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Abstract 

 Though generally associated with the etiology of gastroenteritis, non-typhoidal 

Salmonella (NTS) serovars such as Salmonella enterica serovar Typhimurium are also 

frequently linked to disseminated infections in sub-Saharan Africa, commonly referred to as 

invasive NTS disease (iNTS). Epidemiological evidence has identified malaria in children as a 

significant risk factor for the development of iNTS. Prior studies discovered that Plasmodium 

infections in mice can transiently alter the commensal microbial flora and increase the initial 

colonization of enteric S. Typhimurium infections. In order to better understand how malaria 

impacts susceptibility to enteric pathogens, I further assessed the effects of Plasmodium yoelii 

infection on the mouse intestine. Although my studies confirmed that P. yoelii infection could 

impact the gut microbiota, changes in abundance of microbial taxa were not obviously 

correlated with increasing implantation levels of S. Typhimurium. Rather, P. yoelii was found to 

induce hypochlorhydria dependent on TNF-α signaling that impairs gastric defense against 

orally inoculated S. Typhimurium. Additionally, my investigation found that levels of endogenous 

Enterobacteriaceae, particularly Escherichia coli, consistently increase in the intestines during 

P. yoelii infection. Neither reduction in gastric acid alone nor E. coli utilization of increased levels 

of inflammation-associated nitrate could explain the bloom. However, a similar outgrowth of 

intestinally colonized avirulent S. Typhimurium was dependent on acrAB, vital components of a 

multidrug efflux pump (AcrAB-TolC) common to Enterobacteriaceae that is known to provide 

bile acid resistance. I determined that both P. yoelii infection and induction of hemolysis alone 

impacted the intestinal bile composition, and phenylhydrazine-induced hemolysis was sufficient 

to stimulate the E. coli expansion. The hemolysis-associated E. coli bloom was also dependent 

on functional siderophore uptake systems, as a tonB mutant did not expand and was 

outcompeted by wildtype E. coli in mice that were treated with phenylhydrazine. Together, these 

data suggest that both hemolysis-associated shifts in the gut metabolome and the immune 
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response to the Plasmodium parasite contribute to enhanced susceptibility to S. Typhimurium 

implantation and colonization. My work highlights the critical role of oft-overlooked non-

immunological antibacterial defenses in resisting enteric colonization and illustrates how 

Plasmodium can impact unexpected aspects of physiology that influence susceptibility to 

secondary infections.  
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Chapter 1  

Factors contributing to invasive bacterial infection by non-typhoidal Salmonella  

 

 

Introduction: Salmonella enterica  

 Salmonella enterica (subsp. enterica) is a species of Gram-negative, motile 

gastrointestinal and intracellular pathogens of the family Enterobacteriaceae generally 

associated with foodborne illness in humans. A close relative of the common intestinal 

inhabitant/pathogen Escherichia coli (diverging approximate 100 million years ago) (1, 2), S. 

enterica has evolved into numerous, genetically divergent serovars defined by their expression 

of outer membrane antigens that are broadly grouped based on typical disease presentation in 

otherwise healthy populations (3).   

 The typhoidal serovars, including S. enterica serovar Typhi (S. Typhi) and the Paratyphi 

A, B, and C serovars are the causative agents of enteric (sometimes known as typhoid or 

paratyphoid) fever (4-7). These serovars are strictly adapted to causing disease in humans (7, 

8). During infection, typhoidal Salmonella invades the host from the intestine, disseminating via 

the blood and lymph to systemic tissues (spleen, liver, and bone marrow) with apparently 

minimal activation of the host’s innate inflammatory defenses. Immune detection of the 

pathogen in these extraintestinal sites then results in the characteristic enteric fever, which can 

take weeks to resolve (5). A small proportion (less than 5%) of S. Typhi-infected hosts develop 

a chronic carriage of the bacteria in their gallbladder, serving as a reservoir for the pathogen 

where it can intermittently seed the intestinal lumen and be shed in feces for continued 

transmission to new hosts (7).  

 The remainder of serovars are broadly categorized as non-typhoidal Salmonella (NTS) 

and account for the vast majority of Salmonella infections worldwide (6). In contrast to typhoidal 

serovars, NTS are zoonotic generalists, with a breadth of mammalian and avian reservoirs (9). 
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In healthy populations, these NTS infections cause a severe inflammation in the intestinal lining 

known as gastroenteritis, which results in a rapid onset of symptoms including diarrhea and 

cramping (3). Reasons for this strikingly distinct presentation have been linked to genetic 

differences found between typhoidal and NTS strains. Many differences found in typhoidal 

varieties are adaptations to a “stealthier” lifestyle in humans, including the acquisition of the viaB 

locus-encoded Vi polysaccharide capsule (10-15) and reduced expression of virulence factors 

easily recognized by host cells as pathogen-associated molecular patterns (PAMPs), such as 

flagellin, to limit detection of extraintestinal by the immune system (16, 17). Despite sharing 

many genetic signatures contributing to invasiveness, the typhoidal and paratyphoidal serovars 

do not actually form an evolutionary clade separate from the non-typhoidal serovars, and rather 

seem to have evolved these similar adaptations to a host-restricted invasive lifestyle through 

convergent genome degradation and horizontal gene transfer (6, 18).  

 The most common NTS infections in humans involve the serovars S. Typhimurium and 

S. Enteritidis, though other serovars have also been linked to gastroenteritis outbreaks (19, 20). 

While the majority of infections with NTS serovars worldwide cause gastroenteritis, a small but 

notable share of NTS infections result in an extraintestinal disease. These so-called invasive 

NTS (iNTS) infections cause bacteremia or meningitis that is significantly more lethal than 

typical gastroenteritis (21-24). While iNTS infections are thought to make up less than 2.0% of 

the 94-155 million annual NTS infections that cause disease worldwide, iNTS-associated 

bacteremia likely accounts for more than half of all NTS-associated deaths, with an estimated 

63,000 to 681,000 from NTS bacteremia versus 56,000 to 155,000 from gastroenteritis (6, 25, 

26). This corresponds to a high apparent mortality rate of approximately 20% overall for NTS 

bacteremia, compared to the less than 0.2% mortality from gastroenteritis and less than 4.0% 

mortality for enteric fevers.  

 Globally, invasive NTS is typically associated with immunocompromised populations 

(25). In high income settings, risk factors include old age (>65 years), chronic disease, gastric 
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hypochlorhydria, and the use of immunosuppressive drugs including corticosteroids and 

chemotherapy (26). However, iNTS disproportionately impacts populations in sub-Saharan 

Africa, with over 1.9 million of the 3.4 million annual cases and an estimated 390,000 of the 

681,000 deaths in 2010 originating there (25, 26). Epidemiological surveillance in Africa has 

pointed to a number of additional risk factors and comorbidities that seem to make iNTS disease 

hyperendemic in the region (27). In these studies, invasive NTS was most predominant in young 

children (< 2 years old) and HIV-infected adults (25, 28-30). Within the younger population, 

primary risk factors for iNTS include malnutrition, HIV infection, and malaria (31-33). In addition 

to these immunocompromising conditions, bloodstream isolates of the non-typhoidal serovars 

infecting patients with sepsis in Africa have been investigated and found to be phylogenetically 

distinct from NTS serovars more associated with gastroenteritis in the rest of the world. Of 

particular note are isolates of the sequence type (ST)313, a set of S. Typhimurium forming a 

clade of lineages with notable genetic alterations compared to the ST19 serovars common to 

gastroenteritis outbreaks. These ST313 isolates appear to have largely evolved in Africa (34, 

35) and along with acquiring resistance to multiple antibiotics, display numerous signs of 

adaptation to an invasive or potentially host-restricted lifestyle (36), with genomic changes often 

echoing alterations associated with typhoidal serovars (37, 38). Yet, it is uncertain to what 

degree this genetic divergence in African NTS serovars reflects active evolution towards a more 

invasive human pathogen versus genomic degradation due to lack of selection for 

gastroenteritis-associated pathology over decades of passage through immunocompromised 

hosts.  

 In the past 20 years, researchers have investigated how these various risk factors- 

including HIV (39), malnutrition (40), malaria and other anemias (41), as well as serovar 

adaptations associated with iNTS disease (26, 42)- can impact the progression of non-typhoidal 

Salmonella infections in animal and in vitro models. These studies provide insights that may 

allow for improved or context-dependent interventions against iNTS. The goal of this chapter is 
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to summarize and review how these potential mechanisms may alter the course of a non-

typhoidal Salmonella infection to result in an invasive bacterial infection, rather than 

gastroenteritis, with a primary focus on the impacts of malaria on S. Typhimurium strains.  

  

How iNTS risk factors can exacerbate extraintestinal NTS  

 To better understand how immunocompromising conditions associated with iNTS 

disease impact the outcome of infection, it is useful to consider the course of a standard NTS 

infection such as S. Typhimurium that results in gastroenteritis in otherwise healthy human 

populations. Potential effects of the risk factors on the immune system that can interfere with the 

response to invading NTS will then be discussed.  

 

NTS infection in the healthy host 

 Non-typhoidal Salmonella is primarily transmitted via the fecal-oral route and colonizes 

the ileal and colonic lumen and mucosae to cause disease. As such, it must survive both 

environmentally, and through a gauntlet of innate host defenses throughout the stomach and 

small intestine, then overcome colonization resistance provided by the endogenous intestinal 

microbiota in order for an infection to successfully implant in the gut. S. Typhimurium achieves 

this outcome through engineering of their new gastrointestinal ecosystem, exploiting host 

responses of intestinal inflammation to generate new growth niches it can use to compete with 

the local microbial community.  

 To this end, the critical virulence factors used by S. Typhimurium for pathogenesis are a 

pair of type-III secretion systems (T3SS-1 and T3SS-2) that enable the pathogen to directly 

interact with host cells. T3SS-1, encoded by the Salmonella pathogenicity island 1 (SPI-1) 

locus, allows for invasion of the intestinal epithelium (43). The T3SS-2, encoded by SPI-2, is 

involved in survival outside of the gut in host cells, particularly phagocytes (44). Both systems 

secrete effector proteins encoded by their respective loci that are injected into the host cell’s 
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cytosol to induce functions. The T3SS-1 effectors induce uptake of the pathogen by epithelial 

cells (45), while T3SS-2 effectors generally promote intracellular replication and the spread of 

NTS through host tissues, allowing for significant dissemination in some animal reservoirs (43). 

These secretion systems and effectors are necessary for NTS to produce substantial intestinal 

inflammation through manipulation of the host cytokine response (46). 

 In the prototypical infection, S. Typhimurium travels through Microfold (M) cells in the 

Peyer’s patches of the ileal epithelium to the lamina propria using its T3SS effectors, where it 

either reaches the bloodstream or is engulfed by local dendritic cells and macrophages. These 

APCs detect S. Typhimurium PAMPs, including LPS and lipoprotein, triggering TLR-receptor 

mediated MYD88 signaling and NF-κB-dependent production of pro-inflammatory cytokines 

such as IL-1β, IL-18, and critically, IL-23. IL-23 signals to local cells, including CD4+ Th17 cells, 

to stimulate the release of IL-17 and IL-22 (47). IL-17 and IL-22 signaling on epithelial cells 

induces the release of CXC chemokines, which attracts neutrophils to the intestine that release 

antimicrobial proteins and phagocytose Salmonella, using oxidative bursts via NADPH oxidase 

to kill the pathogen (48) and potentially generating neutrophil extracellular traps (NETs) (49). 

However, these host immune responses seemingly meant to clear out Salmonella end up doing 

more harm than good, impairing critical members of the colonic microflora and interfering with 

colonization resistance against Salmonella in the intestinal lumen (50). This pattern of epithelial 

invasion, pathogen recognition, and immune cell recruitment to the intestine resulting in diarrhea 

ultimately benefits Salmonella through the generation of numerous growth niches that non-

typhoidal serovars like S. Typhimurium has evolved to make use of (discussed below). The 

inflammatory response promotes massive expansion of Salmonella population, enhancing 

continued transmission to subsequent hosts (51).  

 

Impacts of iNTS risk factors on the mucosal and systemic NTS immune response 
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 Significant research in vitro and work modeling co-morbidities using mice and non-

human primates has suggested mechanistic interactions that help explain how the various 

epidemiologically associated risk factors for iNTS disease can actually enhance the likelihood 

and severity of extraintestinal infections with the pathogen. 

