium 

strains. Data is from two independent experiments. (H) Concentrations of glucose in cecal 

contents was measured three days after infection. (I) CFU in feces were determined three 

days after infection (B-D, F, H and I) The graphs show geometric means ± geometric 

standard deviation. (E and G) Solid lines indicate the geometric mean. Dotted lines 

indicate the geometric standard deviation. Each symbol represents data from one animal. 

(A-D, F, H and I) Each dot represents data from one animal (n). *, P < 0.05; **, P < 0.01; 

*****, P < 0.001; ****, P < 0.0001; ns, P > 0.05. 
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Figure 2.3: Intestinal inflammation elicited during S. Typhimurium infection.  

Antibiotic-naïve, genetically resistant (CBA/J) mice were mock infected or infected with 

the S. Typhimurium wild type (WT) and the cecum was collected at the indicated time 

points to assess the severity of intestinal inflammation. Each dot (A-D) or bar (E) 

represents data from one animal (n). (A-D) RNA was extracted from cecal tissue and 

transcript levels of genetic markers of inflammation, including Il17a (A), Mip2 (B), Kc (C), 

and Lcn2 (D), were determined by quantitative real time PCR. Transcript levels are 

expressed as fold-changes compared to transcript levels detected in mock-infected 

animals. The graphs show geometric means ± geometric standard deviation.  (E and F) 

Hematoxylin and eosin-stained histological sections from the cecum were blinded and 

analyzed by a veterinary pathologist. (E) Histopathology score for each animal (bars). (F) 

Representative images are shown. *, P < 0.05; **, P < 0.01; ***, P < 0.005; ns, P > 0.05. 
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Figure 2.4: Kinetics of compositional changes in the fecal microbiota during S. 

Typhimurium infection. 

Groups of antibiotic-naïve, genetically resistant (CBA/J) mice were infected with the S. 

Typhimurium wild type and fecal samples were collected for DNA extraction at the 

indicated time points. (day 0: n = 12; day 3: n = 10; day 5: n = 9; day 7: n = 8; day 10: n 

= 8) (A) PCoA plot showing variation of the mouse fecal microbiota composition by 

treatment group. Each dot represents data from one animal. (B) Comparison of distances 

between samples collected at the indicated time points after infection using weighted 

unique fraction metric (UniFrac). (C) Relative abundance of Clostridia ASVs detected from 

feces collected at the indicated time points after infection. (D) Identification of predictors 

of variation between samples on the class level using random forest analysis. (E) Bar plot 

displaying the number of significantly increased and decreased ASVs by class in feces 

collected three days after infection (top panel) or 10 days after infection (bottom panel) 

compared to feces collected prior to infection (FDR corrected P value =< 0.05). (F) 

Relative abundance of ASVs belonging to the indicated Clostridia families in feces 
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collected at the indicated time points after infection. (B, C, and F) The box plots represent 

the first to third quartiles, and the line indicates the median value. *, P < 0.05; **, P < 0.01; 

ns, P > 0.05. 
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Figure 2.5: Reactive nitrogen species reduce concentrations of microbiota-derived 

acetate and butyrate three days after infection with S. Typhimurium.  

(A, B, D-F) Antibiotic-naïve, genetically resistant (CBA/J) mice were mock infected (A and 

E), infected with the S. Typhimurium wild type (WT) (A, B, D-F), or infected with a S. 

Typhimurium fadD ydiQRSTD mutant (B) and cecal contents were collected at the 

indicated time points after infection. (A, B, and D) The graph shows the geometric mean 

concentration (bars) of the indicated short-chain fatty acids ± geometric standard 

deviation. (C) Growth of S. Typhimurium in fecal slurries containing short-chain fatty acid 

concentrations resembling conditions encountered prior to infection or 3 days after S. 

Typhimurium infection was monitored by measuring the optical density at 600 nm (OD600) 

over time. Solid lines indicate the geometric mean of n = 4 repeats. Dotted lines indicate 

the geometric standard deviation. (D and F) Mice received regular drinking water 

(treatment: mock), or drinking water supplemented with 80 µg/mL apocynin (Apo) or 1 

mg/mL aminoguanidine (Amino). (E) RNA was extracted from cecal tissue and transcript 
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levels of Nos2 was determined by quantitative real time PCR. Transcript levels are 

expressed as fold-changes compared to transcript levels detected in mock-infected 

animals. The graphs show geometric means ± geometric standard deviation. (F) The 

graph shows the geometric mean of colony-forming units (CFU) recovered from feces of 

mice at the indicated time points after infection ± geometric standard deviation. (G) The 

relationship between S. Typhimurium wild type CFUs and the indicated cecal short-chain 

fatty acid levels at day 3 after infection were assessed by analyzing data from five 

independent experiments. (A, B, and D-G) Each symbol represents data from one animal 

and indicates n.  *, P < 0.05; **, P < 0.01; ***, P < 0.001; ****, P < 0.0001; ns, P > 0.05. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 120 

 

Figure 2.6: Loss of epithelial hypoxia drives cydAB mediated growth at 3 days after 

S. Typhimurium infection. 

(A - C) CBA/J mice were infected with a 1:1 mixture of the indicated strains. The graphs 

show CFU of the S. Typhimurium WT and the respective mutant recovered from feces 

at the indicated days after infection (days p.i.). WT and mutant CFU recovered from the 

same animal are connected by dotted lines. The competitive index (CI) determined for 

each time point is the ratio of wild type to mutant bacteria. (D and E) CBA/J mice were 

mock infected or infected with the S. Typhimurium wild type (WT) and the cecum was 

collected three days later. One hour before euthanasia, mice were injected with 

pimonidazole HCl. (D) Binding of pimonidazole was detected using hypoxyprobe-1 

primary antibody and a Cy-3 conjugated goat anti-mouse secondary antibody (red 

fluorescence) in histological sections from the cecum that were counterstained with 

DAPI nuclear stain (blue fluorescence). Representative images are shown with 100 µm 

scale bars. (E) Pimonidazole staining was quantified by measuring mean pixel 

intensities from the lumen to the border of the colonocytes, and into the tissue. The 
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graph shows the peak pixel intensity for each mouse (symbols) and the mean peak 

intensity for each group (bars) ± standard deviation. (F) CBA/J mice were mock infected 

or infected with the S. Typhimurium WT and cecal epithelial cells were collected three 

days later to isolate mRNA. Fold changes in transcript levels of the Angptl4, Pgc1a, 

Ndufs1, Ndufv1, Atp5g1, cox1, and Uqcr genes were determined by quantitative real-

time PCR. (A-C, and E-F) Each symbol represents data from one animal and indicates 

n. *, P < 0.05; **, P < 0.01; ***, P < 0.001; ****, P < 0.0001; ns, P > 0.05. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 122 

Star Methods 
 
Key Resources Table 
 
REAGENT or RESOURCE SOURCE IDENTIFIER 
Antibodies 
Mouse anti-pimonidazole monoclonal antibody MAb1 Hypoxyprobe Hypoxyprobe™-1 

Kit, HP1-1000, 

RRID: AB_2801307  

 
Cyanine3-labeled goat anti-mouse IgG Jackson 

ImmunoResearch 
Cat# 115-165-003 

RRID: AB_2338680  
Bacterial and virus strains  
For bacterial strains used in this study see Table S2   
Biological samples 
   
Chemicals, peptides, and recombinant proteins 
4’-hydroxy-3’-methoxyacetophenone (apocynin) Sigma Aldrich Cat#: A10809 
Aminoguanidine hydrochloride TCI America Cat#: A1129 
Anhydrous pyridine Sigma Aldrich Cat#: 270970 
N-tert-butyldimethylsilyl-N-methyltrifluoroacetamide with 
1% tert-butyldimethylchlorosilate 

Sigma Aldrich Cat#: 375934 

Lidocaine 2.5% and Prilocaine 2.5% Cream  Akorn Cat#: 50383-667-30 
Diethylenetriamine Thermo Fisher 

Scientific 
Cat#: 114312500 

Diethylenetriamne NONOate Cayman Chemical Cat#: 82120 
Dextrose 50% Vetone Cat#: 13985-067-00 
Sotagliflozin Cayman Chemical 

Company 
Cat#: 19141 

Tween 80 Thermo Fisher 
Scientific 

Cat#: BP338-500 

Difco LB Agar BD Biosciences Cat#: 244510 
Difco LB Broth BD Biosciences Cat#: 244620 
Difco Agar, Bacteriological BD Biosciences Cat#: 214530 
Gifu Anaerobic Media HiMedia Cat#: M1801 
Acetic-2,2,2-d3 acid  C/D/N Isotopes Cat#: D-0290 
Sodium Propionate-d5 C/D/N Isotopes Cat#: D-5378 
Sodium Butyrate-d7  C/D/N Isotopes Cat#: D-5372 
Streptomycin sulfate, Streptomyces sp. Merck Millipore Cat#: 5711 
Pimonidazole hydrochloride Hydroxyprobe Cat#: HP 
Immuno-Mount Epredia Cat#: 9990402 
Critical commercial assays 
Glucose Assay Kit Abcam Cat#: ab65333 
QIAquick PCR Purification Kit Qiagen Cat#: 28106 
QIAprep Spin Miniprep Kit Qiagen Cat#: 27106 
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DNeasy Poweroil Kit Qiagen Cat#: 12888 
NEBuilder HiFi DNA Assembly Master Mix New England Biolabs Cat#: E2621L 
Q5 Hot Start High-Fidelity 2X Master Mix New England Biolabs Cat#: M0493L 
SYBR Green PCR Master Mix Applied Biosciences Cat#: 4309155 
TRI Reagent Molecular Research 

Center 
Cat#: TR118 

PureLink DNase Invitrogen Cat#: 12185010 
EconoSpin Spin Column for RNA Epoch Life Science Cat#: 1940-250 
UltraPure Distilled Water Invitrogen Cat#: 10977-015 
MultiScribe Reverse Transcriptase Applied Biosystems Cat#: 4311235 
RNase Inhibitor Applied Biosystems Cat#: N8080119 
Random Hexamers Invitrogen Cat#: N8080127 
Lysing Matrix C 2 mL Tubes MP Biomedicals Cat#: 6912050 
KAPA2G Robust HotStart PCR Kit Kapa Biossytems Cat#: KK5522 
AMPure XP SPRI Reagent Beckman Coulter Cat#: A63880 
Qubit dsDNA High Sensitivity Quantification Kit Invitrogen Cat#: Q32851 
Qubit 2.0 Fluorometer Invtirogen Cat#: Q32866 
Microcon-10kDa Centrifugal Filter Unit Merck Millipore Cat#: MRCPRT010 
True Metrix Self Monitoring Blood Glucose System 
Meter Kit 

McKesson Cat#: 06-RE4051-43 

True Metrix Self Monitoring Blood Glucose Test Strips McKesson Cat#: 06-R3051-45 
Wizard Genomic DNA Purification Kit Promega Cat#: A1120 
Deposited data 
16S rRNA Gene amplicon sequencing data This Study BioProject 

Accession #: 
PRJNA1037532 

Normalized metabolite spectra data 
 

This Study See Supplementary 
File 1 for NIH 
Metabolomics 
Database sample 
identifiers 