 Malaria is the disease caused by bloodborne infections of the parasite Plasmodium, the 

leading cause of parasitic deaths (52) and endemic in sub-Saharan Africa. The parasite is 

transmitted from host to host by bites of the Anopheles mosquito, which can ingest Plasmodium 

when it feeds on an infected animal. In the mosquito, the parasite localizes to the salivary 

glands, where sporozoites can be injected into the skin of a new host via the mosquito’s saliva 

(53). Plasmodium parasites then travel through the blood to the liver, replicating and maturing 

into schizonts inside hepatocytes for a short time (1-3 weeks) before rupturing the cells and re-

entering the bloodstream as infectious merozoites, beginning the erythrocytic stage of infection. 

Here, the merozoites re-enter circulation and infect red blood cells (RBCs), differentiating into 

ring-stage trophozoites, multiplying into schizonts and rupturing the cells, which release the 

matured merozoites that can go on to infect more RBCs. This cycle can generate a profound 

anemia that, along with the buildup of parasite waste (hemozoin), lysed RBC fragments, and 

localized inflammatory responses to parasitized RBCs sequestered in tissue vasculature, results 

in widespread pathologies and symptomatic disease. These symptoms typically include the 

characteristic relapsing fever, headaches and joint paint, vomiting, and jaundice, but infections 

can also develop dangerous complications including severe malarial anemia, acute respiratory 

distress syndrome, cerebral malaria, and organ failure (54). 

 The impact of concurrent Plasmodium infection on the severity and lethality of S. 

Typhimurium has long been appreciated (55), but more recent studies using mouse models of 

Plasmodium-Salmonella co-infection have pointed to specific host-parasite interactions that 

disrupt intestinal barrier functions and blunt the immune response to NTS (reviewed extensively 

by Mooney et al (41)). While human malaria involves the parasite species P. falciparum, P. 
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vivax, P. ovale, P. malariae, and P. knowlesi (53), these species will not cause symptomatic 

disease in mice so rodent Plasmodium species such as P. berghei, P. chabaudi, and P. yoelii 

are used to model blood stage disease and complications of Plasmodium infection (56, 57). 

Mice co-infected with P. yoelii and S. Typhimurium displayed higher systemic Salmonella 

burdens (58-61) due to multiple related mechanisms. P. yoelii infection was associated with ileal 

mast cell recruitment and heightened plasma histamine levels that increased intestinal 

permeability (60, 62). Increased ileal mast cell counts and histamine levels were also confirmed 

in P. fragile-infected rhesus macaques (62), suggesting normal barrier functions to systemic 

bacterial infections can be impaired by malaria. A separate study utilizing the ligated ileal loops 

from the rhesus macaques found the mucosal response to S. Typhimurium was blunted by 

Plasmodium, with reduced pathology and expression of inflammatory cytokines IL-8, IL-17, and 

IFNγ in response to the bacteria (63). In a secondary line of evidence using mice, this inhibition 

of S. Typhimurium-induced inflammation was linked to increased expression of the 

immunomodulatory cytokine IL-10 as part of the response to Plasmodium, as IL-10 antibody 

blockade during parasite infection could rescue inflammatory signaling and limited Salmonella 

dissemination (63). IL-10 signaling also seems to inhibit systemic limitation of S. Typhimurium 

by myeloid cells (61). Additionally, hemolysis that occurs during Plasmodium infection may 

partially explain the increased burden in systemic tissues (58, 64). This could be specifically 

linked to heme degradation by heme oxygenase (HO-1) generating carbon monoxide and 

biliverdin that inhibit neutrophil oxidative burst (59). Additionally, iron accumulation in 

macrophages during Plasmodium-associated hemolysis was found to promote growth of 

intracellular Salmonella and blunted bactericidal capacity (65). As induction of IL-10 and HO-1 

during hemolysis are also common aspects of malaria in human populations (66-68), these 

findings could represent shared mechanisms contributing to increased invasion and inability to 

appropriately control extraintestinal NTS during malaria.  
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 While malaria is associated with one type of anemia that has been directly implicated in 

iNTS, additional anemias are actually fairly common in Africa and have been linked to 

bacteremia as well (69-71). Sickle cell anemia is a chronic hemolytic anemia caused by a point 

mutation in the hemoglobin gene, resulting in polymerization of hemoglobin when bound to 

oxygen that produces the elongated “sickled” RBC with impaired vascular flow that result in 

occlusion, ischemia, and intravascular hemolysis (72, 73). HO-1 activation in children with sickle 

cell anemia has been shown to impair neutrophil oxidative burst, potentially enhancing NTS 

extraintestinal survival in a similar manner to malaria (74). In a rarer set of inherited hemoglobin 

disorders, the thalassemias- particularly β-thalassemia- anemia onsets due to genetic 

alterations or absence of the β-globin chain (75). Thalassemias are also associated with 

enhanced risk for developing bacteremia (71), and a knockout mouse model of thalassemia was 

more susceptible to S. Typhimurium and Listeria monocytogenes infections (76). This link was 

hypothesized to be due to tissue iron overload, a consistent feature of thalassemias (71). 

Additionally, transfusions in thalassemia patients may result in secondary iron overload that can 

promote bacteremia, as iron fortification has been associated with enhancement of 

extraintestinal infections (77, 78).  

 It is unclear to what degree nutritional iron deficiencies, a major cause of anemia, 

contribute to or actually protect from invasive infections (79). However, other forms of 

malnutrition have been consistently positively associated with severe NTS infection (21, 23, 80), 

though mechanistic studies to define this interaction are lacking. Presumably, one factor could 

be that immune development and maintenance depends on proper nutrition (81). One study 

found that a protein-deficient diet in mice (modeling kwashiorkor) reduced survival during S. 

Typhimurium challenge (82). At the level of micronutrient malnourishment, vitamin A is known to 

be important for functional innate and adaptive immunity (83) and is a common deficiency in 

children in sub-Saharan Africa (84). A diet lacking vitamin A was found to exacerbate 

disseminated S. Typhimurium infections in mice, and vitamin A supplementation in deficient 
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mice improved outcomes (40), suggesting that critical vitamin deficiencies could contribute to 

malnourishment-associated iNTS. Intriguingly, recent research has suggested that malnutrition 

can also worsen pathologies associated with other risk factors. Malnourished mice on a low 

protein, zinc- and iron-deficient diet displayed slightly more resilience to a P. chabaudi infection, 

but also showed increased levels of intestinal inflammatory markers and reduced intestinal 

barrier function (85) than with infection or malnutrition alone, indicating multiple risk factors can 

combine to even further amplify risk for iNTS infections. Ultimately, more research will be 

needed to identify specific nutrient deficiencies that alter NTS infection outcomes. 

 As its name implies, the human immunodeficiency virus (HIV) leads to severe 

immunocompromise and is associated with the majority of iNTS cases in African adults (26). 

The virus targets CD4 receptor-expressing cells- primarily CD4+ T cells, but also some 

populations of monocytes and macrophages, inducing their severe depletion in infected hosts 

(86). This could clearly limit the capacity of the immune system to clear extraintestinal 

Salmonella, but additionally has been found to curb the mucosal immune response. In a SIV-

infected rhesus macaque model, CD4+ Th17 cells in the intestinal mucosa were depleted, 

which are critical for producing IL-17 and IL-22 during S. Typhimurium infection for neutrophil 

recruitment that limits systemic invasion (39). Furthermore, mucosal tissues during SIV infection 

show a dampened expression of pattern recognition receptors (PRRs), particularly TLR4, which 

could reduce innate detection of S. Typhimurium PAMPs by SIV- or HIV-infected hosts (87).  

 The reduced ability for NTS to generate significant intestinal inflammation in the 

immunocompromised host prevents significant gastroenteritis and may have helped select for 

alterations in local NTS strains circulating in Africa with a reduced capacity for immune 

activation and competition in the intestinal lumen and a greater aptitude for invasive infection. 

African S. Typhimurium ST313 bloodstream isolates show significant genomic change relative 

to ST19 strains associated with most gastroenteritis worldwide. The primary virulence 

determinant promoting the broad success of ST313 seems to be multi-drug resistance (36). 
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Sampling of NTS associated with bloodstream infections from multiple sites in Africa since 1966 

shows that replacement of ST19 isolates with ST313 isolates corresponded most strongly with 

the acquisition of antimicrobial resistance to chloramphenicol by the ST313 lineage II (L2) (88). 

Chloramphenicol resistance is associated with acquisition of the cat resistance gene, encoded 

on the virulence plasmid pSLT-BT, but isolates from ST313 L2 also display resistances to other 

common first-line antibiotics including to ampicillin, trimethoprim/sulfamethoxazole, and 

streptomycin (34, 89, 90). With this resistance factor, significant genome degradation and host 

adaptation could occur.  

 In infection studies using the isolates, representative ST313 isolates have been shown 

to cause less intestinal inflammation and do more poorly in the gut than ST19 strains in 

chickens and macaques (91, 92). In vitro macrophage infections and transcriptomic profiling 

suggests this phenotype may be due to reduced expression of immunogenic flagellin (fliC) or 

the SPI-1 effector sopE2 (42). This latter alteration seemed to correspond with the finding that 

ST313 isolates were less invasive of epithelial cells, indicating alternate mechanisms of invasion 

associated with iNTS risk factors- for example, loss of epithelial barrier functions with malaria or 

HIV- could be sufficient. Despite reduced epithelial cell invasion, ST313 isolates were found to 

disseminate more rapidly out of the intestine in chicken and mouse models of infection (91-93). 

This may be due in part to the pseudogenization of the SPI-2 effector sseI in ST313 speeding 

up D23580 dissemination inside infected immune cells (38), since functional sseI has been 

shown to interfere with migration patterns of infected cells to lymph nodes (94). 

 Exciting recent work has also uncovered changes that could actually contribute to 

increased systemic survival and immune evasion by disseminating ST313 isolates. Hammarlöf 

and colleagues found a SNP in the promoter of the gene pgtE that results in increased 

expression of the protease by the ST313 isolate D23580. PgtE helps S. Typhimurium degrade 

complement components deposited on the bacteria in the blood. Increasing PgtE levels thus 

reduces complement-based killing and immune activation, promoting serum resistance (95). 
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The finding strongly suggests that ST313 isolates are being selected for improved 

extraintestinal survival. However, it is important to note that while research has suggested 

ST313 isolates are perhaps less inflammatory in animal models and cultured cells, the ST313 

lineage is still capable of causing diarrhea and gastroenteritis in otherwise healthy humans (96, 

97), suggesting only partial transition to an extraintestinal pathogenic lifestyle. In fact, a 

separate lineage of ST313 has been identified circulating in the United Kingdom and is not 

associated with systemic disease (98). This, more than most other evidence, is a sign of the 

significance of the immunocompromising risk factors in the actual development of iNTS disease. 

 

How iNTS risk factors can impact innate & intrinsic intestinal defense 

  While significant research has indicated mechanisms by which the host response to 

malaria and other iNTS risk factors results in immunomodulation and immunocompromise that 

promotes iNTS, a subset of work has additionally suggested that some aspects of these 

comorbidities could be altering the gut environment prior to NTS infection, possibly benefitting 

the initial colonization and intestinal competition of the ingested pathogen (99). These factors 

may be useful for colonization of hosts by the S. Typhimurium ST313 isolates deficient in 

triggering inflammatory responses for intestinal growth, by enhancing both the establishment 

and transmission of NTS infections in the gut. 

 

The Stomach: First Line of Defense 

 In foodborne bacterial infections, gastric acid provides a frontline defense against 

ingested pathogens reaching the intestines (100, 101). While it also promotes proper digestion 

and mineral absorption, the killing of microbes by gastric acid has long been an appreciated 

effect (102-104) and is potentially the factor that most strongly selected for high gastric acidity 

(105). The human stomach naturally harbors few bacteria (< 104 per mL content) (106), 

predominantly due to the strongly acidic environment of the lumen (pH < 3). Abnormally low 
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levels of gastric acid secretion (hypochlorhydria) or the absence of secretions (achlorhydria) has 

been consistently associated with overgrowth of gastric bacteria and shifts in intestinal microbial 

communities (107-109). 

 Production of low pH in the gastric lumen is the duty of corpus-associated parietal cells, 

which use a specialized H+,K+-ATPase (ATP4A/B) proton pump to actively secrete hydrochloric 

acid (HCl) into the stomach when stimulated, killing the vast majority of ingested bacteria (101, 

103). Secretion can be inhibited pharmacologically via blockade of stimulation (e.g. histamine 

H2 receptor antagonists) or direct interference with the ATPase using proton pump inhibitors 

(PPIs) such as omeprazole. The use of PPIs has been associated with enhanced likelihood of 

enteric pathogen infections (110-112), including Salmonella (113, 114). Interestingly, 

Salmonella and E. coli genomes encode pH-response regulation systems governed by Fur, 

OmpR, PhoP and RpoS that enable acid tolerance, with additional acid resistance mechanisms 

in E. coli (115). However, these are perhaps most useful for survival in moderately acidic 

environments (pH > 3.0), rather than the comparatively extreme pH in the stomach. Consistent 

with this supposition, mouse models have provided evidence that Enterobacterales including S. 

Typhimurium are sensitive to killing by stomach acid, and inhibition of acid secretion enhances 

pathogen survival and intestinal implantation (101).  

 PPIs are unlikely to be as widely prescribed in sub-Saharan Africa as in Western 

countries (116, 117). Still, considering this clear link between stomach acidity and the likelihood 

of intestinal infection, iNTS risk factors negatively impacting gastric acid levels could promote 

co-infection with NTS and potentially other acid-sensitive intestinal pathogens. It has also been 

found that HIV may exacerbate Helicobacter pylori-associated hypochlorhydria through 

increased induction of gastritis (118). Additionally, our own research suggests that the host 

immune response during Plasmodium infection in mice results in a reduction in gastric acidity 

that promotes implantation of secondary bacterial infection in the gut (currently unpublished 

results; see Chapter 3). This finding suggests parasite-associated hypochlorhydria could 
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promote human-to-human transmission in malaria-endemic populations, without the need for 

Salmonella to generate significant gastroenteritis for growth. Conversely, work on other frequent 

causes of anemia in Africa has indicated that sickle cell disease is not associated with reduced 

gastric acid secretion in response to histamine stimulation (119). Still, the overall prevalence of 

hypochlorhydria in populations at high risk for iNTS is uncertain.  

 Some studies have indicated that starvation is associated with achlorhydria (120), which 

tracks with research on how macronutrient detection in the stomach and small intestine 

influences proton pump-activation signaling (103). Interestingly, chronic hypochlorhydria and 

achlorhydria have been shown to promote certain forms of malnutrition. Chronic 

hypochlorhydria is associated with small intestinal bacterial overgrowth (SIBO), which can divert 

energy from food to bacterial metabolism instead of host metabolism (121). Additionally, 

achlorhydria has been identified as a cause of iron deficiency (122). Although low gastric acidity 

has long been associated with “pernicious” anemia (vitamin B12 deficiency) (123), this is 

presumably not a causal relationship, but separate symptoms resulting from gastritis and 

destruction of parietal cells that secrete both HCl and intrinsic factor into the stomach, allowing 

for proper absorption of B12 (124).  

 In addition to the potential of malaria or HIV-associated gastritis to promote pathogen 

survival through the stomach, the representative ST313 isolate D23580 has been shown to be 

slightly more acid-tolerant than ST19 strain SL1344 in an in vitro tolerance comparison 

(increased survival after pH 3.5 exposure). This could suggest adaptation to higher levels of 

acid, though the associated mechanism was not explored (93). However, in our hands D23580 

displayed approximately equivalent survival in low pH as the ST19 strain IR715 (ATCC 14028s), 

with minimal survival of either strain after 1 hour of incubation at pH 3 or below (unpublished 

findings). Altogether, currently known phenotypic differences in ST313 do not particularly 

suggest adaptations that significantly impact gastric survival. 
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The Small Intestine: Antimicrobials Abound 

 Once it was reaching the small intestine, Salmonella encounters what could be a more 

hospitable environment than the stomach, with a generally less acidic pH but similarly low levels 

of competing microbes, and an abundance of proteins and simple monosaccharides and 

disaccharides yet to be absorbed (106, 125, 126). However, the small intestine also has 

numerous host-derived habitat filters that select for the established microbiota and limit 

colonization of pathogen. For many bacteria, these filters could include the fairly oxygenated 

lumen that inhibits strict anaerobes, though NTS are facultative anaerobes and thrive in higher 

oxygen environments (127). Another selective pressure in the small intestine is the high 

concentrations of bile acids secreted from the gallbladder into the duodenum to aid in digestion 

of fats (128). Bile acids are amphipathic cholesterol-derived molecules that destabilize bacterial 

cell membranes; thus, growth in content with extreme bile acid levels requires significant 

mechanisms of efflux for resistance. Many Enterobacteriaceae, such as NTS and E. coli, 

encode efflux pump systems (e.g., AcrAB-TolC) that provide relatively high levels of tolerance to 

bile acids (129), particularly relative to taxa that dominate the colonic microbiota. As such, 

factors that most limit Salmonella colonization of the upper small intestine (duodenum and 

jejunum) seem to be the high levels of antimicrobial peptides (AMPs), such as lysozyme and the 

alpha-defensins secreted by Paneth cells in the crypts, which saturate the mucus layer to create 

a barrier between the lumen and epithelium that limits bacterial invasion (128). Moreover, the 

rapid transit of contents through the duodenum and jejunum can make it difficult for bacteria to 

get a foothold (130), though the flagellated motility of Salmonella likely helps it overcome this for 

trafficking to M cells in the ileum (131, 132).  

 Investigations characterizing variability and impacts of disease on the microbiota and 

metabolite composition of the human small intestine have been limited, largely due to 

inaccessibility and invasiveness necessary for sampling (133, 134). However, recent mouse 

studies have better characterized potential effects of Plasmodium infection on these sites that 
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could influence NTS infection. The upper GI tract of C57BL/6 mice infected with P. berghei 

ANKA displayed severe pathology, including increased gas retention, a shortened small 

intestine, and enlarged goblet cells (135). This phenotype of inflammatory markers in the small 

intestine during P. berghei infection was confirmed by another study, as well as detecting 

shorted villi and increased mucus layers associated with the parasite (136). Plasmodium-

associated inflammation in the gut, despite being an extraintestinal pathogen, could provide an 

early benefit to colonizing Salmonella that relies on inducing inflammation to succeed in the 

lumen. Similar markers of altered small intestine barrier function, including atrophied microvilli, 

have been associated with HIV infection (137). Additionally, mice infected with P. yoelii 17XNL 

(a strain less associated with severe pathology) found alterations in the metabolite profile 

throughout the intestines of the mice during infection, including changes in the composition of 

the bile acid pool (138). Changes in bile acids in other models of infection have shown benefits 

to colonization of NTS serovars, including acute administration of a high fat diet (129) and 

Salmonella inflammation in a streptomycin-treated model of colitis (139). These studies were 

generally associated with an increase in the abundance of bile acids in the gut, as Salmonella is 

strongly resistant and outcompetes much of the commensal microbiota in bile-rich environments 

(129, 140). It is less clear whether total bile acid levels increase with malaria, or if merely the 

relative amounts of various conjugated varieties are altered. Compositional changes to the bile 

acid pool have been linked to susceptibility to various other enteric pathogens, such as C. 

difficle (141). Additionally, bile acids are involved in regulating expression of S. Typhimurium 

virulence genes, repressing invasion of host cells (142, 143). As the observed alterations were 

associated with liver damage (where bile acids are synthesized from cholesterol before being 

stored in the gallbladder), it would be reasonable to assume the changes could actually be 

reducing overall bile levels as well, further prompting NTS invasion of the co-infected host.  

 Circulating bile acid levels have also been shown to be impacted by severe acute 

malnutrition (144). This could indicate reduced bile acid production in the liver, as bile acids 
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negatively regulate synthesis by farnesoid X receptor signaling on hepatocytes. Conversely, 

plasma bile acid pool composition was shown to be altered in HIV-infected patients (145). 

Further research may help glean whether these observed changes correspond with differences 

in the intestinal pool.   

  Outside of bile acids, alterations in AMP production or function could impact Salmonella 

killing in immunocompromised hosts. Notably, influenza virus infections in mice were linked with 

dysbiosis and enhanced Salmonella colonization due to type I interferon inhibition of 

antimicrobial peptide activity (146). This finding suggests viral infections limiting immune 

activation to NTS could enhance its survival. One sign that differences in AMP may be impacted 

in at-risk populations is a study on mutations in the ST313 macAB genes, encoding components 

of a macrolide efflux pump (MacAB-TolC) regulated by PhoP that is associated with 

antimicrobial peptide resistance in Gram-negative bacteria (147). The mutations in macAB 

reduce resistance to the peptide C18G and reduce fitness of the ST313 isolate in the gut of 

resistant mice. This could be the result of reduced selection for AMP resistance in a host with 

reduced AMP levels. However, that might again be an extraintestinal adaptation, indicating the 

strains are escaping the gut before AMP resistance becomes a relevant aspect of selection. 

Future work characterizing the impact of comorbidities on host production of AMPs would be 

useful, as AMPs also significantly contribute to colonization resistance by helping shape the 

microbiota, and loss of some AMPs has been associated with various disease states, such as a 

reduction in α-defensin levels in ileal Chron’s disease (148, 149). 

 

The Colon: Shaping Microbiota-associated Colonization Resistance 

 Compared to the upper GI tract, our understanding of the ecosystem in the large 

intestine, and how host defenses and colonization resistance provided by the endogenous 

microbiota there influence enteric infection outcomes, has been extensively studied and 

reviewed (50, 125, 150-156). Relative to the rest of the gut, the colon is relatively nutrient-poor 
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and hypoxic, yet contains a large microbial community (1010-1012 CFU/mL) mostly composed of 

members of the Firmicutes, Bacteroidetes, Actinobacteria and Proteobacteria phyla (106, 126, 

130). As hosts to these microbes, it seems humans have evolved to select for a fairly stable 

community that can provide defense against various pathogens via direct and indirect 

mechanisms (50). Significant disruption of the “balanced” community structure- a state 

commonly referred to as dysbiosis- can result in a loss of colonization resistance and is linked 

with numerous disorders. Large swaths of research on how colonization resistance can be 

overcome has focused on how insults to the microbiota- including poor diet (157), antibiotic use 

(158), and intestinal inflammatory disorders (159, 160)- foster dysbiosis that promotes growth of 

pathogens and endogenous microbes whose expansion can cause disease (161).  

 Unlike opportunistic infections, the SPI-associated virulence systems of Salmonella 

allow it to naturally overcome the colonization resistance derived from the microbiota at 

homeostasis to cause disease (50). However, this still requires sufficient amounts of ingested 

Salmonella to reach the ileum and colon (an “infectious dose”), and different microbial 

community structures can impact the necessary infectious dose (162, 163). For example, the 

microbiota after treatment with the antibiotic streptomycin is associated with significantly 

reduced colonization resistance against Salmonella (164). In some of these cases, the changes 

in the community structure due to exogenous insult mimic shifts observed during inflammation 

caused by NTS pathogenesis (127), indicating shared mechanisms predisposing the host to 

Salmonella expansion in the lumen. For example, high-fat diets, antibiotics, and DSS-induced 

colitis have all been shown to shift the microbiota and influence colonocyte metabolism to 

increase levels of respiratory electron acceptors (such as nitrate, tetrathionate, and oxygen) in 

the lumen that allow Enterobacteriaceae and other Enterobacterales capable of using them to 

flourish (reviewed in (50) and (165)). Factors like these can actually limit the necessity for 

pathogen-associated virulence, as the groundwork of shifting the gut environment to provide 
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competitive nutrient or respiratory niches for Salmonella to thrive has already been done, thus 

removing the burden of ecosystem engineering from Salmonella.  

 Moreover, some members of the microbiome can produce metabolites or antimicrobial 

compounds that directly inhibit competing pathogens. For example, the short-chain fatty acid 

(SCFA) propionate produced by mouse Bacteroides species was shown to inhibit Salmonella 

colonization (166). It has also been shown that bile acid dehydroxylation by Clostridium 

scindens in the gut produces a novel bile acid that inhibits pathogenic Clostridium difficile (141). 