Experimental models: Cell lines 
   
Experimental models: Organisms/strains 
Mus musculus CBAJ Jackson Labs Cat#: 000656 
Mus musculus C57BL/6J Jackson Labs Cat#: 000664 
Oligonucleotides 
For PCR primers used in this study see Table S3   
For qRT-PCR primers used in this study see Table S4   
Recombinant DNA 
For plasmids used in this study see Table S2   
Software and algorithms 
NEBuilder Assembly Tool New England Biolabs https://nebuilder.neb.

com/#!/ 
Prism v9.5.1 GraphPad Software https://www.graphpa

d.com 
Benchling 2023  Benchling https://benchling.co

m 
Microsoft Excel 2015 Microsoft  
QuantStudio Real-Time PCR System v1.3 Applied Biosystems  
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omu (61) https://cran.r-
project.org/web/pack
ages/omu/ 

omuShiny  https://clostridia-
enjoyer.shinyapps.io
/omuShiny/ 

QIIME 1.8 (62) http://qiime.org 
Trimmomatic (63) http://www.usadellab

.org/cms/index.php?
page=trimmomatic 

dada2 (64) https://benjjneb.githu
b.io/dada2/ 

Phyloseq (65) https://joey711.githu
b.io/phyloseq/ 

RStudio v2022.7.2.576  http://www.rstudio.co
m/ 

msa (66) https://www.bioinf.jk
u.at/software/msa/ 

phangorn (67) https://cran.r-
project.org/web/pack
ages/phangorn/index
.html 

vegan 
 

 https://cran.r-
project.org/web/pack
ages/vegan/index.ht
ml 

ggplot2 
 

(68) https://ggplot2.tidyve
rse.org. 

deseq2 
 

(69) https://www.biocond
uctor.org/packages/r
elease/bioc/html/DE
Seq2.html 

AxioVision v4.8.1 Zeiss  
ImageJ NIH (70) 
rstatix Alboukadel 

Kassambara 
https://rpkgs.datanov
ia.com/rstatix/ 

Other 
Vortex Genie 2 Scientific Industries Cat#: SI-0236 
Horizontal Microtube Holder Scientific Industries Cat#: SI-HP524 
Mini-beadbeater-16 Biospec Products Cat#: 607 
ViiA 7 Real-Time PCR System Applied Biosystems  
8890 Gas Chromatograph System Agilent  
7000D Triple Quadrupole Mass Spectrometer Agilent  
2100 Bioanalyzer Agilent  
MiSeq System Illumina  
O2 Control In Vitro Glove Box (hypoxia chamber) Coy Laboratories  
Victor Nivo Multimode Microplate Reader Perkin Elmer Cat#: HH35000500 

 

 

 

https://clostridia-enjoyer.shinyapps.io/omuShiny/
https://clostridia-enjoyer.shinyapps.io/omuShiny/
https://ggplot2.tidyverse.org/
https://ggplot2.tidyverse.org/
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Resource Availability 

 

Lead Contact 

Further information and requests for resources and reagents should be directed to and 

will be fulfilled by the Lead Contact, Andreas J. Bäumler (ajbaumler@ucdavis.edu).  

 

Materials Availability 

 

Any unique materials generated in this study are available upon request from the Lead 

Contact. 

 

 

Data and Code Availability 

 

• Raw 16S rRNA amplicon sequencing is available under the BioProject accession 

number PRJNA1037532 through the NCBI BioProject database 

(https://www.ncbi.nlm.nih.gov/bioproject/).  

• Source code for omuShiny can be found at https://github.com/connor-reid-

tiffany/omuShiny, while the web app can be found at  https://clostridia-

enjoyer.shinyapps.io/omuShiny/. 

 

 

https://www.ncbi.nlm.nih.gov/bioproject/
https://github.com/connor-reid-tiffany/omuShiny
https://github.com/connor-reid-tiffany/omuShiny
https://github.com/connor-reid-tiffany/omuShiny
https://github.com/connor-reid-tiffany/omuShiny
https://github.com/connor-reid-tiffany/omuShiny
https://github.com/connor-reid-tiffany/omuShiny
https://github.com/connor-reid-tiffany/omuShiny
https://clostridia-enjoyer.shinyapps.io/omuShiny/
https://clostridia-enjoyer.shinyapps.io/omuShiny/
https://clostridia-enjoyer.shinyapps.io/omuShiny/
https://clostridia-enjoyer.shinyapps.io/omuShiny/
https://clostridia-enjoyer.shinyapps.io/omuShiny/
https://clostridia-enjoyer.shinyapps.io/omuShiny/
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Experimental Models and Subject Details 

 

Animal Experiments 

 

All experiments involving animals were approved by the Institutional Animal Care 

and Use Committee at the University of California, Davis. Upon arrival, 6-8 week-old male 

and female mice were randomly distributed into individually ventilated cages of four 

animals per cage, separated by sex. Animals were left undisturbed for at least a week to 

allow for acclimation to the vivarium. Mice were maintained on 5058 - PicoLab Mouse 

Diet 20 (LabDiet), an irradiated diet containing 20% protein and 9% fat. Rooms housing 

animals maintained a 12-hour light/dark cycle with lights on at 07:00 and off at 19:00. 70% 

ethanol was used to disinfect gloves and work surfaces between the handling of 

experimental groups. Clean, but not sterile, paper towels were used for the collection of 

freshly voided fecal pellets.  

 Streptomycin pre-treatment of C57BL/6J mice (Jackson Laboratories, Bar Harbor, 

ME) was performed 24 hours prior to S. Typhimurium infection by delivering 20 mg of 

streptomycin in 0.1 mL of sterile H2O intragastrically. All S. Typhimurium infections were 

performed by delivering 1 × 109 CFU/mouse in 0.1 mL of LB broth intragastrically. The 

inoculum for single infections contained 1 × 1010 CFU/mL of a single strain of S. 

Typhimurium, while inoculums for competitive infections contained a 1:1 mixture of two 

strains of S. Typhimurium at a final concentration of 1 × 1010 CFU/mL. Mock infections 

were performed by delivering 0.1 mL of sterile LB by broth intragastrically. Freshly voided 
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fecal pellets were collected from Mock or S. Typhimurium-infected mice once daily 

beginning one day after infection and continuing until the animals were euthanized.  

S. Typhimurium burden in the feces was determined by collecting freshly voided 

fecal pellets in 1.5 mL centrifuge tubes containing phosphate-buffered saline (PBS). 

Feces was kept on ice before being homogenized using a Vortex Genie 2 (Scientific 

Industries) equipped with a horizontal microtube holder (Scientific Industries). 

Homogenization was carried out at the maximum vortex intensity for 5 minutes or until 

complete homogenization of fecal pellets was achieved. S. Typhimurium in feces was 

enumerated by plating tenfold dilutions of fecal homogenate on LB agar (BD Biosciences) 

containing the appropriate antibiotics for selection. Antibiotic resistance profiles can be 

found in Table S2. Plates were incubated overnight at 37°C under atmospheric 

conditions. Competitive indices of competitive infections were calculated by enumerating 

wildtype and mutant S. Typhimurium, determining the ratio in the feces, and then dividing 

by the input ratio determined in the inoculum. 

Oral glucose tolerance testing (oGTT) was performed on mock-infected or S. 

Typhimurium-infected mice at day 3 after infection. Mice were moved to fresh cages with 

water but without access to food at 07:00 to normalize baseline blood glucose 

concentrations by fasting. Mice were moved to fresh, individual cages without water at 6 

hours after fasting (13:00) for the oGTT. A cream of 2.5% lidocaine and 2.5% prilocaine 

was administered to tail tips to minimize pain and discomfort before 1-2 mm of the tail tip 

was removed for blood collection. Baseline blood glucose measurements were performed 

before mice were given a bolus of 200 mg/mL glucose solution intragastrically at a dose 

equal to 2 g/kg body weight. Blood glucose measurements were performed at 15, 30, 60, 
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90, and 120 minutes after glucose bolus. Blood glucose measurements were performed 

in triplicate for each mouse at each timepoint by collecting blood from tail tips and using 

True Metrix Self Monitoring Blood Glucose System meters and test strips (McKesson, 

Richmond, VA) to quantify blood glucose concentrations.  

The sodium-glucose co-transporter 1 and 2 (SGLT1 and SGLT2) inhibitor 

sotagliflozin was used to induce experimental glucose malabsorption in mice infected with 

an avirulent S. Typhimurium invA spiB mutant. Sotagliflozin was resuspended at a 

concentration of 7.5 mg/mL in a vehicle of 0.1% Tween 80. At 18:00 on day 2 after 

infection, mice were administered the sotagliflozin solution or vehicle only at a dose of 60 

mg/kg by intragastric gavage. All mice received a bolus of 200 mg/mL glucose solution 

30 minutes later by intragastric gavage at a dose of 2 g/kg body weight. 

Aminoguanidine hydrochloride was administered in the drinking water to inhibit the 

activity of nitric oxide synthase. Aminoguanidine hydrochloride was dissolved in water to 

achieve a working concentration of 1 mg/mL. Apocynin (4’-hydroxy-3’-

methoxyacetophenone) was administered in the drinking water to inhibit the activity of 

NADPH oxidase. Apocynin was first dissolved in 100% ethanol before further dilution in 

water to achieve a working concentration of 80 µg/mL apocynin. Water containing 

aminoguanidine hydrochloride or apocycnin was filter sterilized 0.2 µm vacuum filters. 

Mice received these drinking water solutions in water bottles ad libitum starting 3 days 

prior to infection with Wild type S. Typhimurium, and these treatments continued until the 

terminal timepoint of the experiment (day 3 after infection). Drinking water solutions were 

replaced every day with freshly made solutions. 
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Pimonidazole hydrochloride (PMDZ) was dissolved in DMSO to 100 mg/mL before 

further dilution in sterile PBS. 30-90 minutes prior to necropsy, this PMDZ solution was 

administered to mice by intraperitoneal injection at a dose of 100 mg/kg.  

 

Bacterial Strains and Culture Conditions 

 

E. coli and S. Typhimurium strains used in this study are listed in Table S2. E. coli 

and S. Typhimurium strains were cultured in Luria-Bertani (LB) broth (LB, BD 

Biosciences) or on LB plates unless otherwise indicated. Incubation of broth cultures and 

plates was carried out under atmospheric conditions at 37°C for at 16-20 hours. Agar 

plates and liquid media were supplemented with antibiotics used at the following 

concentrations when required: carbenicillin (Carb), 100 µg/mL; chloramphenicol (Cm), 30 

µg/mL; kanamycin (Kan), 100 µg/mL. 

 

Method Details 

 

Construction of suicide vectors for allelic exchange 

 

All plasmids used for targeted mutagenesis of S. Typhimurium by allelic exchange 

were generated using the suicide vector pRE112 as the backbone(71). To generate 

plasmids for targeted mutagenesis of specific S. Typhimurium genes, DNA fragments 

containing ~500 bp of the upstream and downstream regions of the target genes were 

seamlessly assembled into pRE112. The NEBuilder Assembly Tool (New England 
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Biolabs) web application was used to generate primers used for the amplification of the 

upstream and downstream regions of the target genes by PCR. The sequence of pRE112 

was used as the vector backbone with the linearization method being specified as PCR 

amplification by the primers pRE_linear_F and pRE_linear_R listed in Table S3. The 

upstream and downstream regions were specified as separate fragments. The following 

settings were used for primer design by NEBuilder Assembly Tool (New England Biolabs): 

Product/Kit = #E2621 NEBuilder HiFi DNA Assembly Master Mix, Minimum Overlap = 20 

nt, Minimum Overlap Tm = 48°C, Circularize = Yes, PCR Polymerase/Kit Q5 Hot Start 

High-Fidelity 2X Master Mix, PCR Primer Conc. = 500 nM, Min. Primer Length = 18 nt. 

Resulting primer sets used for the amplification of upstream and downstream regions of 

target genes are listed in Table S3. DNA fragments used in the assembly of suicide 

vectors were generated by PCR amplification from purified pRE112 or S. Typhimurium 

genomic DNA using Q5 Hot Start High-Fidelity 2X Master Mix (New England Biolabs). 

DNA assembly was performed using NEBuilder HiFi DNA Assembly Master Mix (New 

England Biolabs). Resulting plasmid assemblies were transformed into E. coli DH5a lpir 

and confirmed by Sanger sequencing using the primers pRE_chk_F and pRE_chk_R 

listed in Table S3.  

 

Generation of S. Typhimurium mutants by allelic exchange 

 

Purified suicide vectors were transformed into the donor E. coli strain S17-1 lpir 

and introduced into the genome of S. Typhimurium AJB715 by conjugation. Chromosomal 

integration of the vector by the first crossover event was selected for by plating on Cm 
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and Kan. Resulting merodiploid clones were cultured overnight in LB broth without Cm to 

allow for a second crossover event, and sucrose selection was used to identify clones 

lacking the suicide vector(72). 

 

Fecal slurry growth assay 

 

Freshly voided fecal pellets were collected from CBA/J mice and stored at -80°C before 

further processing. Fecal pellets from 8 male and 8 female mice were pooled together 

and resuspended to a concentration of 125 mg/mL in an aqueous solution of 50 mM 2-

(N-morpholino)ethanesulfonic acid (MES) and 0.9 % NaCl. The fecal suspension was 

homogenized at room temperature for 10 minutes using a Vortex Genie 2 (Scientific 

Industries) at the maximum setting. The fecal suspension was centrifuged at 10,000 x g 

for 5 minutes to pellet particulate matter and the resulting supernatant was split into two 

equal volumes of 4 mL each. One volume was combined with 4 mL of an aqueous solution 

containing 50 mM 2-(N-morpholino)ethanesulfonic acid (MES), 0.9 % NaCl, 80 mM 

sodium acetate, 6 mM sodium propionate, and 15 mM sodium butyrate. The final 

concentration of short-chain fatty acids in this fecal homogenate was 40 mM acetate, 3 

mM propionate, and 7.5 mM butyrate in order to match the concentrations found in cecal 

contents of mock infected mice as measured by GC-MS. The second volume was 

combined with 4 mL of an aqueous solution containing 50 mM MES, 0.9 % NaCl, 40 mM 

sodium acetate, 6 mM sodium propionate, and 4 mM sodium butyrate. The final 

concentration of short-chain fatty acids in this fecal homogenate was 20 mM acetate, 3 

mM propionate, and 2 mM butyrate in order to match the concentrations found in cecal 
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contents of S. Typhimurium infected mice at 3 days after infection as measured by GC-

MS. Both fecal homogenates were corrected to a pH of 5.8 using HCl and NaOH and 

sterilized by filtration through a 0.2 µm filters. 

 Growth curves of S. Typhimurium in fecal homogenates were performed in 96 well 

plates containing 200 µL of fecal homogenate per well. Uninoculated plates were placed 

in a hypoxia chamber (Coy Laboratories) overnight to equilibrate to the chamber 

conditions of 1% O2 and 5% CO2. An overnight culture of S. Typhimurium FF176 was 

washed once by pelleting 1 mL of cells at 10,000 x g for 2 minutes and resuspending in 

1 mL of sterile PBS. Washed cells were moved into the hypoxia chamber and 2 µL of this 

resuspension was used inoculate wells containing fecal homogenate. 2 µL of sterile PBS 

was added to wells of uninoculated fecal homogenate to act as negative control wells. 

Inoculated 96 well plates were incubated in a Victor Nivo multimode microplate reader 

(Perkin Elmer) at 37°C contained within the hypoxia chamber. The optical density at 600 

nm of the wells was measured every 30 minutes and the plates were shaken with a double 

orbital pattern. 

 

Minimal inhibitory concentration assays 

 

Minimal inhibitory concentration (MIC) assays for diethylenetriamine (DETA, Sigma 

Aldrich) and diethethylenetriamine NONOate (DETA NONOate, Cayman Chemical) were 

conducted on two species of Lachnospiraceae (Enterocloster bolteae and Anaerostipes 

caccae), one species of Oscillospiraceae (Anaerotruncus colohominis), and S. 

Typhimurium. DETA NONOate releases nitric oxide (NO) under neutral conditions with a 
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half-life of ~20 hours according to the manufacturer. DETA serves as the negative control 

for DETA NONOate, as the latter decomposes into DETA upon spontaneous release of 

NO. DETA was diluted in 0.01 M NaOH to 500 mM and allowed to reduce under anaerobic 

conditions for 48 hours. DETA NONOate stocks were prepared under anaerobic 

conditions by dissolving DETA NONOate in pre-reduced 0.01 M NaOH to a concentration 

of 500 mM and aliquoting in cryovials and storing at -80°C. DETA and DETA NONOate 

were diluted to 20 mM or 20 µM in Gifu anaerobic media broth (GAM, HiMEdia) 

immediately prior to use in MIC assays. All MIC assays for DETA and DETA NONOate 

were conducted under anaerobic conditions in an anaerobic chamber (Coy Laboratories) 

to compare the MICs for obligate anaerobic Clostridia and S. Typhimurium under identical 

conditions. MIC assays were performed in 96-well tissue culture plates (Corning). 100 µL 

of GAM broth was distributed to columns 3 to 12 of each plate, and 200 µL was distributed 

to column 1 to act as a sterile control. 200 µL of 20 mM or 20 µM DETA or DETA NONOate 

was distributed column 2, and 1:2 dilutions of these solutions were carried out in 

succession to column 11, resulting in a range of decreasing drug concentrations, with 

column 12 serving as a no-drug control condition. Clostridia species and S. Typhimurium 

were grown overnight in 5 mL of GAM broth at 37°C in an anaerobic chamber before 

1:100 or 1:500 dilution in GAM broth, respectively. 100 µL of these bacterial suspensions 

were distributed into columns 2 to 12 of each MIC assay plate to achieve inoculum doses 

of 1 x 105 to 1 x 106 CFU/well. Every condition was assessed in quadruplicate. MIC assay 

plates were incubated in the anaerobic chamber at 37°C for 20 hours before visual 

inspection was used to determine the MIC. Wells containing no obvious turbidity (bacterial 

growth) were considered to contain inhibitory conditions, while wells containing obvious 
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turbidity were considered to contain sub- or non-inhibitory conditions. When replicate 

wells contained a mixture of turbidity and no turbidity, the condition was considered to be 

sub-inhibitory. 

 

Histopathology 

  

The distal segment of the cecum was fixed in 10% phosphate-buffered formalin for 

approximately 24 hours before being stored in 70% ethanol. Fixed tissues were 

embedded in paraffin and cut into 3-5 µm sections before being stained with hemotoxylin 

and eosin (HE) using standard histological techniques. Tissue sections were blinded prior 

to examination by light microscopy. A veterinary pathologist scored histopathological 

changes using the criteria listed in Table S5. Representative images were taken using a 

Zeiss Primo Star microscope. 

 

Hypoxia staining and imaging 

 

The Hydroxyprode kit was used for staining slides as previously described (18, 

44). The distal segment of the cecum was fixed in 10% phosphate-buffered formalin for 

approximately 24 hours before being stored in 70% ethanol. Fixed tissues were 

embedded in paraffin and cut into 3-5 µm sections. Tissue sections were mounted on 

slides and prepared for staining by submerging in xylene (10 minutes, 2 times) and 

ethanol (95% for 3 minutes, 80% for 3 minutes, and 70% for 3 minutes). Slides were 

incubated with 20 mg/mL Proteinase K in TE buffer for 15 minutes at 37°C. Serum was 



 135 

used to block slides at room temperature for 1 hour. Slides were incubated with the mouse 

IgG1 anti-PMDZ monoclonal antibody 4.3.11.3 (Hydroxyprobe) overnight at 4°C, and then 

incubated with Cyanine3-labeled goat anti-mouse IgG (Jackson ImmunoResearch) for 90 

minutes at room temperature. Slides were washed 3 times in PBS between each 

incubation step. Dried slides were mounted with Immuno-Mount (Epredia). 

Stained slides were randomized and blinded before imaging on a Zeiss AxioVision 

microcope with AxioVision 4.8.1 software (Zeiss) at 20X magnification. Three 

representative images were collected for each tissue section. ImageJ (NIH) was used to 

isolate the Texas Red channel from each image, and three representative slices of equal 

size containing the epithelium-lumen boundary were saved. The Plot Profile of each slice 

was exported for quantitative analysis. The peak pixel intensity of each slice (representing 

the epithelium-lumen boundary) was collected, unblinded, and used to compare the peak 

pixel intensities among groups. 

 

RNA Isolation and quantitative real-time PCR 

  

Murine enterocytes were isolated from freshly collected ileal or cecal tissue. Ileal 

tissue was defined as the last 10 cm of small intestine immediately proximal to the cecum. 

Tissue was cut longitudinally to expose the epithelial surface and then cut laterally into 

several pieces before being placed into ice-cold phosphate-buffered saline containing 

0.5M ethylenediaminetetraacetic acid (EDTA) and 1.5 mM dithiothreitol (DTT) for 20 

minutes. Tissue was then moved to phosphate-buffered saline containing 0.5M EDTA and 

incubated at 37°C for 10 minutes. Tubes containing tissue were vigorously shaken by 
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hand for approximately 30 seconds to release epithelial cells from the underlying tissue. 

Intact tissue was removed, and the resulting suspension of epithelial cells was centrifuged 

at 800 x g for 5 minutes at 4°C. Supernatant was aspirated and the cell pellet was moved 

to a 2 mL screw cap micro tube containing 1 mL of TRI Reagent (Molecular Research 

Center). Murine enterocytes were homogenized and lysed in a Mini-beadbeater-16 

(Biospec Products). When enterocyte isolation was not required, murine cecal tissues 

were frozen in liquid nitrogen upon collection and stored at -80°C prior to homogenization. 