One can imagine numerous additional similar interactions occurring in vivo that are yet to be 

discovered, where presence or absence of a microbe with specific metabolic properties greatly 

influences colonization resistance. Risk factors altering the microbiota in a manner that depletes 

bacteria critical for resistance could foster enhanced host colonization by pathogens like NTS.  

 In mice, P. yoelii and severe infection with P. berghei has been linked to large intestinal 

inflammatory pathology and dysbiotic shifts in the fecal microbiome (136, 167). In one of the 

studies, germfree mice that were given a fecal microbiota transplant from P. yoelii-infected mice 

showed increased S. Typhimurium implantation oral challenge compared to mice receiving a 

transplant from healthy mice (167), providing evidence that parasite-induced dysbiosis might 

actually underly increased intestinal implantation of NTS during malaria. However, this finding 

was based on a small experiment (3 mice per treatment), so further evidence could elucidate 

the degree to which dysbiosis during Plasmodium infection actually reduces colonization 

resistance against S. Typhimurium. 

 While both studies found significant inflammatory markers in the intestines of susceptible 

Plasmodium infected mice, neither was able to definitely determine how the infection in the 

blood produced dysbiosis in the gut, though additional research has confirmed that Plasmodium 

infection can alter both the microbiota and the intestinal metabolic profile in mice (138). 

Remarkably, this latter study was following up observations that differences in the microbiota of 

mice from different vendors seems to result in significantly different profiles of P. yoelii infection 
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severity (168), though currently the precise mechanisms are unknown (169, 170). Earlier work 

from Yilmaz et al., however, reported that a specific member of the human microbiota (α-gal-

expressing E. coli O86:B7) could promote immunity against Plasmodium infection in the skin, 

limiting transmission (171). Together, these data indicate that reciprocal interactions can exist 

between Plasmodium infection and the gut microbiota in animals.  

 One important caveat to these studies is that the majority of malaria-associated iNTS 

disease occurs in very young children, and the natural microbiota of the adult laboratory mouse 

(> 8 weeks old) does not actually resemble that of human infants (172). The infant microbiota is 

typically dominated by members of the phylum Actinobacteria (Bifidobacterium species) and 

Enterobacteriaceae, which is thought to provide niche pre-emption to pathogenic enteric 

bacteria and guide the maturation of the microbiota to the adult stage (151, 173). In contrast, the 

mouse fecal microbiota is mostly made up of anaerobic Firmicutes and Bacteroidetes, closer in 

composition to the mature community in humans (106). Unfortunately, few studies have been 

undertaken to determine whether (and in what way) malaria could impact the gut microbiota in 

affected children. One recent analysis tracking Kenyan infants found little impact of malaria on 

the fecal microbiome (174). However, febrile participants were immediately provided treatment 

when malaria was suspected, limiting the severity of Plasmodium infections, which could reduce 

observable differences. More research is needed to more thoroughly understand the impacts of 

malaria on the developing microbiota. To that end, it might also be informative to investigate the 

impact of Plasmodium in an ex-germfree mouse model with a defined microbiota with 

composition closer to that of an infant, and how infection might impact the maturation of the 

microbiota. 

 One aspect of severe malaria that might influence the microbiota is the significant 

hemolysis that can generate anemia. The presence of anemia in infants and children in Kenya 

has been correlated to differences in the gut microbiota composition (175). It was found that in 

infants, anemia was associated with a reduction in pathogenic E. coli, while this correlation was 
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reversed in older children. Additionally, increased C. difficile was associated with anemia in both 

age groups, as well as reduced butyrate- a SCFA involved in colonocyte metabolism, regulating 

inflammation, and maintenance of intestinal hypoxia that limits facultative anaerobe blooms in 

the gut (176). Conversely, iron supplementation has also been associated with dysbiosis, 

increasing inflammatory markers (fecal calprotectin) and E. coli abundance (177). This actually 

suggests that host adaptations to iron deficiency may involve cellular iron sequestration from 

potential pathogens. 

 Invasive NTS risk factors outside of malaria have also been linked to significant changes 

in the gut microbiota. On the whole, studies have found HIV is associated with increased levels 

of Enterobacteriaceae and reduced levels of the SCFA-producing Lachnospiraceae (phylum 

Firmicutes) (178), shifts that resemble those associated with inflammation and Plasmodium 

infection in mice. Intriguingly, reduced levels of Bacteroides have also often been reported, 

which could benefit Salmonella colonization through reduction in propionate levels (166). These 

changes might also be linked with reduced PRR expression in intestinal tissues impacting 

commensal training of host mucosal immunity, which was observed in SIV-infected macaques 

(87). Moreover, although it successfully suppresses circulating viremia and has been linked with 

reduced incidence of HIV-linked iNTS disease (179), antiretroviral therapy does not seem 

sufficient to fully correct these intestinal dysbiosis (87, 137), likely due to a continued depletion 

of mucosal CD4+ T cells- though probiotic use has shown beneficial effects in improving barrier 

functions and reducing inflammation.  

 While a so-called “Western” diet high in fat and simple sugars has been repeatedly 

linked to dysbiosis and susceptibility to enteric pathogen colonization (129, 180-185), analysis of 

the microbiota of malnourished populations also offers insights into the influence of nutrition and 

the development of the microbiota. Children in Bangladesh with severe acute malnutrition 

displayed reduced diversity and immaturity in their fecal microbiota relative to healthy children, 

characterized by an overabundance of Enterobacteriaceae species (186). Food intervention 
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reduced Enterobacteriaceae levels and enriched for previously depleted Lactobacillus and 

Bifidobacterium species, indicating nutritional status can significantly shape the microbiota. 

Furthermore, it has been shown that acute anorexic responses to infection can alter the 

microbiota, often through the enrichment of species less dependent on dietary carbohydrates for 

their metabolism, such as the mucin-degrading Akkermansia muciniphila (187). While some 

studies have associated abundance of this species with a healthy gut microbiota (188, 189), A. 

muciniphila blooms in the absence of significant dietary fiber intake can be a marker for mucus 

barrier degradation and dysfunction, thus promoting mucosal pathogen colonization (181). 

Interestingly, presence of A. muciniphila was shown to promote S. Typhimurium pathology and 

dissemination in a gnotobiotic mouse model (190), evidence that A. muciniphila is not always 

protective of the host.   

 Finally, ST313 isolates show reduced capacity to colonize the gut of some animal 

models. As previously described, this has been linked to reduced expression of flagellin and the 

SPI-1 gene sopE2 (42, 91). These alterations may be signs that the preferred host for ST313 

does not require as much induction of inflammation for gut colonization. In accordance with this 

hypothesis, characterizations of the representative ST313 lineage II isolate D23580 have 

suggested a loss or reduced expression of genes involved in carbon utilization, including 

systems for using allantoin, tartrate, and melibiose (37, 191). Of particular note, allantoin is a 

reported inflammatory marker in IBD (192). Melibiose has been shown to accumulate in the 

mouse gut during S. Typhimurium infection (193) and melibiose utilization genes of a ST19 

strain were upregulated in the gut during chicken infections (194). These findings suggest those 

carbon sources could be useful for S. Typhimurium growth in the inflamed gut, and loss of the 

ability to use them effectively could indicate extraintestinal or potentially anthropogenic 

adaptation (36). Additionally, a S. Enteritidis strain isolated from iNTS infections displayed 

altered carbon and nitrogen source utilization when compared to a gastroenteritis-linked isolate 

(195). This could be a sign that metabolic alterations are a feature shared by invasive African 
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NTS isolates more generally, suggesting the risk factors associated with Africa could be driving 

genomic adaptations outside of the well-characterized ST313 lineages.  

 Emergence of the chloramphenicol-resistant ST313 Lineage II (L2) in the 1970s and 

their rapid supplantation of the ST313 Lineage I (L1) corresponded with the broad adoption of 

chloramphenicol as the drug of choice for bacterial infections in Africa (35). Strikingly, reduction 

of chloramphenicol use has been temporally linked with the emergence of a new lineage of 

ST313 (L3) lacking chloramphenicol resistance, but which shows increased accumulation of 

genomic alterations in loci predicted to be associated with extraintestinal infection (88). On the 

other hand, another ST313 lineage (L2.1) with added resistance to the third-generation 

cephalosporin ceftriaxone, ciprofloxacin, and azithromycin (though not all three together) has 

been detected at some sites in sub-Saharan Africa (196), corresponding to the increased use of 

these drugs for iNTS (88). These L2.1 isolates also show genomic alterations associated with 

increased invasive potential relative to ST19, ST313 L1, and ST313 L2 clones, including the 

further loss of the flagellin fljB gene (196). African S. Enteritidis bloodstream isolates have also 

shown acquisition of drug resistances. One representative isolate was found to have a pSENV-

derived plasmid encoding nine antimicrobial resistance genes (195). Ultimately, these 

adaptations could allow the resistant NTS strains to easily outcompete a microbiota concurrently 

being depleted or inhibited through treatment with an antibiotic that the ST313 strain can resist, 

allowing for degradation of pathways useful in outcompeting the healthy microbiota.  

 

Conclusions and Future Perspectives 

 It has long been appreciated in mouse models of Plasmodium infection and chemically-

induced hemolytic anemia that the treatments can enhance the lethality of non-typhoidal 

Salmonella infections (55, 64). Recognition of the influence of immunocompromising HIV 

infection on invasive bacterial infections (IBIs) emerged nearly concurrently with awareness of 

the AIDS epidemic (197-199). And while our understanding of how different forms of 
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malnutrition encourage specific IBIs is still in its nascency, it is well known that nutritional status 

and resistance to infection are closely tied (200).  

 These risk factors can effectively turn intestinal NTS strains into opportunistic invasive 

infections, significantly less dependent on a robust virulence system to succeed in the host. The 

typical cycle of NTS growth and transmission depends on the pathogen hijacking host immune 

responses to gain a foothold in the intestine, resulting in gastroenteritis. It is little surprise, then, 

that regularly encountering hosts suffering immunocompromise that interfere with this cycle 

could drive the generation of strains such as the ST313 clade, better suited to alternative 

infection lifestyles. In fact, the major determinant of the dominance of ST313 is likely its broad 

antibiotic resistance, with other genomic changes perhaps being useful in actually limiting 

immunocompromised host mortality once the pathogen has disseminated. Too lethal an 

interaction would lead to dead-end hosts and ultimately be selected against.   

 Although the iNTS burden in sub-Saharan Africa is significant, it only makes up ~17% of 

detected bacteremias (201), indicating the impact of comorbidities like malaria, malnutrition, and 

HIV predispose to additional infections via more diverse mechanisms than Salmonella-specific 

interactions. Studies in mouse Plasmodium infection models have suggested the parasite can 

enhance IBIs with Streptococcus pneumoniae, Listeria monocytogenes, and potentially 

enteropathogenic/enterohemorrhagic E. coli (as modeled by Citrobacter rodentium) (202, 203). 

This multi-bacterial susceptibility is concerning, as pathobionts with significant antimicrobial 

resistance, such as carbapenem-resistant Enterobacteriaceae, are disseminating worldwide 

(204), and could rapidly dominate the invasive-infection landscape. Additionally, although we 

are beginning to clarify mechanisms by which single immunocompromising factors can influence 

the development of iNTS, the mixed presence of such comorbidities is a common occurrence in 

at-risk populations (205-208) and have been shown capable of amplifying detrimental effects on 

the host to that could promote iNTS (85). Better understanding of how various risk factors work 

together could also help design rational treatments to limit IBIs. 
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 It seems the best way to reduce IBIs will be to focus efforts on treating the underlying 

conditions. Invasive NTS vaccines are in development, but many of the risk factors can 

compromise of vaccine-based immunity (201, 209). Devising appropriate treatments for 

acquired anemias that don’t actually promote the potential of IBIs may prove difficult (78, 210), 

but antiretroviral therapy for HIV and reducing malarial transmission have been effective in 

reducing the incidence of secondary iNTS disease (26, 80), suggesting funding such 

approaches would be a reasonable way to reduce the burden of invasive bacterial infections.   
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ABSTRACT 

Infection with malarial parasite is a significant risk factor to severe non-typhoidal Salmonella 

(NTS) disease. Research using mouse models has suggested that severe Plasmodium infection 

can also alter the composition of the fecal gut microbiota in a manner that reduces colonization 

resistance against NTS. Here, we expanded these observations throughout the initial two weeks 

of Plasmodium infection. We determined that after approximately 1 week, Plasmodium infected 

mice develop increased abundance of commensal E. coli when it is present in the gut, indicating 

that changes to the environment impacting Enterobacteriaceae members can occur by this point 

of the infection. We further assessed the potential of various microbial taxa and metabolic 

niches modulated by parasite infection at that timepoint to influence colonization resistance 

against NTS. Finally, we evaluated whether certain metabolism-associated enzymes encoded 

by the NTS genome are necessary for the pathogen to benefit from the Plasmodium-associated 

implantation boost.  