Frozen cecal tissues were transferred to Lysing Matrix C tubes containing 1 mL of TRI 

Reagent (Molecular Research Center) and homogenized in a Mini-beadbeater-16 

(Biospec Products). Total RNA was collected from murine cecal tissue or isolated 

enterocytes in the aqueous phase after the addition of 200 µL chloroform by following the 

TRI Reagent method following the manufacturer’s protocol. Total RNA was isolated from 

the aqueous phase and subjected to on-column PureLink DNase (Invitrogen) digestion in 

EconoSpin (Epoch Life Science) columns before elution in UltraPure distilled water 

(Invitrogen). 1 µg of isolated RNA was reverse transcribed with MultiScribe reverse 

transcriptase (Applied Biosystems) and random hexamers (Invitrogen) and RNase 

Inhibitor (Applied Biosystems) to form cDNA. Quantitative real-time PCR (qPCR) was 

performed using SYBR Green PCR master mix and the primers listed in Table S4 on a 

ViiA 7 real-time PCR system (Applied Biosystems). The following parameters were used 

for reaction cycling: 50°C for 2 minutes, 95°C for 10 minutes, 40 cycles of 95°C for 15 

seconds, and 60°C for 1 minute. QuantiStudio Real-Time PCR software v1.3 (Applied 

Biosystems) and the 2-DDCt method were used to calculate fold changes between 



 137 

experimental groups. Ct values of each transcript were normalized to the beta-2 

microglobulin (B2m) gene. 

 

16S rRNA gene amplicon sequencing sample preparation, library preparation, and 

sequencing  

 

Freshly voided fecal pellets were collected from mice prior to infection by S. 

Typhimurium and again at 3, 5, 7, and 10 days after infection and stored at -20°C. Nucleic 

acids were extracted using DNeasy Powersoil Kit (Qiagen) according to the 

manufacturer’s protocol. DNA concentrations were determined using a Qubit 2.0 

Fluorometer (Invitrogen) and samples were normalized to 20 ng/μL prior to library 

preparation. Primers 341F 

(TCGTCGGCAGCGTCAGATGTGTATAAGAGACAG(spacer)TGCCTACGGGNGGCW

GCAG) and 806R 

(GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAG(spacer)CCGGACTACNVGGGT

WTCTAAT were used to amplify the V3-V4 domain of the 16S rRNA using a two step PCR 

procedure. In step one of the amplification procedure, both forward and reverse primers 

contained an Illumina tag sequence (bold), a variable length spacer (no spacer, A, CA, or 

GCA for 341F; no spacer, G, TG, ATG for 806R) to increase diversity and improve the 

quality of the sequencing run, a linker sequence (italicized), and the 16S target sequence 

(underlined). Each 25 µl PCR reaction contained 1 Unit Kapa2G Robust Hot Start 

Polymerase (Kapa Biosystems), 1.5 mM MgCl2, 0.2 mM final concentration dNTP mix, 

0.2 µM final concentration of each primer, 3 µl KAPA 5X Enhancer 1, and 1ul of DNA for 
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each sample. PCR conditions were: an initial incubation at 95°C for 3 min, followed by 28 

cycles of 95°C for 30 s, 50°C for 30 s, 72°C for 30 s and a final extension of 72°C for 3 

min. In step two, each sample was barcoded with a unique forward and reverse barcode 

combination using forward primers 

(AATGATACGGCGACCACCGAGATCTACACNNNNNNNNTCGTCGGCAGCGTC) with 

an Illumina P5 adapter sequence (bold), a unique 8 nt barcode (N), a partial matching 

sequence of the forward adapter used in step one (underlined), and reverse primers 

(CAAGCAGAAGACGGCATACGAGATNNNNNNNNGTCTCGTGGGCTCGG) ) with an 

Illumina P7 adapter sequence (bold), unique 8 nt barcode (N), and a partial matching 

sequence of the reverse adapter used in step one (underlined). The PCR reaction in step 

two contained 1 Unit Kapa2G Robust Hot Start Polymerase (Kapa Biosystems), 1.5 mM 

MgCl2, 0.2 mM final concentration dNTP mix, 0.2 µM final concentration of each uniquely 

barcoded primer and 1ul of the product from the PCR reaction in step one diluted at a 

10:1 ratio in water. PCR conditions were: an initial incubation at 95°C for 3 min, followed 

by 8 cycles of 95°C for 30 s, 58°C for 30 s, 72°C for 30 s and a final extension of 72°C 

for 3 min. 

The final product was quantified on the Qubit instrument using the Qubit High 

Sensitivity dsDNA kit (Invitrogen) and individual amplicons were pooled in equal 

concentrations. The pooled library was cleaned utilizing Ampure XP beads (Beckman 

Coulter) then checked for quality and proper amplicon size on an Agilent 2100 

Bioanalyzer (Agilent Technologies). The library was quantified via qPCR followed by 300-

bp paired-end sequencing using an Illumina MiSeq instrument (Illumina) in the Genome 
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Center DNA Technologies Core, University of California, Davis. Library preparation was 

performed by the UC Davis Host Microbe Systems Biology Core Facility. 

 

16S rRNA gene amplicon sequencing analysis 

 

Sequencing reads were demultiplexed using QIIME 1.8(62), and non-biological 

nucleotides were trimmed using Trimmomatic(63). 16S rRNA sequencing reads were 

subsequently processed and assembled into amplicon sequence variants (ASV) using 

dada2(64) in R. First, reads with more than 2 expected errors were removed. 

Dereplication and sample inference were then performed on forward and reverse reads, 

prior to merging. A sequence table was constructed from merged reads, and chimeric 

reads were subsequently removed. Taxonomy was assigned to reads to the genus level 

using the dada2 formatted rdp training dataset 14 which can be found 

here: https://zenodo.org/record/158955#.XJqlnxNKjUI. The R package phyloseq(65) was 

then used in downstream analysis of the data, including the generation of a phyloseq 

object, relative abundance bar plots, and the principle coordinate analysis plot. For the 

weighted unifrac analysis, the R package ms (66) was used to generate a multiple 

sequence alignment from the assembled reads with the following parameters: 

method = “ClustalW”, type = “dna”, order = “input”. The R package phangorn(67) was 

used to generate a maximum likelihood tree from the sequence alignment using a general 

time reversible (GTR) model with the following parameters: model = “GTR”, 

optInv = TRUE, optGamma = TRUE, rearrangement = “stochastic”, 

control = pml.control(trace = 0). The R package vegan 

https://zenodo.org/record/158955#.XJqlnxNKjUI
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(https://vegandevs.github.io/vegan/authors.html#citation) was used to perform 

permanova analysis on weighted unifrac distances with default parameters and the R 

package ggplot2(68) was used to graph boxplots of the weighted unifrac distances. 

Differential abundance analysis of taxa was performed using the R package deseq2(69) 

with the parameters: test = “Wald”, fitType = “parametric”, cooksCutoff = FALSE. The R 

package omu(61) was then used to generate fold change frequency tables and differential 

abundance bar plots from the deseq2 modeled data. For differential abundance analysis 

of Clostridia, Lachnospiraceae, Oscilliospiraceae, and Ruminococcaceae, a Kruskal-

Wallis one way ANOVA was performed using the R package rstatix 

(https://rpkgs.datanovia.com/rstatix/). A dunns post hoc test was then performed to do 

pairwise comparisons. Supervised random forest was performed by using the caret 

package (https://doi.org/10.18637/jss.v028.i05) in R with days post S. Typhimurium 

infection as the response variable in the model. Pseudo-random subsampling was 

performed to select 40 percent of the samples as training data, while the remaining 60 

percent of samples were used for testing. 

 

Metabolomics sample collection and GC-TOF mass spectrometry 

 

Murine cecal contents were collected from mock infected mice or mice at day 3 or 

4 after S. Typhimurium infection. Samples were collected in 2 mL cryovials and 

immediately frozen in liquid nitrogen before storage at -80°C. Frozen samples were 

transported on dry ice to the West Coast Metabolomics Center where they were 

processed for untargeted primary metabolite profiling by GC-TOF mass spectrometry. 
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Data were acquired using the following parameters. Column: Restek corporation Rtx-5Sil 

MS (30 m length × 0.25 mm internal diameter with 0.25-μm film made of 95% 

dimethyl/5%diphenylpolysiloxane). Mobile phase: Helium. Column temperature: 50–

330°C. Flow rate: 1 mL min−1. Injection volume: 0.5 μL. Injection: 25 splitless time into a 

multi-baffled glass liner. Injection temperature: 50°C ramped to 250°C by 12°C s−1. Oven 

temperature program: 50°C for 1 min, then ramped at 20 °C min−1 to 330°C, held 

constant for 5 minutes. The analytical GC column is protected by a 10-m long empty 

guard column which is cut by 20-cm intervals whenever the reference mixture QC 

samples indicate problems caused by column contaminations. This sequence of column 

cuts has been validated to have no detrimental effects with respect to peak shapes, 

absolute or relative metabolite retention times, or reproducibility of quantifications. 

Automatic liner exchanges are performed after each set of 10 injections which reduces 

sample carryover for highly lipophilic compounds such as free fatty acids. Mass 

spectrometry parameters are used as follows: a Leco Pegasus IV mass spectrometer is 

used with unit mass resolution at 17 spectra s−1 from 80–500 Da at − 70 eV ionization 

energy and 1800 V detector voltage with a 230°C transfer line and a 250°C ion source.  

 

Metabolomics data processing 

 

Raw data files are preprocessed directly after data acquisition and stored as 

ChromaTOF-specific *.peg files, as generic *.txt result files and additionally as generic 

ANDI MS *.cdf files. ChromaTOF vs. 2.32 is used for data preprocessing without 

smoothing, 3 s peak width, baseline subtraction just above the noise level, and automatic 
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mass spectral deconvolution and peak detection at signal/noise levels of 5:1 throughout 

the chromatogram. Apex masses are reported for use in the BinBase algorithm. Result 

*.txt files are exported to a data server with absolute spectra intensities and further 

processed by a filtering algorithm implemented in the metabolomics BinBase database. 

The BinBase algorithm (rtx5) used the settings: validity of chromatogram (< 10 peaks with 

intensity > 107 counts s−1), unbiased retention index marker detection (MS 

similarity > 800, validity of intensity range for high m/z marker ions), and retention index 

calculation by 5th order polynomial regression. Spectra are cut to 5% base peak 

abundance and matched to database entries from most to least abundant spectra using 

the following matching filters: retention index window ± 2000 units (equivalent to about ± 2 

s retention time), validation of unique ions and apex masses (unique ion must be included 

in apexing masses and present at > 3% of base peak abundance), mass spectrum 

similarity must fit criteria dependent on peak purity and signal/noise ratios and a final 

isomer filter. Failed spectra are automatically entered as new database entries if s/n > 25, 

purity < 1.0, and presence in the biological study design class was > 80%. All thresholds 

reflect settings for ChromaTOF v. 2.32. Quantification is reported as peak height using 

the unique ion as default unless a different quantification ion is manually set in the 

BinBase administration software BinView. A quantification report table is produced for all 

database entries that are positively detected in more than 10% of the samples of a study 

design class (as defined in the miniX database) for unidentified metabolites. A subsequent 

post-processing module is employed to automatically replace missing values from the 

*.cdf files. Replaced values are labeled as ‘low confidence’ by color coding, and for each 

metabolite, the number of high-confidence peak detections is recorded as well as the ratio 
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of the average height of replaced values to high-confidence peak detections. These ratios 

and numbers are used for manual curation of automatic report data sets to data sets 

released for submission. These data were then normalized to the mTIC value (sum of the 

peak heights of the known metabolites).  

 

Quantification of glucose in murine cecal contents 

 

Murine cecal contents were collected from mock infected or S. Typhimurium 

infected mice at day 3 after infection. Samples were collected in 1.5 mL microcentrifuge 

tubes containing 200 µL of Assay Buffer from the Glucose Assay Kit (Abcam) and stored 

on ice before being homogenized using a Vortex Genie 2 (Scientific Industries) equipped 

with a horizontal microtube holder (Scientific Industries). Homogenization was carried out 

at the maximum vortex intensity for 5 minutes or until complete homogenization of cecal 

contents was achieved. Samples were then centrifuged at 10,000 x g for 5 minutes at 4°C 

to pellet particulate matter. Samples were deproteinized by centrifuging 150 µL of 

supernatant in Microcon-10 kDa centrifugal filter units (Merck Millipore) at 10,000 x g for 

60 minutes at 4°C. Deproteinized sample supernatants were stored at -20°C until further 

processing. Quantification of glucose in the sample supernatants was performed using 

the Glucose Assay Kit (Abcam) according to the manufacturer’s instructions. Glucose 

concentration results were normalized by starting sample weights. 

 

Quantification of short-chain fatty acids GC-MS 
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Murine cecal contents were collected in 600 µL of PBS and kept on ice before 

being homogenized using a Vortex Genie 2 (Scientific Industries) equipped with a 

horizontal microtube holder (Scientific Industries). Homogenization was carried out at the 

maximum vortex intensity for 5 minutes or until complete homogenization of cecal 

contents was achieved. Samples were then centrifuged at 6,000 x g for 10 min to pellet 

particulate matter. For each sample, 100 µL of supernatant was combined with 10 µL of 

a solution containing deuterated acetate, propionate, and butyrate (C/D/N isotopes) so 

that each deuterated metabolite was at a final concentration of 100 µM. Samples were 

dried without heat in a vacuum dryer and then stored at -80°C until use. Dried extracts 

were then solubilized by sonication in 0.1 ml anhydrous pyridine (Sigma Aldrich) and then 

incubated for 20 min at 80°C. An equal amount of N-tert-butyldimethylsilyl-N-

methyltrifluoroacetamide with 1% tert-butyldimethylchlorosilate (Sigma-Aldrich) was 

added, and the samples were incubated for 1 h at 80°C. Samples were centrifuged at 

20,000 g for 1 min to remove leftover particles. 100 µL of the supernatant was transferred 

to an autosampler vial and analyzed by gas chromatography-mass spectrometry (GC-

MS) using an Agilent 8890 Gas Chromatograph and Agilent 7000D Mass spectrometer. 

1 µL of the sample was injected with a 1:50 split ratio at an injection temperature of 250°C 

on an HP 5ms Ultra Inert (2x15-m-length, 0.25-mm diameter, 0.25 µm film thickness) 

fused silica capillary column. Helium was used as the carrier gas with a constant flow of 

1.2 mL/min. The gas chromatograph (GC) oven temperature started at 50°C for 20 min, 

rising to 90°C at 10°C/min and holding for 1 min, then raised to 310°C at 40°C/min with a 

final hold for 2 min. The interface was heated to 300°C. The ion source was used in 

electron ionization (EI) mode (70 V, 150 µA, 200°C). The dwell time for selected ion 
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monitoring (SIM) events was 50ms. Acetate, propionate, and butyrate were quantified 

using SIM, with the monitored m/z, and experimentally determined retention times 

detailed in Supplementary Table 6.  

 

Efficient recovery of target metabolites was determined using deuterated 

compounds as internal standards. Quantification was based on external standards 

comprised of a series of dilutions of pure compounds, derivatized as described above at 

the same time as the samples. 

Short-chain fatty acid values as determined by GC-MS were normalized by the 

weight of the respective input sample and converted to mmol/g concentrations prior to 

statistical analysis.  

 

Quantification and Statistical Analysis 

 

Statistical analysis was carried out using Graphpad PRISM unless otherwise 

noted. The Shapiro-Wilk test was used to determine if data was normally distributed prior 

to choosing a statistical test. Normally distributed data sets were analyzed by parametric 

tests while data sets without a normal distribution were analyzed by nonparametric tests. 

Populations were not assumed to have equal standard deviations. A P value of less than 

0.05 was considered significant. The number of animals (n) used in experiments are 

indicated in the figure legends. The statistical tests used to analyze data generated from 

different measurements (e.g. CFU data, short-chain fatty acid measurements, etc.) are 

detailed below.  
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Following processing, metabolomics data were analyzed using our recently 

developed shiny application, omuShiny. Principal component analysis was performed on 

metabolite abundances that were performed by the omuShiny glog function (ln(x+1)). 

Ellipses denote a 95% confidence interval on a multivariate t distribution. Univariate 

statistics were performed using ANOVA on ln(x+1) transformed metabolite abundances 

followed by Tukey’s post hoc test. P values were adjusted using the Benjamini-Hochberg 

method to correct for the false discovery rate. The results of these statistical analyses can 

be found in table format within Supplementary File 1. Volcano plots were derived from 

data generated by the univariate statical analysis in omuShiny. 

Data sets consisting of CFU/g feces values were analyzed by nonparametric tests. 

Experiments involving one S. Typhimurium strain per animal were analyzed by using an 

unpaired Mann-Whitney test followed by Holm-Šídák’s multiple comparison test to correct 

for multiple comparisons when 2 groups were compared. A Kruskal-Wallis test followed 

by Dunn’s multiple comparisons test was used when three groups were compared. 

Competitive infections were analyzed by comparing WT CFUs to mutant CFUs at each 

indicated timepoint using a Wilcoxon matched-pairs signed rank test. 

Quantitative real time PCR data was analyzed by nonparametric tests. A Mann-

Whitney test was used when two groups were compared. A Kruskal-Wallis test followed 

by Dunn’s multiple comparisons test was used when three or more groups were 

compared. 

Cecal short-chain fatty acid concentrations were analyzed by Welch’s t test to 

compare values between groups when 2 groups were compared. A Kruskal-Wallis test 
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followed by Dunn’s multiple comparisons test was used when three groups were 

compared. 

The relationship between S. Typhimurium Wildtype CFUs and cecal short-chain 

fatty acid levels at day 3 after infection were assessed by pooling matched wild type CFU-

short-chain fatty acid concentration data from five independent experiments. Data were 

plotted and assessed by Pearson correlation coefficient, and nonlinear least squares 

regression was used to generate a line of best-fit. 

Area under the curve (AUC) for the glucose tolerance test was determined for each 

animal between 0 and 2 hours after the bolus gavage with the baseline being set to Y = 

0. An unpaired t test with Welch’s correction was used to compare areas under the curve 

between groups. 

Cecal glucose concentrations and matched cecal S. Typhimurium CFUs were 

compared using the Brown-Forsythe and Welch ANOVA tests followed by Dunnett’s T3 

multiple comparisons test. 

Growth of S. Typhimurium in fecal slurries was analyzed by comparing optical 

densities at the indicated timepoints by an unpaired t test with Welch correction followed 

by Holm-Šídák’s multiple comparison test to correct for multiple comparisons. 

Histopathology scoring was analyzed by comparing the cumulative histopathology 

scores in each group using a Kruskal-Wallis test followed by Dunn’s multiple comparisons 

test. 

Peak pixel intensities at the lumen-epithelium border of pimonidazole-stained 

cecal tissue sections were compared using a Kruskal-Wallis test followed by Dunn’s 

multiple comparison test.
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Supplementary Figures 

 

Figure 2.S1: Glucose catabolism by S. Typhimurium. Related to Figure 1. 

(A) Schematic of pathways for glucose (gray rectangles) uptake and catabolism in S. 

Typhimurium. Genes mutated in this study are highlighted in red font. The end products 

of mixed-acid fermentation are marked by grey circles. PEP. Phosphoenolpyruvate; PMF, 

proton motive force; ATP, adenosine triphosphate; ADP, adenosine diphosphate; e-, 

electron; CO2, carbon dioxide; H2, hydrogen; CoA, coenzyme A; NAD+, Nicotinamide 

adenine dinucleotide; P, phosphate. (B) Antibiotic-naïve, genetically resistant (CBA/J) 

mice were mock infected or infected with 109 colony-forming units (CFU) of the S. 

Typhimurium WT. Cecal contents were collected four days after infection for untargeted 

metabolomics analysis. Shown is the geometric mean abundance of the indicated sugars 

in cecal contents of mock-infected mice (open bars) or S. Typhimurium-infected mice 

(yellow bars) ± geometric standard deviation. (C) CBA/J mice were infected with a 1:1 
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mixture of the indicated strains. The graphs shows CFU of the S. Typhimurium WT and 

the respective mutant recovered from feces at the indicated days after infection (Days 

p.i.). WT and mutant CFU recovered from the same animal are connected by dotted lines. 

The competitive index (CI) determined for each time point is the ratio of wild type to mutant 

bacteria.     
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Supplementary Tables 
 

Table 2.S1: Resistance to nitric oxide of the indicated bacterial strains. Related to 
Figure 6. 
 MIC 
Strain: DETA (mM) DETA NONOate 

(µM) 
Enterocloster bolteae >10 312.5 
Anaerostipes caccae 2.5 10 
Anaerotruncus colihominis >10 5 
S. Typhimurium >10 5000 
S. Typhimurium ΔcydAB >10 5000 
S. Typhimurium ΔhmpA ΔnorVW >10 1250 
S. Typhimurium ΔcydAB ΔhmpA ΔnorVW >10 1250 
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Table 2.S2: Bacterial strains and plasmids used in this study. Related to STAR 
Methods. 
Bacterial Strains 
Species and 
strain 

Genotype Reference 

E. coli DH5a 
 lpir 

F- endA1 hsdR17 (r-m+) supE44 thi-1 
recA1 gyrA relA1  D(lacZYA-argF)U189 
 F80lacZDM15 lpir 

(Pal et al., 2005) 
 

E. coli S17-1 
lpir 

zxx::RP4 2-(TetR::Mu) (KanR::Tn7) lpir 
recA1 thi pro hsdR (r-m+) 

(Simon et al., 1983) 

S. 
Typhimurium 
IR715  

ATCC14028 NalR (NalR) (Stojiljkovic et al., 1995) 

S. 
Typhimurium 
FF176 

ATCC14028 NalR phoN::Tn10dCam 
(NalR, CmR) 

(Faber et al., 2016) 

S. 
Typhimurium 
AJB715 

ATCC14028 NalR phoN::KSAC (NalR, 
KanR) 

(Kingsley et al., 2003) 

S. 
Typhimurium 
FF183 

ATCC14028 NalR DinvA DspiB 
phoN::Tn10dCam (NalR, CmR) 

(Faber et al., 2017) 

S. 
Typhimurium 
FF459 

ATCC14028 NalR DinvA DspiB 
phoN::KSAC (NalR, KanR) 

(Walker et al., 2021) 