 

 

INTRODUCTION 

Most mucosal tissues and the skin are microbe-rich environments (1), colonized with flora that 

provide some level of colonization resistance that limit the incursion of bacterial pathogens and 

prevent infection of the healthy host (2). Significant disruptions in the “balanced” composition of 

the microbiota, known as dysbiosis, have been associated with increased risk of many diseases 

(3). Antibiotics in particular are known to often result in dysbiosis that significantly inhibits the 

ability of the microbiota to provide the sufficient colonization resistance limiting infection many 

bacterial pathogens (4). One popular model of non-typhoidal Salmonella colitis in mice actually 

uses pretreatment of the animals with the antibiotic streptomycin prior to infection with NTS to 

greatly enhance the colonization and inflammatory potential of the pathogen in the gut (5, 6), 

potentially through depletion of critical members of the microbiota (7). 
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In recent years, the field of microbiota research and 16S rRNA profiling of the variation 

of the bacterial microbiota in health and disease states has flourished in popularity (8). 

Investigators have uncovered that factors such as diet and genetics, that shape the microbial 

flora and promote differential disease outcomes (9-13). Additionally, concurrent or recent 

infection with many pathogens- including viruses (14, 15) and intestinal parasites such as 

Toxoplasma gondii (16) and Giardia (17)- have been shown to impact the composition of the 

microbiota. We recently reported that infection with the malarial parasite Plasmodium can 

modulate the host’s intestinal microbiota (18, 19). This finding was somewhat surprising, as 

unlike Toxoplasma or Giardia, Plasmodium infection occurs primarily in the blood, liver, and 

spleen tissues (20), and the parasite does not directly interact with the contents of the human 

gut. Thus, it seemed likely the parasite was influencing the gut microbiota indirectly, either via 

localized immune responses against sequestered parasitized blood cells in the gut tissue 

vasculature (18) or generalized systemic immune responses that happen to alter 

gastrointestinal physiology (21).  

 Moreover, we found that this Plasmodium-altered microbiota was associated with 

boosted intestinal colonization of the NTS serovar S. Typhimurium, independent of S. 

Typhimurium-associated T3SS virulence, though the underlying mechanisms remained poorly 

understood. The findings present a potential public health concern, as malaria is also a known 

risk factor for the development of invasive NTS bacteremia disease (22). Thus, the collective 

effect of Plasmodium could be both potentiating the transmission of NTS while also increasing 

the odds of bacteremia, making NTS infections both more likely and more lethal in malaria-

endemic regions. Here, we further explored the changes occurring in the intestinal environment 

of mice throughout early blood-stage Plasmodium infections to elucidate potential microbial 

and/or metabolic changes that might benefit Salmonella and closely related bacterial species. 
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RESULTS AND DISCUSSION 

Plasmodium infection induces microbiota alterations in C57BL/6J mice  

 As our previous study was focused on characterizing the changes to the microbiota of a 

single set of mice infected with Plasmodium, we first wanted to confirm the previous findings 

while expanding our observations to better understand how the early course of Plasmodium 

infection influences the composition of the intestinal microbiota. To do this, two strains of 8-

week-old mice (C57BL/6J and CBA/J) were injected with rodent Plasmodium parasite P. yoelii 

nigeriensis (Pyn)-infected blood or mock-infected with control blood from otherwise healthy mice 

(n = 6 mice per group, outlined in Fig. 2.1A). Prior to infection and over the following two weeks 

(at 3, 7, 10, and 14 days after infection), fecal samples were collected for 16s rRNA sequencing 

and mice were monitored for symptoms of illness (weight loss) and the development of 

parasitemia through tail blood sampling. Around 6 days post-parasite inoculation (dpp), the 

C57BL/6J mice infected with Pyn began to lose substantial amounts of weight (Fig. 2.1B), 

corresponding with an early spike in the parasite burden (Fig. 2.1C). By the end of the sampling 

period at 14 dpp, all Pyn-infected mice had developed significant splenomegaly and anemia 

relative to the mock-infected control animals (Fig. 2.1D and 2.1E). Additionally, there was a mild 

but not significant trend towards a shorter colon length in the infected mice (Fig 2.1F), a sign of 

intestinal inflammation that can occur with severe parasite infection (19).  

 Fecal pellets from all mice at days 0, 3, 7, 10, and 14 post-inoculation were flash frozen 

at collection, prior to bacterial DNA extraction and 16S rRNA sequencing. Echoing findings of 

earlier reports (18, 19, 23), this analysis found moderate modulation of the fecal microbiota 

composition during early Plasmodium infection of the C57BL/6J mice (Fig. 2.2-2.4 and Table 

2.1). At the highest level of bacterial classification, mock-infected mice appeared to more stably 

maintain their starting microbiota, while Pyn infection resulted in a mix of changes at the 

different sampling timepoints. For example, early on in Pyn infection (3 dpp) there was a trend 

towards increasing relative abundance of the phyla Verrucomicrobia and Actinobacteria, 
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compared to mock-infected mice, where these phyla were comparatively stable throughout the 

observation period (Fig. 2.2A). The trend in Verrucomicrobia appears to arise from the genus 

Akkermansia (Table 2.1), likely the species Akkermansia muciniphila, a common member of the 

human intestinal microbiota. This species is known for breaking down and using host mucins for 

energy (24). A high abundance of A. muciniphila is associated with positive health outcomes, 

including a reduced risk of obesity (25, 26). However, when consuming diets low in fiber, A. 

muciniphila can also significantly degrade the mucus barrier and promote host susceptibility to 

enteric pathogens (13). It has also been shown that A. muciniphila blooms in response to viral-

linked anorexia (27). Ultimately, the increased abundance could be a signal of reduced food 

intake leading to relatively improved competition by host-provided mucin-degrading A. 

muciniphila against the microbiota members depending on regular food and dietary fiber for 

energy. Alternately, Plasmodium infection could cause an acute release in mucus by goblet 

cells into the gut, perhaps via stimulation by histamine released from mast cells in response to 

the parasite (21, 28). 

 The 3 dpp boost in Actinobacteria seems to be due to the maintained abundance of the 

order Coriobacteriales coupled with a relative increase in the genus Bifidobacterium (family 

Bifidobacteriaceae, order Bifidobacteriales; Table 2.1). Bifidobacterium include many species of 

bacteria thought to be beneficial to the proper structure of the microbiome through their unique 

carbohydrate metabolism breaking down complex polysaccharides intro simpler sugars to 

cross-feed other microbial flora (29). Some strains of Bifidobacterium, including B. longum and 

B. infantis, have even been used as probiotics to treat diarrheal and inflammatory bowel 

diseases (29). This increased abundance could represent an actual metabolic niche opening 

early in Pyn infection that Bifidobacterium can expand to occupy, or potentially Bifidobacterium 

levels are actually stable, and the increased relative abundance solely represents a reduction in 

other taxa (e.g. Firmicutes).  
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 The enrichment in low abundance taxa at 3 dpp seems to come at the expense of the 

phylum Firmicutes, which was concurrently reduced in Pyn-infected mice while remaining 

consistently high in the control mice (Fig 2.2A). However, at later time points of Pyn infection the 

Firmicutes rebound, while the Verrucomicrobia and Actinobacteria increased at 3 dpp subside to 

pre-infection levels (Fig 2.2A). Magnifying the analysis to lower classification levels clarifies that 

the reduction in the abundance of the Firmicutes was predominantly due to a relative drop in 

members of the family Lachnospiraceae (class Clostridia, order Clostridiales, Fig. 2.2B and 

2.2C, Table 2.1), which includes critical butyrate producers (30) that help maintain gut hypoxia 

(7). This taxon then expanded to pre-infection levels by 7 dpp but was found at lower 

abundance at 10 dpp and 14 dpp, mirroring previous findings at 10 dpp (18). The higher 

abundance of Firmicutes was maintained after 7 dpp through increased abundance of the class 

Bacilli (order Lactobacillales). These trends in the Clostridiales and Lactobacillales levels at later 

timepoints were actually largely shared in the mock-infected mice too, though this group started 

with a lower relative abundance of Clostridiales (Fig. 2.2C). Considered as a whole, this 

suggests that husbandry effects could be relevant to the observed changes in the abundance of 

Firmicutes members in the Pyn group later on in infection. 

 To better assess what observed differences in microbiota composition were most likely 

to be (1) associated with Pyn infection, and (2) not just due to general shifts in the communities 

from shared husbandry practices, we compared the relative abundance of each detected taxon 

between the Mock-infected and Pyn-infected groups at each collection timepoint (Welch’s t-test) 

as well as pairwise comparisons of each taxa’s abundance between every Pyn-infected mouse 

before and during infection (Paired t-test). We list taxa that showed statistically significantly 

different (P < 0.05) relative abundances by both comparisons in Table 2.1. Notably, the 3 dpp 

timepoint featured the vast majority of composition differences by this measure (both increased 

and decreased abundance); the only other taxon found with statistically significantly different 

abundance at a different time point was an increased relative abundance of an unclassified 
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member of the family Porphyromonadaceae (order Bacteroidales) at 10 dpp (Table 2.1), which 

does generally track with our previous findings of increased Bacteroidales at 10 dpp (18).  

 To better understand what aspect of the comparison was leading to so few definable 

changes, we generated volcano plots to visually represent the overall magnitude of changes in 

taxa abundance with their degree of significance by these statistical comparisons (Fig. 2.3). By 

this measure, it is clear that there were already a number of differences between the microbiota 

of the groups of otherwise healthy mice prior to Pyn or mock infection (Fig. 2.3A), which could 

make it more difficult to pick out taxa that made relevant changes. Though every time point 

assessed actually displayed a number of taxa diverging from 0 dpp in the paired comparisons of 

Pyn-infected mice (Fig. 2.3B-D), only at 3 dpp was there also multiple taxa with matching 

significant differences when compared to the Mock-infected mice. Surprisingly, at the 7 dpp and 

10 dpp timepoints it appears that the overall composition of the microbiota of Pyn-infected mice 

actually more closely resembles their mock-infected counterparts than their own microbiota prior 

to infection (Fig 2.3C and 2.3D). Overall, this suggests that the important Pyn-associated shifts 

in composition may be difficult to discern with this small of a sample size and such variability in 

the pre-infection microbiota. 

 

Microbiota shifts with Pyn infection of CBA/J mice mirror C57BL/6J mice 

 Next, we wondered whether the severe malarial infection associated with the C57BL/6J-

Pyn model was necessary, or if other mouse strains more “tolerant” to infection with the parasite 

would also present with microbiota shifts (19). To determine how consistent the microbiota 

changes during Plasmodium infection we observed are across genetic backgrounds, we sought 

to compare the general trends in C57BL/6J mice to changes that occur during parasite infection 

of more resistant CBA/J mice. While they are also an inbred strain, CBA/J mice are genetically 

distinct from the C57BL/6J strain in numerous ways. Critically, CBA/J mice maintain a fully-

functioning Nramp1 gene, which is known to provide improved resistance against many 
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intracellular pathogens (such as Salmonella) through metal withholding in macrophages 

phagolysosomes (31). Nramp1 is also necessary for iron recycling by macrophages during 

hemolytic anemia (32), which could lead to a buildup in systemic tissues that negatively 

influences disease outcomes. We had noticed that CBA/J mice appear less susceptible to 

suffering severe morbidity from P. yoelii nigeriensis infection (Fig. 2.1B, Right Panel), although 

other aspects characteristic of the disease (including splenomegaly and anemia) still occur (Fig. 

2.1C and 2.1D). Prior research has suggested that mice resistant to severe malarial disease 

may develop milder intestinal pathology and dysbiosis than susceptible strains (19). Thus, we 

hypothesized that the Pyn-infected CBA/J mice might not show alterations in their fecal 

microbiota, or that alterations that occur might be different than in C57BL/6J mice.  

 Remarkably, general trends in the microbiota of CBA/J mice closely mirror those 

observed in the C57BL/6J mice (Fig 2.4A and 2.4B). Like the C57BL/6J mice, the CBA/J mice 

also show a relatively increased abundance of Verrucomicrobia (genus Akkermansia) and 

Bifidobacteriaceae (genus Bifidobacterium) at 3 dpp that returned to low levels thereafter (Fig. 

2.4B, Right Panel). Likewise, the CBA/J microbiota at 3 dpp showed reduced Lachnospiraceae, 

which increased significantly (above 0 dpp levels) at 7 dpp before showing reductions at 10 dpp 

and 14 dpp largely through an increase in Lactobacillaceae (Fig. 2.4B, Right Panel). 

Additionally, the mock-infected CBA/J mice generally showed more consistent levels of the 

various families of Firmicutes throughout the experiment (Fig. 2.4B, Left Panel), compared to 

the C57BL/6J mock-infected mice that displayed notable enrichment of Lachnospiraceae at 7 

dpp and Lactobacillaceae at 10 dpp and 14 dpp (Fig 2.4A, Left Panel). This suggests that these 

shared shifts in the microbiota composition between CBA/J and C57BL/6J mice are a 

characteristic feature of the responses to Plasmodium infection and not simply husbandry 

effects, and that the noted variability in the mock-infected C57BL/6J microbiota is noise that 

potentially obscures relevant effects of the parasite.  
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 Intriguingly, later time points in all sets of mice were associated with slightly increased 

alpha-diversity (intra-sample diversity) in the fecal microbiota, as we could sometimes detect 

over twice as many distinct OTUs as early in the infection (Fig. 2.4C and 2.4D), though there 

was little difference between the mock- and Pyn-infected groups by this measure. This might 

indicate changes in husbandry impacted the microbiota of these mice, whether through 

handling-based stress allowing low-abundance taxa to expand, or via introduction of outside 

microbes to the mice. In either scenario, such taxa were still maintained as very low-abundance 

members of their respective microbial communities (<1% relative abundance). Overall, these 

data suggest that Pyn-associated shifts in the gut microbiota are not solely attributable to the 

genetics of C57BL/6J mice, as they paralleled changes in the infected CBA/J mice. 

 

Comparing microbiota alterations after 10 days of Plasmodium infection 

 In our previous report (18), we focused attention on the microbiota shifts that were 

detectable at 10 dpp. While we concluded that Plasmodium induced numerous changes to the 

microbiota in those experiments, we had found fewer significant changes at the matching time 

point in this follow-up work (Table 2.1). However, we also used a significantly lower parasite 

dose when infecting these mice (10-fold fewer parasite-infected RBCs), to limit the potential for 

severe weight loss and mortality during the experiment. This lower infectious dosage could 

cause a less severe disease with reduced capacity to transform the gut environment or change 

the timing of when certain changes arise during the infection. Still, when considered as a whole, 

the microbiota does appear to change form multiple times during early Plasmodium infection 

compared to healthy mice (Fig. 2.2), and we even see a shift in the 10 dpp populations when 

plotted using non-metric multidimensional scaling (Fig. 2.5A). To further assess the validity of 

our previous findings, we homed in on mice at the 10 dpp time point, and individually 

reassessed taxa that we had observed changing significantly in the prior study. The primary 

significant change found at 10 dpp in the current study was an increase in the abundance of an 
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Unclassified genus of the Bacteroidetes family Porphyromonadaceae (Table 2.1 and Fig. 2.5B). 

In the overall context, it is clear that this trend was also dependent on a concurrent reduction of 

the taxa in mock-infected animals (Fig 2.5B). However, abundance of members of the genus 

still trended in opposite directions in the mock and Pyn groups, suggesting that Plasmodium had 

a greater impact on this Porphyromonadaceae than the shift that naturally occurred in the 

healthy mice.  

 Our previous work had noted that some of the most interesting changes were in the 

relative reduction of Firmicutes and relative increase in Bacteroidetes, the two dominant phyla 

making up the healthy mouse microbiota (33). When considering these taxa individually, these 

trends hold in same direction for this study (Fig. 2.5C and 2.5D), though both taxa are still highly 

abundant. On a finer level, we also still see reductions in the relative abundance of the genus 

Ruminococcus (Fig. 2.5E), though abundance levels were significantly lower than previously 

observed (1.0% previously versus less than 0.1% in these mice). This finding was of potential 

interest, as a loss of Firmicutes of the class Clostridia has been associated with dysbiosis and 

reduced colonization resistance against non-typhoidal Salmonella species (7). Many members 

of this taxa, especially of the families Lachnospiraceae and Ruminococcaceae are known as 

important producers of butyrate (34), a SCFA produced by dietary fiber degradation and used 

by epithelial cells lining the colon as a primary source of energy. Metabolism of butyrate into 

acyl-CoA chains by colonocytes is achieved via beta-oxidation, a process that also consumes 

most oxygen reaching these cells. This breakdown of butyrate keeps the colonic epithelium 

strongly hypoxic and the lumen nearly anoxic, benefitting the commensal anaerobes (35). When 

butyrate levels are severely depleted- such as during antibiotic treatment (7) or severe 

inflammation inhibiting the commensal butyrate producers (36)- colonocytes may switch their 

metabolism away from oxygen-heavy beta oxidation, allowing diffusion of oxygen across the 

epithelium to oxygenate the colon (37). This provides a new growth niche benefitting facultative 

anaerobes, such as Salmonella and endogenous Enterobacterales like E. coli (35). 
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 We reasoned that if the microbiota changes during Plasmodium infection were a sign of 

reduced intestinal butyrate, it might explain the depleted colonization resistance of NTS. 

Remarkably, butyrate levels measured in the cecal contents of Pyn-infected mice at 10 dpp 

were found to be approximately half the concentration in healthy mice (Fig. 2.5F). Other SCFAs, 

including acetate and propionate, also trended toward lower concentrations, and lactate levels 

were also slightly reduced (Fig. 2.5F), suggesting alterations to the metabolome co-occurring 

with the microbiota changes. This difference in SCFAs signified that altered colonocyte 

metabolism could play a role in Pyn-associated loss of colonization resistance. Additionally, 

although it was not severely depleted, propionate produced by Bacteroides species has been 

linked with inhibiting Salmonella in the gut (38), suggesting an alternate SCFA mechanism that 

could contribute.  

 To determine whether Pyn infection results in a loss of colonic hypoxia that could benefit 

colonizing Salmonella, we treated mice with the hypoxia-probing dye pimonidazole (PMDZ) at 

10 dpp, 1 hour prior to euthanizing the animals. This hypoxia marker binds to thiol-containing 

proteins in very low oxygen environments (pO2 < 10 mmHg) (39, 40), including the healthy 

intestinal epithelial border (7). Formalin-fixed, paraffin-embedded cecal tissues collected at 

necropsy were immunofluorescently stained for PMDZ (primary antibody: mouse anti-PMDZ; 

secondary: goat anti-mouse-Cy3-conjugated) and counterstained with DAPI for cell nuclei 

detection. Although we expected reduced PMDZ signal in cells lining the lumen of Pyn-infected 

mice (indicating increased epithelial oxygenation), we instead observed at least equivalent 

staining in mock and Pyn-infected mice at 10 dpp (Fig. 2.5G), which suggests increased 

oxygenation of the lumen at this time point is not likely to be occurring. As controls, tissues from 

healthy mice not administered PMDZ, and tissues from PMDZ-treated animals but not exposed 

to the secondary fluorescent antibody were also assessed and displayed significantly less signal 

(Fig. 2.5G, Right Panels), indicating the fluorescence was specific to the hypoxia probe and not 

autofluorescence of the tissues. Although these findings appear to counter to the lower levels of 
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butyrate, that 2-fold reduction is actually relatively minor compared to the massive (1000-fold) 

depletion following streptomycin treatment (7). We actually see somewhat greater tissue 

hypoxia in the Pyn-infected mouse tissues, which could be a result of the reduced oxygen 

carrying capacity due to the severe malarial anemia caused by the parasite (41). 

 Overall, these results suggest that many of the shifts in the gut microbiota associated 

with Pyn infection of C57BL/6J mice are broadly consistent in their direction, if not necessarily in 

degree. Additionally, while some of these alterations may be linked to differences in the 

abundance of metabolite such as SCFAs, it is unclear how much these subtle differences 

impact host physiology.   

 

Intestinal E. coli (when present) blooms during Plasmodium infection 

 While these findings may represent microbiota changes that truly occur during severe 

clinical infections with Plasmodium, one potentially critical factor is missing from the C57BL/6J 

and CBA/J models: these mice lack any naturally occurring culturable commensal 

Enterobacteriaceae, such as E. coli. This is by design, as The Jackson Laboratory has 

screened out these potential pathobionts from their specific pathogen-free (SPF) mouse stocks 

(42). However, it is known that species like E. coli are ubiquitous (though typically low-

abundance) members of human microbial flora (43), and potentially provide some degree of 

colonization resistance in the gut against related pathogens like Salmonella via metabolic niche 

pre-emption (12, 42). Thus, we hypothesized that if a commensal Enterobacteriaceae such as 

E. coli was present in the gut during Pyn infection it would actually derive a growth benefit 

through the same metabolic components benefitting Salmonella Typhimurium.  

 To test this, we experimentally infected C57BL/6N mice acquired from Charles River 

Laboratory with Pyn. Enterobacteriaceae naturally occur as part of the intestinal flora of these 

mice (42), including culturable E. coli, allowing for Plasmodium’s influence on these bacterial 

populations in the feces to be easily assessed over the course of infection. Plasmodium 
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infection resulted in a significantly increased abundance of commensal E. coli in these mice, 

with a peak of 1000-fold increase over pre-infection E. coli levels (Fig. 2.6A and 2.6B). 

Intriguingly, this increase in E. coli was most prominent at 7 dpp after beginning to onset around 

5 dpp, and was maintained at higher levels than pre-infection and mock-infected controls 

through 14 dpp. A similar pattern also occurred in C57BL/6J mice that were pre-colonized with a 

mouse commensal E. coli JB2 (44) for 3 weeks prior to Pyn infection (Fig. 2.6C and 2.6D). Prior 

research indicated that the composition of the gut microbiota can influence parasite burden and 

infection outcomes (45), but both E. coli models developed significant parasite burdens (Fig 

2.6E), comparable both to each other and to infection in mice lacking E. coli (Fig. 2.1C), 

signifying overall similar courses of infection.  

 The time points found to be associated with increased E. coli abundance do not neatly 

correlate temporally with changes previously observed in the rest of the microbiota. Most of the 

microbiota alterations were transient, arising at 3 dpp and subsiding by 7 dpp (Fig. 2.4A and 

Table 2.1). It may be that the changes seen at 3 dpp lead to the environment that allows 

Enterobacteriaceae to flourish, but that in the absence of Enterobacteriaceae to occupy the 

niche the microbiota composition returns to the former state. Alternately, the microbiota changes 

with Plasmodium may just be a marker of other host associated changes to the gut environment 

that are more important to enhanced Salmonella colonization than the specific differences in the 

microbiota.  

 We hypothesized that the bloom in E. coli marks the onset of impaired colonization 

resistance during Plasmodium infection. To test this hypothesis, we challenged mice with S. 

Typhimurium lacking functioning type-III secretion systems (T3SS)-1 and -2 (IR715 invA spiB 

phoN::CmR) earlier in the course of Pyn infection and assessed the fecal burden 24 hours later. 

Pyn-infected mice challenged at 6 dpp were colonized to significantly higher levels the next day 

than mock-infected mice at the same time point (Fig. 2.6F). Earlier infection (3 dpp) showed 

trends towards higher burdens as well, but with less consistency than the 6 dpp time point. Both 
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groups showed similar patterns of parasitemia (Fig. 2.6G), though parasitemia still increased 

past the 3 dpp time point. Overall, these data suggest that Pyn abrogates colonization 

resistance against S. Typhimurium and E. coli by around 6 dpp. This time typically follows an 

early peak of parasite infection in the model around 5 dpp (Fig. 2.6E), which could be relevant to 

the changes.  