S. 
Typhimurium 
FR104 

ATCC14028 NalR NalR cyxA::pPT48 
DnapA DnarZ narG:: pCAL18 (NalR, 
CarbR, CmR) 

(Rivera-Chavez et al., 
2016) 

S. 
Typhimurium 
AWLR36 

ATCC14028 NalR DackA-pta 
phoN::KSAC (NalR, KanR) 

This Study 

S. 
Typhimurium 
AWLR222 

ATCC14028 NalR DadhE phoN::KSAC 
(NalR, KanR) 

This Study 

S. 
Typhimurium 
WJ29 

ATCC14028 NalR DfrdABCD 
phoN::KSAC (NalR, KanR) 

(Woongjae Yoo, 2022) 

S. 
Typhimurium 
AWLR228 

ATCC14028 NalR DptsG Dglk DmanXYZ 
phoN::KSAC (NalR, KanR) 

This Study 

S. 
Typhimurium 
AWLR204 

ATCC14028 NalR Dedd-eda phoN::KSAC 
(NalR, KanR) 

This Study 

S. 
Typhimurium 
LR179 

ATCC14028 NalR DcydAB phoN::KSAC 
(NalR, KanR) 

This Study 
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S. 
Typhimurium 
AWLR243 

ATCC14028 NalR DhmpA phoN::KSAC 
(NalR, KanR) 

This Study 

S. 
Typhimurium 
AWLR244 

ATCC14028 NalR DnorVW phoN::KSAC 
(NalR, KanR) 

This Study 

S. 
Typhimurium 
AWLR245 

ATCC14028 NalR DhmpA DnorVW 
phoN::KSAC (NalR, KanR) 

This Study 

S. 
Typhimurium 
AWLR246 

ATCC14028 NalR DcydAB DhmpA 
DnorVW phoN::KSAC (NalR, KanR) 

This Study 

S. 
Typhimurium 
FF355 

ATCC14028 NalR DfadD DydiQRSTD 
phoN::KSAC (NalR, KanR) 

This Study 

Enterocloster 
bolteae 

Wild type (Atarashi et al., 2013) 

 
Anaerostipes 
caccae 

Wild type (Atarashi et al., 2013) 

 
Anaerotruncus 
colohominis 

Wild type (Atarashi et al., 2013) 

 
S. 
Typhimurium 
AWLR204 

ATCC14028 NalR Dedd-eda phoN::KSAC 
(NalR, KanR) 

This Study 

Plasmids 
Name Genotype Reference 
pRE112 sacB1 cat oriR6K mobRP4 (Edwards et al., 1998) 
pAWLR43 pRE112 with upstream and downstream 

regions of S. Typhimurium ackA-pta 
forming a deletion mutant allele 

This Study 

pAWLR142 pRE112 containing upstream and 
downstream regions of S. Typhimurium 
adhE forming a deletion mutant allele 

This Study 

pAWLR148 pRE112 containing upstream and 
downstream regions of S. Typhimurium 
glk forming a deletion mutant allele 

This Study 

pAWLR150 pRE112 containing upstream and 
downstream regions of S. Typhimurium 
ptsG forming a deletion mutant allele 

This Study 

pAWLR152 pRE112 containing upstream and 
downstream regions of S. Typhimurium 
manXYZ forming a deletion mutant allele 

This Study 
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pAWLR139 pRE112 containing upstream and 
downstream regions of S. Typhimurium 
edd-eda forming a deletion mutant allele 

This Study 

LR173 pRE112 containing upstream and 
downstream regions of S. Typhimurium 
cydAB forming a deletion mutant allele 

This Study 

pAWLR164 pRE112 containing upstream and 
downstream regions of S. Typhimurium 
hmpA forming a deletion mutant allele 

This Study 

pAWLR165 pRE112 containing upstream and 
downstream regions of S. Typhimurium 
norVW forming a deletion mutant allele 

This Study 
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Table 2.S3: Primers used for targeted mutagenesis in this study. Related to STAR 
Methods. 
Primers used for Targeted Mutagenesis 
Target Sequence Reference 
ackA-pta  5’-

TTCATGGCCATATCAATGACAGGCGGCATAAATCGTATG-
3’ 
5’-TTTACTGTTACATGGAAGTACCTATTTATGATACGTG-3’ 
5’-CTTCCATGTAACAGTAAAAGCTAATGCCG-3’ 
5’-AATTCATGCAGTTCACTTAATTCATCAGCCCTGGTC-3’ 

 

This Study 
 

adhE 5’-CATTCATGGCCATATCAATGAAAATCAAAAAGCGGTTG-3’ 
5’-TAACGAATTACATAATGCTCTCCTGATAATG-3’ 
5’-GAGCATTATGTAATTCGTTATCTGTTTTAGCATG-3’ 
5’-
GGAATTCATGCAGTTCACTTCAAATTAGATATTCCAGTACTTT
G-3’ 

 

This Study 
 

ptsG 5’-
CATTCATGGCCATATCAATGATCGATTATTAGTCGAGACC-
3’ 
5’-TTACTGCTTACATAATTGAGAGTGCTCC-3’ 
5’-CTCAATTATGTAAGCAGTAATGATGTTGG-3’ 
5’-
GGAATTCATGCAGTTCACTTTCGAATTTGAAGTGAACG-
3’ 

 

This Study 
 

glk 5’-CATTCATGGCCATATCAATGACGTAACGTGACGCAGCC-3’ 
5’-TAGAAGAATGTAAGCCAGATGGTGGCATAAAC-3’ 
5’-
ATCTGGCTTACATTCTTCTACTGCTCCGCTAAAGTCAAAATAA
G-3’ 
5’-GGAATTCATGCAGTTCACTTCGCAGATGGCGAGACCGG-3’ 

 

This Study 
 

manXYZ 5’-
CATTCATGGCCATATCAATGAAATTGAGGGATCCATTAATAAT
TC-3’ 
5’-AACAGCCTTACACTTGCTACCTCCTTTATTATTG-3’ 
5’-GTAGCAAGTGTAAGGCTGTTGTACACTAC-3’ 
5’-
GGAATTCATGCAGTTCACTTAGAAGTTTATATATTTTTTCCAG
ATC-3’ 

 

This Study 
 

edd-eda 5’-
CATTCATGGCCATATCAATGGTCATGGCCTGTTCGGCG-
3’ 
5’-AGCCTCTATGTAAGCCGTTAAATGCCCGATG-3’ 
5’-TAACGGCTTACATAGAGGCTCCTGAAATTTATC-3’ 
5’-
GGAATTCATGCAGTTCACTTTTGATCTGAGCTACTCCG-
3’ 

 

This Study 
 



 162 

cydAB 5’-
CATTCATGGCCATATCAATGCGGGGCAGTAAAAAACGC-
3’ 
5’-GGTTCAGCGTCATCATGACTCCTTGCTCATC-3’ 
5’-AGTCATGATGACGCTGAACCTGATGACCTG-3’ 
5’-
GGAATTCATGCAGTTCACTTAACCGTGACGGGTCCCAG-
3’ 

 

This Study 
 

hmpA 5’-CATTCATGGCCATATCAATGTAACCTTCAGCGTATTTG-3’ 
5’-GTTGCAATTACATACGTGCTTCCTTTATG-3’ 
5’-
AGCACGTATGTAATTGCAACAAATCCTCTGAAAAAACGGG-
3’ 
5’-
GGAATTCATGCAGTTCACTTACCAGATAACCGGCGCCG-3’ 

 

This Study 
 

norVW 5’-
CATTCATGGCCATATCAATGCTGTCCGGGAATTAACCC-3’ 
5’-CACAGGCTTACATAACCACCTCAATTCATTC-3’ 
5’-GGTGGTTATGTAAGCCTGTGATGCCGGATG-3’ 
5’-
GGAATTCATGCAGTTCACTTGCTATGAGGGCGAGGCCG-
3’ 

 

This Study 
 

pRE112 
(pRE_linear_F
) 

5’-AAGTGAACTGCATGAATTC-3’ This Study 

pRE112 
(pRE_linear_R
) 

5’- CATTGATATGGCCATGAATG -3’ This Study 

pRE112 
(pRE_chk_F) 

5’-CGTAAAATCGTGTTGAGGCC-3’ This Study 

pRE112 
(pRE_chk_R) 

5’-AGCTTCTTCTAGAGGTACCGC-3’ This Study 
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Table 2.S4: Primers used in this study. Related to STAR Methods. 
Primers used for qRT-PCR 
Target 
gene 

Sequence Organism Reference 

b2m 5’-GGTCTTTCTGGTGCTTGTCTCA-3’ 
5’-GTTCGGCTTCCCATTCTCC-3’ 

Mus 
musculus 

(Matouskova et 
al., 2014) 

IL-17a 5’-GCTCCAGAAGGCCCTCAGA-3’ 
5’-AGCTTTCCCTCCGCATTGA-3’ 

Mus 
musculus 

(Godinez et al., 
2008) 

Cxcl1 
(mKc) 

5’-TGCACCCAAACCGAAGTCAT-3’ 
5’-TTGTCAGAAGCCAGCGTTCAC-3’ 

Mus 
musculus 

(Godinez et al., 
2008) 

Cxcl2 
(Mip2) 

5’-AGTGAACTGCGCTGTCAATGC-3’ 
5’-AGGCAAACTTTTTGACCGCC-3’ 

Mus 
musculus 

(Godinez et al., 
2008) 

Lcn2 5’-ACATTTGTTCCAAGCTCCAGGGC-3’ 
5’-CATGGCGAACTGGTTGTAGTCCG-3’ 

Mus 
musculus 

(Godinez et al., 
2008) 

Sglt1 5’-CTCATGCCTAATGGACTGCGA-3’ 
5’-GCCAATCAGCACGAGGATGA-3’ 

Mus 
musculus 

This Study 

Glut2 5’-ATTCTTTGGTGGGTGGCTCG-3’ 
5’-CCAGTCCTGAAATTAGCCCACAA-3’ 

Mus 
musculus 

This Study 

Nos2 5’-TTGGGTCTTGTTCACTCCACGG-3’ 
5’-CCTCTTTCAGGTCACTTTGGTAGG-3’ 

Mus 
musculus 

(Godinez et al., 
2008) 

Angptl4 5’-AGGCTGGACAGTTAATTCAGAGG-3’ 
5’-
ATGCTATGCTATGCACCTTCTCCAGAC-
3’ 

Mus 
musculus 

(Lee et al., 2020) 

Pgc1a 5’-CCCTGCCATTGTTAAGACC-3’ 
5’-TGCTGCTGTTCCTGTTTTC-3’ 

Mus 
musculus 

(Lee et al., 2020) 

Ndufs1 5’-AGCCGGCAGCCATCATGTTA-3’ 
5’-AGTTACTTGCTGCTGTGCCA-3’ 

Mus 
musculus 

(Lee et al., 2020) 

Ndufv1 5’-TTTCTCGGCGGGTTGGTTC-3’ 
5’-GGTTGGTAAAGATCCGGTCTTC-3’ 

Mus 
musculus 

(Lee et al., 2020) 

Atp5g1 5’-AGTTGGTGTGGCTGGATCA-3’ 
5’-GCTGCTTGAGAGATGGGTTC-3’ 

Mus 
musculus 

(Lee et al., 2020) 

Cox1 5’-TGCTAGCCGCAGGCATTAC-3’ 
5’-GGGTGCCCAAAGAATCAGAAC-3’ 

Mus 
musculus 

(Lee et al., 2020) 

Uqcr 5’-TGCCGAGGCCTCAGACACAG-3’ 
5’-TCCAAGGCATAAGAATAAGGTTT-3’ 

Mus 
musculus 

(Lee et al., 2020) 
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Table 2.S5: Histopathology scoring matrix. Scoring criteria for examination of 
H&E-stained cecal and colonic sections. Related to STAR Methods. 
Score Submucosal 

edema 
Necrosis Neutrophils Epithelial 

damage 
Exudate 

0 Absent 
 

Absent 0 – 5 Absent Absent 

1 Slight 
(<10%) 

Slight Necrosis 6 – 20 Desquamation Slight 
accumulation 

2 Mild 
(10%-20%) 

Mild necrosis 21 - 50 Mild erosion Mild 
accumulation 

3 Moderate 
(20%-40%) 

Moderate 
necrosis 

51 - 100 Marked 
erosion 

Moderate 
accumulation 

4 Severe 
(>40%) 

Severe 
necrosis 

>100 Ulceration Severe 
accumulation 
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Table 2.S6: Experimentally determined analyte retention times. Related to STAR 
Methods. 
Analyte Retention 

time (minutes) 
Quantifier ion 
(m/z) 

Qualifier 1 
(m/z) 

Qualifier 2 
(m/z) 

Acetate 9.513 117 118 159 
Propionate 19.073 131 132 173 
Butyrate 24.685 145 146 187 
Acetate-d3 9.364 120 122 162 
Propionate-d5 18.693 136 137 178 
Butyrate-d7 24.503 152 153 194 
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Salmonella Typhimurium as a Model Invader of the Gut Ecosystem 
 

It is estimated that there are as many microbial cells inhabiting the average human 

body as there human cells that make up that body (1). Of those ~1013 microbial cells, the 

overwhelming majority of them reside in the large intestine (1). The microbial community 

that inhabits this site makes significant contributions to health and disease, and therefore 

represents an important field of study. One role of the gut microbiota is to confer 

colonization resistance against invading organisms, including pathogens. This function of 

the microbiota first became widely recognized with the development and widespread 

usage of antibiotic therapies in the 1940s (2). It was quickly observed that antibiotic 

treatment could result in patient susceptibility to secondary gastrointestinal infections (3). 

Researchers at the University of Chicago leveraged this observation in order to study 

gastrointestinal colonization resistance in the laboratory. They found that an oral dose of 

streptomycin given the day prior to oral Salmonella enterica infection rendered mice 

completely susceptible to colonization by low dose challenges, and thus, the use of 

Salmonella enterica as a model invader of the large intestine began.  

 

Even at these early stages of Salmonella-driven colonization resistance research, 

the streptomycin-pretreatment model was compared with infections of antibiotic-naïve 

mice, revealing microbiota-derived short-chain fatty acids as important mediators of 

resistance to Salmonella engraftment (4-6). The streptomycin pre-treatment model has 

proven to be a convenient, reproducible method of studying Salmonella-induced colitis in 

mice that limits experimental variability, but its utility in studying the contribution of the 

endogenous gut microbiota to colonization resistance is limited, as ablation of those very 
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microbes is inherent to the model. Unfortunately, infecting antibiotic-naïve mice with even 

very high oral doses of Salmonella has historically been a challenging endeavor in the 

laboratory, as microbiota-mediated colonization resistance is often strong enough to 

render mice completely resistant to infection (7). Even when Salmonella infection takes 

hold, variations in microbiota composition can cause a level of variability in the data that 

makes hypothesis testing quite challenging (8). Together, these inherent difficulties of the 

antibiotic-naïve model have contributed to the dominance of the streptomycin pre-

treatment model in the Salmonella gut pathogenesis field. The discovery in 2019 that 

endogenous Enterobacteriaceae are central mediators of colonization resistance to 

Salmonella Typhimurium (S. Typhimurium), coupled to the observation that specific 

pathogen-free (SPF) mice from The Jackson Laboratory lack endogenous 

Enterobacteriaceae, led to our increased focus on using the antibiotic-naïve mouse model 

of oral Salmonella infection to study microbiota-mediated colonization resistance (8). 

 

Pathogen Kinetics as an Approach to Studying Colonization 
Resistance 
 

With a model in place that allows for the study of colonization resistance in the 

context of S. Typhimurium encountering an unperturbed microbiota, we reasoned that the 

best proxy for colonization resistance would be pathogen burden in the feces, with 

declining pathogen burden indicating successful colonization resistance, and increasing 

pathogen burden indicating failed colonization resistance. What we found is that daily 

enumeration of S. Typhimurium in the feces of infected animals was indeed a useful 

strategy for tracking microbiota-mediated colonization resistance. Previous studies had 
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chosen arbitrary timepoints after infection for pathogen enumeration but had failed to 

track S. typhimurium burden on a daily basis. By simply observing daily infection kinetics 

in the antibiotic-naïve mouse model, we were able to determine that colonization 

resistance is intact one day after infection and is overcome by S. Typhimurium’s virulence 

strategy by day 3 (Fig. 2.1A). In fact, the entirety of my findings stem from these initial 

observations of S. Typhimurium infection kinetics during the early stages of infection, as 

we were able to focus on day 3 after infection as the crucial moment of colonization 

resistance failure.  

 

Microbiota Function vs. Microbiota Composition 
 

A previous study from our research group showed that oral S. Typhimurium 

infection induces restructuring of microbiota composition, including a hallmark reduction 

in the abundance of bacteria belonging to the class Clostridia (9). Due to this correlation, 

we interpreted this to mean that these alterations of microbial community structure were 

necessary for the expansion of the pathogen in the large intestine. This hypothesis was 

proven false by the antibiotic-naive infection model when microbiota profiling by 16S rRNA 

amplicon sequencing indicated that microbiota alterations were not statistically significant 

at the time of S. Typhimurium expansion (Fig. 2.4B). In contrast, levels of the short-chain 

fatty acids acetate and butyrate were significantly decreased at day 3 after infection, 

implying that the metabolic output of the microbiota, and therefore its function, had been 

altered by S. Typhimurium-induced inflammation.  
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Microbiota composition can be a useful diagnostic for identifying the presence of 

abnormal habitat filtering in the gastrointestinal tract and has informed our working 

definition of “good” versus “bad” gut health. A state of homeostasis is often associated 

with a dominance of obligate anaerobes, while a state of dysbiosis can be identified by 

an overabundance of facultative anaerobes like members of the family 

Enterobacteriaceae (10). The observation that S. Typhimurium subverts colonization 

resistance while obligate anaerobes still dominate the large intestinal community 

challenges this generalization and suggests that colonization resistance cannot be fully 

predicted by microbiota composition alone. Cecal short-chain fatty acid concentrations 

were chosen as a readout for microbiota function as these are the primary fermentation 

products produced by obligate anaerobes and have previously been found to contribute 

to inhibition of S. Typhimurium in the gut (4-6, 11). While these weak acids were found to 

be negatively correlated with S. Typhimurium burden at day 3 after infection, the 

association was only moderate, implying that this aspect of microbiota function is only 

partially predictive of colonization resistance.  

 

Our observation that S. Typhimurium expansion at day 3 after infection requires a 

switch in host epithelial metabolism that grants the pathogen access to aerobic respiration 

(Fig. 2.6) suggests that host processes may be stronger determinants of colonization 

resistance than microbial activities. However, this conclusion can be challenged by the 

fact that cecal butyrate concentrations are drastically depleted at day 3 after S. 

Typhimurium infection, and butyrate is known to support epithelial hypoxia both as an 

agonist for the nuclear hormone receptor PPAR-g, and as a substrate for mitochondrial b-
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oxidation (12, 13). In this example, microbiota function and host processes may be 

inextricably linked. In support of host processes overriding microbiota function in the 

maintenance of colonization resistance, a recent study found that even short dietary shifts 

to a high-fat meal induced increased bile acid secretion by the host. In turn, elevated bile 

acids allowed for the expansion of bile-resistant Escherichia coli (E. coli) and S. 

Typhimurium, demonstrating that host-derived environmental conditions are key in 

supporting or negating colonization resistance (14). 

 

Taken together, these findings highlight host-mediated habitat filters as 

prerequisite conditions for microbiota-mediated colonization resistance or the lack 

thereof. While assessment of microbiota composition can indicate chronic aberrations in 

host-dependent habitat filtering (i.e. dysbiosis), readouts of microbiota function may 

represent alternative proxies for colonization resistance capacity in the short-term. The 

lesson that S. Typhimurium teaches us about colonization resistance is that the most 

relevant factors to measure as predictors of colonization resistance are host-derived 

habitat filters, with the state of epithelial metabolism and bile acid concentrations 

representing prime examples. 

 

Short-Chain Fatty Acids as a Colonization Resistance Factor 
 

Two independent investigations of colonization resistance to S. Typhimurium in the 

murine large intestine carried out in the 1960s identified short-chain fatty acids as 

important inhibitors of S. Typhimurium colonization (4-6). Another study from 2018 

specifically identified propionate produced by Bacteroides species as a key determinant 
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of S. Typhimurium colonization (11). In both cases, inhibition by of S. Typhimurium by 

short-chain fatty acids was shown to be pH-dependent, as these weak acids become 

membrane-permeable in their protonated forms, allowing them to diffuse into the bacterial 

cytosol. This uncontrolled diffusion of short-chain fatty acids into the relatively neutral or 

basic cytosol leads to dissociation of the acids, and subsequent acidification of the 

intracellular environment (11, 15). Cytosolic acidification has been found to limit the 

benefit that Enterobacteriaceae gain from respiratory metabolism, as the generation of a 

proton motive force is negated by the free diffusion of protons that is mediated by 

protonated weak acids (15). This inhibitory effect of short-chain fatty acids on facultative 

anaerobic Enterobacteriaceae serves to shut down a major metabolic strategy of this 

bacterial family, as respiration of oxygen and alternative electron acceptors confers a 

competitive advantage in an environment otherwise dominated by obligate anaerobes 

(15, 16). 

 

My work shows that the short-chain fatty acids acetate and butyrate are depleted 

in the cecum on day 3 after S. Typhimurium infection (Fig. 2.5A), but rescue of acetate 

and butyrate levels by inhibition of inducible nitric oxide synthase (iNOS) via the 

administration of aminoguanidine did not significantly inhibit the ability of the pathogen to 

expand (Fig. 2.5D). Combining cecal short-chain fatty acid concentrations and matched 

S. Typhimurium burdens at day 3 after infection from five independent experiments 

allowed us to test for a relationship between these variables (Fig. 2.5G). In agreement 

with the observation that S. Typhimurium expands in the presence of rescued short-chain 

fatty acid levels, we found only a weak negative correlation between S. Typhimurium 
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infection outcome on day 3 after infection and cecal short-chain fatty acid concentrations, 

in opposition to previous findings that short-chain fatty acids mediate colonization 

resistance to S. Typhimurium. 