 Finally, it is known that commensal or probiotic E. coli can provide some degree of 

colonization resistance to mice against S. Typhimurium (42, 46). As E. coli blooms during Pyn 

infection correlated with the timing of onset of increased S. Typhimurium implantation, we 

questioned whether the presence of E. coli in the microbial flora would be sufficient to prevent 

enhanced Salmonella levels in co-infected mice. C57BL/6N mice from Charles River Laboratory 

with natural E. coli were infected with Pyn or control blood, and challenged with S. Typhimurium 

(IR715 invA spiB phoN::CmR) at 6 dpp for 24 hours. By 6 dpp, fecal E. coli had bloomed in 4 of 

the 6 Pyn-infected mice (Fig. 2.6H), with comparatively no change in E. coli levels in mock-

infected animals (Fig. 2.6I). At 24 hpi, S. Typhimurium had still colonized to significantly higher 

levels in the Pyn-infected mice compared to the mock-infected controls (Fig. 2.6J), despite the 

presence of endogenous E. coli. This finding implies that either the Pyn infection creates a large 

enough niche for both strains to grow to similarly high levels, or that separate niches are opened 

at the same time that allow for both E. coli blooms and enhanced S. Typhimurium implantation. 

In either case, it seems that increased E. coli loads and susceptibility to enhanced S. 

Typhimurium are highly correlated during Pyn-infection, as the mice that did not show E. coli 

blooms also presented with significantly lower S. Typhimurium burdens than the remainder of 

the group (Fig. 2.6J).  

 

Pyn-linked microbiota alterations correlating with higher S. Typhimurium loads 

 Our findings suggested that the degree of S. Typhimurium susceptibility in a Pyn-

infected mouse might correlate directly with the composition of the intestinal environment. Our 
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prior studies also suggested the parasite-altered microbiota was at least partially sufficient to 

explain enhanced S. Typhimurium implantation (18). Germ-free mice given a fecal microbiota 

transplant from Plasmodium-infected mice prior to S. Typhimurium challenge displayed 

enhanced S. Typhimurium colonization as well, suggesting the Pyn-associated microbiota 

(rather than the parasite or host immune response) was important to influencing S. Typhimurium 

colonization (18). Therefore, we hypothesized that the NTS acquires a growth advantage in the 

intestines of Plasmodium-infected animals from microbiota and metabolic alterations in the gut 

environment that introduce a new niche for boosted NTS growth. 

 In order to characterize changes in the intestinal environment during infection that were 

both associated with Pyn and also likely to explain the differential Salmonella colonization we 

observe, we collected fecal pellets for both 16S rRNA sequencing and untargeted metabolomics 

analysis from mock- and Pyn-infected mice immediately prior to oral S. Typhimurium challenge, 

then assessed Salmonella burden 24 later (outlined in Fig. 2.7A). As usual, Pyn-infected mice 

lost weight (Fig. 2.7B) and developed significant detectable parasitemia by 6 dpp (Fig. 2.7C). S. 

Typhimurium loads from Pyn-infected mice were on average 100-fold higher than mock infected 

mice (Fig. 2.7D), and the overall range of S. Typhimurium levels between the two groups varied 

from less than 105 to nearly 109 CFU/g colon content, providing a large scope to compare and 

correlate notable changes in microbial taxa and metabolite abundance.  

 While the overall microbiota structure had not shifted significantly from pre-infection 

composition relative to the mock-infected controls (Fig. 2.7E), individual taxa clearly appeared to 

be impacted by Pyn infection at 6 dpp (Fig. 2.8A and 2.8B). Of particular note is a relative 

reduction in the abundance of Lactobacillus at 6 dpp, which made up a significant proportion of 

the 16S reads in all the mice at 6 dpp (Fig. 2.8B). It also appears that various Clostridia, 

including Lachnospiraceae and Ruminococcaceae, were enriched at 6 dpp, particularly an 

Unclassified genus of Lachnospiraceae and a minor increase Clostridium cluster XIVa, a set of 

species known for butyrate production (47). Additionally, we also see a relatively increased 
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abundance of Akkermansia, which previously had been enriched at 3 dpp but were no longer at 

7 dpp (Fig. 2.4A and Table 2.1). Overall, there were some notable shifts in specific taxa during 

Pyn infection by 6 dpp, which might help explain the boost to Enterobacteriaceae during 

infection that onsets around this point.  

 To better highlight microbial taxa that correlate strongest with the increased colonization 

of S. Typhimurium, we plotted the nonlinear regression of the Log10(Relative Abundance) of 

every detected genus-level OTU in both the mock and Pyn groups at 6 dpp against that 

mouse’s associated colonic S. Typhimurium burden the next day. Few taxa strongly correlated 

(R2 ≥ 0.30) over the whole range of S. Typhimurium burdens detected in the mice. Of those that 

did, higher Akkermansia, Parasutterella (Class Betaproteobacteria, Order Burkholderiales), and 

Bifidobacterium abundance at 6 dpp was generally associated with higher S. Typhimurium the 

next day (Fig. 2.9A), while an unclassified Lachnospiraceae, Senegalinassilia (Class 

Actinobacteria, Order Coriobacteriales), and Prevotella (Class Bacteroidia, Order Bacteroidales) 

were associated with lower S. Typhimurium colonization (Fig. 2.9B).  

 However, for the hypothesis that it is Pyn-associated changes to the taxa driving the 

boosted Salmonella growth to hold true, the correlation must also be nearly as strong (or 

stronger) in the Pyn group alone. By this measure, Akkermansia, Parasutterella, and the 

unclassified Lachnospiraceae genus either do not correlate, or in the case of Akkermansia, 

show the reverse trend when considering the Pyn group alone (Fig. 2.9A and 2.9B, red lines), 

indicating they are not likely to be contributing to the enhanced Salmonella colonization in those 

mice. Of the remaining taxa, although Bifidobacterium correlates decently well with Salmonella 

burden (R2 = 0.2920, Fig. 2.9A, Right Panel), it does not appear to actually be strongly 

influenced by Pyn infection at this time point (Fig. 2.9C), compared to Akkermansia and 

Parasutterella. Similarly, Senegalimassilia abundance is not strongly impacted by the parasite 

(Fig. 2.9D), suggesting these correlations may simply be statistical noise. This left only 

Prevotella, which was both reduced with Pyn infection (Fig. 2.9D) and trended with the 
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Salmonella numbers (Fig. 2.9B, Right Panel). Prevotella is a member of the Bacteroidales order 

that has been positively associated with dietary fiber intake (48), but was not directly associated 

with inhibiting Salmonella colonization in past studies (38). Though it is found at very low 

abundance in these mice (0.01-0.1%), its reduction, like the increase in Akkermansia, could be 

a sign of reduced dietary fiber availability to the intestinal microbiota at this point of Pyn 

infection. Taken together, these data indicate that the microbial changes that occur by 6 dpp 

during Pyn infection do not appear to strongly correlate with the heightened susceptibility to S. 

Typhimurium infection that onsets at this time.  

 

Intestinal metabolome changes with malaria cannot explain boosted Enterobacteriaceae 

 While we found few microbiota changes during Pyn infection that could potentially 

directly account for the loss in colonization resistance alone, we hypothesized that perhaps as a 

whole, changes to the gut environment could be impacting the metabolome in the intestinal 

lumen in a manner that the compositional changes to the microbial flora would not account for. 

To test this, we homogenized fecal pellet samples collected from the mice in the previous 

experiment in sterile water. We then centrifuged the samples to pellet bacteria and debris and 

submitted the supernatant samples for untargeted metabolomics analysis (GC-TOF MS) to 

assess the relative abundance of water-soluble metabolites generally available for Salmonella 

to use in the lumen. 

 The screen detected 261 discernable metabolites in the samples (92 known, 169 

unknown). As a whole, the metabolite profiles of mock- and Pyn-infected mice were largely 

similar at 0 dpp and 6 dpp, with largely overlapping in the groups by principal component 

analysis (Fig. 2.10A). To assess whether specific metabolites were impacted by Plasmodium 

infection, we compared the differences between metabolites in the mock versus Pyn groups at 

the different time points, and within the mock and Pyn groups from pre-infection to 6 dpp (Fig. 

2.10B-E). Unlike the microbiota profiles, there appeared to be minimal significant and 
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substantial (>2-fold) difference in detected metabolites between the mouse groups prior to 

infection (Fig. 2.10B). Still, few metabolites appeared to differ between the groups at 6 days of 

infection, and those that did show large changes were unknowns that did not allow for further 

hypothesis generation (Fig. 2.10C). Yet, within the infected mice a subset of metabolites was 

found to be consistently changed at 6 dpp that did not change within the mock-infected mice 

(Fig. 2.10D and 2.10E). Xanthine, ornithine, lysine, and three unknown metabolites were 

significantly and substantially increased in the feces at 6 dpp, while lactic acid and an additional 

unknown metabolite were concurrently reduced (Fig. 2.10E). It is unclear if these changes are 

relevant to Salmonella colonization, as their relative concentrations did not actually correlate 

with pathogen load either (data not shown). Taken together, these data do not indicate that 

many significant changes to the primary intestinal metabolome are occurring during early Pyn 

infection that could account for the enhanced Salmonella or E. coli colonization potential around 

6-7 dpp. However, as the metabolomics was limited to water-soluble free metabolites not 

associated with larger particles that pellet during centrifugation, many potential targets could 

have been missed. Further studies should be undertaken to better characterize the full effect of 

Plasmodium infection on the intestinal environment.   

 

Increased respiratory growth cannot explain boosted S. Typhimurium with malaria 

 As the gut microbiota and metabolomics analyses failed to generate specific targets in 

that might explain the Pyn-linked susceptibility to Enterobacteriaceae colonization, we next 

considered metabolic niches known to benefit Salmonella and other Enterobacteriaceae that 

might not be detectable by mass spectrometry. One way that Salmonella and E. coli differ from 

much of the commensal microbiota is through to encoding a number of respiratory reductases 

and oxidases that allow for enhanced growth with a variety of anaerobic and aerobic electron 

acceptors (49-53). For instance, it has been shown that during inflammation Salmonella 

requires its tetrathionate reductase locus (ttr) to gain a growth benefit from the tetrathionate that 
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is generated from respiratory bursts of white blood cells oxidizing thiosulfate (49). Additionally, 

Salmonella infection stimulates epithelial cells in the colon to generate nitric oxide via inducible 

nitric oxide synthase (iNOS). This nitric oxide can then be oxidized to nitrate in the inflamed 

intestine, which intestinal Salmonella or E. coli can use for respiratory growth via their nitrate 

reductases (50, 51).  

 Since Pyn infection was associated with an increased inflammatory tone of the intestines 

in our previous study (18), we hypothesized that this parasite-associated inflammation could be 

increasing anaerobic respiratory electron acceptor levels in the gut, thereby creating a 

respiratory growth niche for Salmonella. To test this, we performed a competitive Salmonella 

infection experiment at 6 dpp. Mice were given an oral infection of equal amounts 

(approximately 5x108 CFU each) of a wildtype S. Typhimurium (IR715) and an isogenic moaA 

mutant, and the fecal burden of each strain was assessed the following day (Fig. 2.11A). MoaA 

is the first enzyme for catalyzing molybdopterin cofactor biosynthesis, a necessary component 

for the function of both nitrate and tetrathionate respiratory reductases as well as enzymes for 

using DMSO or TMAO; the moaA mutant is therefore deficient in using these anaerobic electron 

acceptors for enhanced growth (52). Although the wildtype S. Typhimurium colonized the Pyn-

infected mice to significantly higher levels than mock-infected mice (Fig. 2.11B, Left Panel), the 

moaA mutant generally colonized the mice equally well, with little competitive defect and no 

difference in the competitive index (Wildtype/mutant ratio in the feces, corrected to the inoculum 

ratio) between the mock- and Pyn-infected groups (Fig. 2.11B, Right Panel). To confirm that the 

T3SS virulence of wildtype Salmonella was not influencing the intestinal environment to 

somehow compensate for the moaA mutant, we also assessed competition of the moaA mutant 

in an invA spiB (T3SS-1/2 deficient) background. Still, no significant colonization deficiency was 

found in the moaA mutant in either group, indicating that anaerobic respiration of the 

inflammatory byproducts nitrate and tetrathionate was dispensable for enhanced colonization 

during Pyn infection (Fig. 2.11C). 
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 Next, we wanted to confirm that oxygen was not a significant contributor to the enhanced 

S.  Typhimurium colonization. As Salmonella-associated intestinal inflammation has been 

shown to be sufficient in reducing intestinal hypoxia alone (7), we generated a double 

cytochrome oxidase mutant (cydAB cyxAB) deficient in aerobic respiration using the invA spiB 

background for competitive infection. The mutant did display reduced colonization relative to the 

oxidase-containing strain (Fig. 2.11D, Left Panel), suggesting oxygen-based respiration is 

driving some portion of the overall S. Typhimurium levels. However, the defect was the same 

size in mock-infected mice (Fig. 2.11D, Right Panel), confirming that boosted growth via 

respiration of oxygen was not associated with the increased implantation during Pyn infection at 

this time point.  