 

This discrepancy in the apparent impact of short-chain fatty acids on colonization 

resistance among S. Typhimurium studies requires further scrutiny. When comparing our 

findings to the studies carried out in the 1960s, we do find agreement in the fact that when 

all other conditions are equal, increased short-chain fatty acid concentrations slow the 

growth of S. Typhimurium (Fig. 2.5C) (4-6). Combined with the observation that S. 

Typhimurium still manages to expand in the presence of pre-infection concentrations of 

short-chain fatty acids (Fig. 2.5D), we hypothesize that S. Typhimurium possesses innate 

metabolic strategies for overcoming this inhibition in vivo. Further study will be required 

to test that hypothesis, and the antibiotic-naïve infection model is likely to be useful in that 

endeavor.  

 

Propionate has been found to effectively inhibit S. Typhimurium expansion in an 

antibiotic-naïve mouse model of oral infection on day 2 after infection, which is precisely 

when we observe microbiota-mediated colonization resistance having the largest effect 

on S. Typhimurium colonization (Fig. 2.1A) (11). The same study observed that levels of 

cecal propionate of approximately 15 µmol/g feces was sufficient to inhibit S. Typhimurium 

expansion, but levels at or below 5 µmol/g feces enabled S. Typhimurium expansion at 

day 3 after infection (11). Notably, we never detected propionate at levels above 5 µmol/g 

cecal contents in our study (Fig. 2.5A), and Bacteroides species were found at 
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conspicuously low levels in the microbiota (data not shown). This observation indicates 

that compositional variations between large intestinal microbiotas can have a significant 

effect on colonization resistance to pathogens like S. Typhimurium and suggests that the 

CBA/J mice used for the study in Chapter 2 may be of limited use when assessing the 

contribution of short-chain fatty acids to gastrointestinal colonization resistance. 

 

Clostridia Facilitate Exploitative Competition Between 
Enterobacteriaceae 
 

The metabolite landscape of the S. Typhimurium-infected cecum features 

hundreds of differentially abundant metabolites compared to uninfected animals (Fig. 

2.1A). We chose to focus on the depletion of simple sugars from the cecum as we 

hypothesized that the pathogen may be directly consuming them to fuel its growth, 

thereby leading to their decreased abundance. We found that this was indeed the case, 

as we could provide rigorous evidence that S. Typhimurium utilizes glucose when 

overcoming colonization resistance at day after infection (Fig. 2.2A, 2.2I, 2.2H), 

suggesting that at least a subset of the differentially abundant metabolites of the infected 

murine cecum represent the metabolic footprint of the pathogen.  

 

The use of untargeted metabolomics has proven to be a powerful tool in identifying 

the ecological niches of gut microbiota members, which we term metabolic footprinting 

(17, 18). The use of this approach has previously allowed us to identify simple sugar 

depletion form the murine cecum as part of the metabolic footprint of bacteria belonging 

to the class Clostridia (18). Streptomycin treatment, which has a substantial negative 
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effect on Clostridia abundance, leads to an increase in free simple carbohydrates in the 

cecum (18). Conversely, colonization of mice with a consortium of 17 species of Clostridia 

leads to a depletion of those same classes of sugars (18). Interestingly, we find that the 

only members of the microbiota that decrease in abundance at day 3 after S. Typhimurium 

infection belong to the class Clostridia, and that depletion of Clostridia explains the major 

differences in the cecal microbial communities between pre- and post-infection samples 

(Fig. 2.4C-F). Taken together, these observations implicate Clostridia as primary 

consumers of simple sugars in the large intestine. The inhibition of Clostridia metabolism 

by nitric oxide, as evidenced by the sharp depletion of cecal butyrate at day 3 after S. 

Typhimurium infection, may underlie the ability of S. Typhimurium to access simple 

carbohydrates.  

 

Many studies to date have identified competition for carbohydrates as playing a 

major role in driving competition between endogenous and invading Enterobacteriaceae, 

such as E. coli or S. Typhimurium (19-21). However, the literature also provides evidence 

that Clostridia play a key role in this inter-Enterobacteriaceae conflict by providing a 

metabolic landscape in which carbohydrate resources are scarce. A study using a 

consortium of microbes designed to maximize metabolic capabilities using the fewest 

possible bacterial species found that E. coli was able to limit the engraftment of S. 

Typhimurium in gnotobiotic mice in a manner that pivoted around the utilization of the 

sugar alcohol galactitol by both species of Enterobacteriaceae (21). When a species of 

Clostridia, specifically a member of the family Lachnospiraceae, was excluded from the 
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defined microbiota, simple sugars became abundant in the large intestinal environment, 

providing a context in which both E. coli and S. Typhimurium could co-exist (21).  

 

The sum of these observations tells us that ecological theory stemming from the 

study of macroorganisms also applies to the microorganisms in the gastrointestinal tract. 

Competition for carbohydrates between species of Enterobacteriaceae is expected, as 

these organisms are phylogenetically related and share common metabolic strategies. 

This competition is classified as exploitative competition, as it involves indirect 

interactions involved in the consumption of a common resource (22). Exploitative 

competition is extremely important for colonization resistance as it results in competitive 

exclusion of the less-fit competitor, which is what we observe when endogenous 

Enterobacteriaceae successfully fend off colonization by invading S. Typhimurium. 

However, a prerequisite condition for exploitative competition is that the resource being 

competed for is limited (23). Clostridia are commonly found as a dominant class within 

human gut microbial communities, a privileged position in which they are able to consume 

large quantities of simple sugars, thereby driving scarcity of those resources (18, 24). 

This Clostridia-dependent carbohydrate scarcity that enables exploitative competition 

between Enterobacteriacae, and therefore mediates a proven mechanism of 

gastrointestinal colonization resistance. 

 

Unknown Unknowns Become Known Unknowns 
 

As is often the case with scientific pursuits, the generation of satisfactory answers 

leads to yet more questions. The work presented in Chapter 2 makes significant headway 
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in using the antibiotic-naïve mouse model of oral S. Typhimurium infection to uncover 

interactions of the pathogen with both the host and the microbiota but introduces more 

questions than it answers. 

 

Further contextualization of the findings in Chapter 2 within the pre-existing field 

reveals the need for a detail-oriented revisiting of certain topics. The predominance of the 

streptomycin pre-treatment model of S. Typhimurium infection over the last two decades 

has led to many discoveries and conclusions about how S. Typhimurium harnesses the 

host inflammatory response for its own benefit, particularly in the context of inflammation-

dependent carbon sources and electron acceptors. This accelerated model of infection 

causes acute enterocolitis in mice and bypasses any role that the microbiota would 

normally play in the story of S. Typhimurium pathogenesis (25).  

 

Some findings made in the streptomycin pre-treatment model exhibit shared 

relevance with the antibiotic-naïve model. Loss of epithelial hypoxia due to a switch in 

epithelial cell metabolism grants S. Typhimurium access to aerobic respiration in both 

models (9). Another recent study using an antibiotic naïve mouse model found that 

tetrathionate respiration contributes to the expansion of S. Typhimurium at day 3 after 

infection, which was a virulence strategy first identified in the streptomycin pre-treatment 

model (26, 27). In contrast, nitrate respiration has been shown to contribute substantially 

to S. Typhimurium fitness in the streptomycin pre-treatment model, but our work and the 

work of others finds that nitrate respiration plays no role for S. Typhimurium during the 

first 7 or 10 days of an antibiotic-naïve infection (26). Additionally, it appears that S. 
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Typhimurium relies on different terminal oxidases for aerobic respiration at early and late 

stages of infection, a phenotype that was not apparent in the streptomycin pre-treatment 

model (9). This observation is mirrored by the pattern of utilization for 1,2-propanediol in 

the antibiotic naïve model, which only contributes significantly to S. Typhimurium fitness 

7 days after infection (28). There are additional examples in the literature of S. 

Typhimurium phenotypes that deserve to be freshly assessed in the antibiotic-naïve 

model of infection, but these phenotypes are context-dependent and/or temporally 

nuanced. Previously unappreciated details like these represent potentially impactful 

biology, and only future studies will be able to reveal their secrets. 

 

 Chapter 2 identifies hypoglycemia and glucose malabsorption as a previously 

unreported effect of S. Typhimurium infection (Fig. 2.2E-F). While we were unable to link 

glucose malabsorption to an S. Typhimurium phenotype, it is possible that our attention 

to this detail was not as rigorous as it could be. For example, we did not attempt to 

determine if any other dietary nutrients are subject to this malabsorption, and it is possible 

that malabsorption of nutrients like amino acids could play a role in pathogen fitness. 

Although glucose malabsorption did not contribute to S. Typhimurium’s access to cecal 

glucose, the fact that glucose was found to be present in high concentrations in the 

uninfected cecum came as a surprise (Fig. 2.2H). A recent pre-print also identified 

glucose as an abundant and preferred resource of S. Typhimurium in the gut, and this 

was true across multiple strains of mice and models of infection, suggesting that cecal 

glucose is a ubiquitous resource of the gut ecosystem (29). Dietary glucose is believed 

to be absorbed efficiently during transit through the small intestine, and the results of an 
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oral glucose tolerance test in uninfected mice support this idea (Fig. 2.2E) (30). Therefore, 

the source of cecal glucose remains an open question with potential implications for 

microbial ecology in the gut. Possible sources include liberation from dietary fiber by host- 

or microbiota-derived glycoside hydrolases or even delivery to the gut from the blood 

stream, passive or otherwise.  

 

 We did not predict that S. Typhimurium expansion would occur in the gut in the 

presence of an intact microbiota (Fig. 2.4), or that microbiota composition would be 

resilient to the presence of a host inflammatory response (Fig. 2.3). Microbiota 

composition did significantly diverge over the course of S. Typhimurium infection, but 

these effects were gradual out to day 10 (Fig. 2.4). This display of microbiota resilience 

in the face of acute inflammation implies that the obligate anaerobes of the gut microbiota 

can adapt and survive during short periods of abnormal habitat filtering characterized by 

the presence of oxygen, reactive oxygen species, and reactive nitrogen species. 

Increasing evidence exists that obligate anaerobes are likely to possess a variety of 

mechanisms for dealing with oxygen and other forms of redox stress, but in vivo studies 

of these mechanisms are rare (31). A recent study identified an adaptive response to 

periods of gastrointestinal inflammation by Bacteroides thetaiotaomicron that resulted in 

increased fitness during subsequent inflammatory events, but the response of gut 

commensals to adverse environmental conditions in the gastrointestinal tract remains a 

viable area of research (32).  
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Concluding Remarks 
 

In conclusion, this dissertation showcases the power of S. Typhimurium as a tool 

for dissecting the mechanistic underpinnings of microbiota-mediated colonization 

resistance. We hope that antibiotic-naïve models of infection continue to gain in popularity 

as the limitations of antibiotic pre-treatment models are more commonly experienced by 

researchers. This may fail to occur as the golden age of antibiotics comes to an end and 

renewed importance is placed on antibiotic-centric models to help stem the tide of 

antibiotic-resistant infections, but there should always be a place for the microbiota in the 

study of infectious disease. After all, our microbes have always been with us and will 

always be a part of us.  
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