 Salmonella has also been shown to grow using hydrogen (H2) as an energy source via a 

set of hydrogenases (predominantly hyb) (53). Thus, we hypothesized that changes in the 

microbiota with Pyn infection might increase access to hydrogen for enhanced S. Typhimurium 

growth. However, competition against a triple-hydrogenase knockout mutant (hya hyb hyd) 

indicated that while the hydrogenase mutant was deficient in colonization (Fig. 2.11E, Left 

Panel), Pyn infection actually reduced the competitive defect. This suggests that hydrogen was 

actually less important for colonizing Pyn-infected mice at 6 dpp.  

 Outside of respiratory growth, access to metals needed for survival in the host gut- in 

particular iron- contributes to competition between many bacterial species (54). As Plasmodium 

infection results in significant hemolysis (Fig. 2.1E), we hypothesized that this might increase 

access to iron (potentially hemoglobin-bound) in the gut. Interestingly, we found lipocalin-2 

levels were slightly increased in the cecal contents of Pyn-infected mice (Fig. 2.11F), suggesting 

the mice may be attempting to sequester iron from microbes in the intestine (55). However, a S. 

Typhimurium iron uptake mutant (tonB feoB) (56) displayed even less of a competitive defect 

than in mock-infected mice, despite significantly higher bacterial burden overall (Fig. 2.11G). 

This suggested that differential iron access during Plasmodium infection was not critical in 
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driving boosted S. Typhimurium levels at 6 dpp. Taken together, these results suggest that 

many of the mechanisms by which S. Typhimurium typically gains a competitive advantage in 

the mammalian gut over time are not important contributors to the initial increased implantation 

of the pathogen that can occur during early Pyn infection.  

 

Conclusions 

 From our experiments following up on the observations in Mooney et al. (18), we 

confirmed that Pyn infection promotes characteristic shifts in the composition of the mouse 

intestinal microbiota (Fig. 2.4). Some of these changes, such as the increased abundance of 

Akkermansia and concurrent reductions in fiber-degrading bacteria, may be side effects of the 

acute anorexic response that occurs early in the Plasmodium infection (27). Potentially more 

important is the enrichment in E. coli, if it is present in the gut, beginning around 1 week of 

parasite infection (Fig. 2.6). Moreover, minor changes in the composition of the gut metabolome 

could also be observed (Fig. 2.10). However, these changes in the intestinal environment were 

not significantly correlated with the enhanced non-typhoidal Salmonella colonization witnessed 

in Pyn co-infected mice (Fig. 2.9). One caveat to this and all 16S rRNA profiling and untargeted 

metabolomics studies is that our data is compositional (57), and only indicates the relative 

abundance of different bacterial taxa and metabolites in the gut. Thus, this type of analysis 

might easily miss large shifts in the absolute amounts of certain factors that are actually driving 

the differences between groups. Potentially, a targeted screen for certain metabolites known to 

benefit S. Typhimurium competition and growth in the gut (such as bile acids (12) or 1,2-

propanediol (52)) would more clearly elucidate the impact of Plasmodium on this complex 

environment.   

 Additionally, these findings seem to contradict our previous report, which found the Pyn-

associated microbiota underlies Salmonella colonization differences (18). However, we have 

altered the infection here- using a lower parasite dose and focusing on the microbiota 
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associated with a different time point- to a degree that direct comparisons to the previous report 

may be invalid. It is not obvious whether a fecal microbiota transfer from Pyn-infected mice at 6 

dpp to germ-free animals would be sufficient to promote higher S. Typhimurium loads than FMT 

from control mice. Nevertheless, this study suggests that such Plasmodium-associated 

microbiota changes may not be strictly necessary for enhanced Salmonella colonization. The 

overall composition of the microbiota has changed little by 6 dpp (Fig. 2.7E), despite these mice 

being significantly more susceptible to S. Typhimurium by this time point (Fig. 2.6F and 2.7D). 

Rather, the changes we see seem to be a symptom of other parasite-associated alterations in 

the environment that may be differentially impacting both the microbial composition and 

Salmonella loads. Further studies to better characterize the differential impact of FMT from 

healthy and Pyn-infected animals to germfree mice would be useful in defining what microbiota 

changes, if any, are biologically significant to altered colonization resistance during infection. 

 

 

MATERIALS AND METHODS 

Animal experiments. All animal experiments were approved by the Institution of Animal Care 

and Use Committee at the University of California, Davis. 6 to 8 week-old female C57BL/6J 

mice (stock no. 000664) and CBA/J (stock no. 000656) were purchased from The Jackson 

Laboratory. For experiments requiring animals with naturally occurring E. coli, 6 to 8 week-old 

female C57BL/6NCrl mice were purchased from Charles River Laboratory. For generating 

Plasmodium parasitized blood stocks, CD-1 mice were purchased from Charles River 

Laboratory. Mice were housed under specific pathogen-free conditions and used for 

experiments at 8 to 11 weeks of age with at least 4 mice in each group.  

 

Plasmodium infections. Plasmodium yoelii nigeriensis (Pyn) parasite stock was obtained from 

the Malaria Research and Reference Reagent Resource (MRRRR) and was maintained and 
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expanded by passage through CD-1 mice. Blood from multiple CD-1 mice infected with parasite 

was collected by cardiac puncture, pooled, and mixed 1:2 (vol/vol) with freezing solution (10% 

glycerol and 90% Alsever’s solution [Sigma-Aldrich]) for storage in liquid nitrogen. For mock 

infections, blood was collected from uninfected CD-1 mice and similarly preserved. 

 For infections, parasitized blood stocks were diluted to 4x107 parasite-infected red blood 

cells (iRBCs)/mL with 0.9% saline and mice were inoculated intraperitoneally (ip) with 0.1 mL of 

diluted parasitized blood. For mock infections, uninfected control blood was diluted with an 

equivalent volume of saline, and 0.1 mL was injected ip into the mice. Parasite infection was 

tracked through a combination of weight loss, blood cell counts, and parasite burden in the 

blood. For circulating blood cell counts, tail blood was diluted 1:1000 in PBS and cell 

concentration was assessed using a hemocytometer or TC20TM Automated Cell Counter (Bio-

Rad Laboratories, Inc.). Counts were normalized to the average counts from the mock-treated 

animals collected and measured at the same time to allow for improved comparisons of anemia 

across groups. Parasitemia was determined by examination of Giemsa-stained (Harleco) thin 

blood smears from tail blood to enumerate the percentage of red blood cells containing 

detectable Pyn parasites. 

 

Fecal microbiota analysis by 16S rRNA sequencing. For 16S rRNA analysis of the intestinal 

microbiota throughout infection, fecal pellets from all mice at indicated time points were 

collected fresh and flash frozen in liquid nitrogen, then stored at -80°C. Whole pellets were 

submitted to SeqMatic (Fremont, CA) for bacterial DNA extraction, library preparation and 

Illumina MiSeq analysis of the 16S rRNA locus amplicons collection. Phylogenetic analysis of 

the 16S rRNA sequences was accomplished using the Qiime pipeline (Version 1.9.0) with the 

GreenGenes 16s Reference Database (gg_13_8_otus) and a 97% species match threshold to 

cluster operational taxonomic units (OTUs) for further analysis. Initial assessment of the 

microbiota and NMDS plots comparing groups were generated using R open-source software 
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(www.r-project.org) and the packages Phyloseq and Gggplot. Significant differences in the Log-

normalized relative abundance of OTUs between the Mock-infected and Pyn-infected groups at 

each collection timepoint were determined by Welch’s t-test on each taxa at each time point (0, 

3, 7, and 10 dpp), and significant changes within Pyn-infected animals were determined by 

Paired t-tests on the Log-normalized abundance at each time point of interest versus 0 dpp. 

Statistics were analyzed and abundance data plotted in Prism 9 (GraphPad). 

 

Metabolomics of intestinal content. Targeted measurement of intestinal SCFA concentrations 

in cecal content was performed using an ultra-high performance liquid chromatography triple 

quadrupole mass spectrometer (UHPLC-QqQ-MS) on treated supernatant from samples 

homogenized in nanopure water, as previously described (37).  

 Untargeted metabolomic screen of fecal content at 0 and 6 dpp was performed by the 

West Coast Metabolomics Center (Davis, CA). Samples were submitted as supernatant of fecal 

pellets homogenized in ultrapure water, then centrifuged to limit analysis to soluble components. 

Samples were assessed by gas chromatography-Time-of-Flight Mass Spectrometry (GC-TOF 

MS) to detect components of primary metabolism, including: carbohydrates and sugar 

phosphates, amino acids, hydroxyl acids, free fatty acids, purines, pyrimidines, aromatics, and 

exposome-derived chemicals. Maximum peak heights of detected metabolites were used for 

relative quantification. Principal component analysis was performed using R open-source 

software and comparisons between groups were made using Welch’s and Paired t-tests on Log-

normalized abundances (as with OTUs) in GraphPad Prism.  

 Bacterial strains. A complete list of Salmonella and E. coli strains used in this study can 

be found in Table 2.2. Unless otherwise indicated, bacteria were routinely grown on LB agar or 

MacConkey agar plates and cultured aerobically at 37°C in lysogeny broth (LB) supplemented 

with antibiotics at the following concentrations for selection when appropriate: nalidixic acid 

(Nal), 0.05 mg/mL; carbenicillin (Carb), 0.1 mg/mL; kanamycin (Kan), 0.1 mg/mL; 
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chloramphenicol (Cm), 0.03 mg/mL. The mouse commensal E. coli JB2 was a generous gift 

from Dr. Manuela Raffatellu (44).  

 Construction of most mutant S. Typhimurium strains used in this study has been 

described in prior work (Table 2.2). To construct the double cytochrome oxidase mutant S. 

Typhimurium invA spiB cydAB cyxAB (GTW47, IR715 DinvA DspiB phoN::KSAC DcydAB 

cyxAB::bla), approximately 500 bp regions upstream and downstream of the cyxAB and cydAB 

regions of IR715 were PCR amplified with extended primers for Gibson assembly and cloned 

into the SalI restriction site of the plasmid pRDH10 with an XbaI restriction site added between 

the flanking regions to create plasmids pGW14 (cyxAB flanking regions) and pGW15 (cydAB 

flanking regions). The bla resistance cassette from the KSAC plasmid was PCR amplified with 

XbaI sites added at the ends. The bla cassette, pGW14 and pGW15 were digested with XbaI 

and the bla cassette was ligated in between the flanking regions to generate pGW19 and 

pGW18, respectively. E. coli S17-1 λpir was transformed with the plasmids and selected on 

LB+Cm+Carb for plasmid backbone and bla cassette insertion, and proper fragment insertions 

were confirmed by restriction digestion and PCR. Strains containing the proper pGW18 plasmid 

were used for conjugation with FF459 (IR715 DinvA DspiB phoN::KSAC), then selection for 

KanR CarbR and sucrose selection to select for loss of the integrated plasmid, generating strain 

GTW42. For the clean cydAB deletion, GTW42 was then conjugated with E. coli S17-1 λpir 

containing pGW15 and selected for KanR CmR CarbS, and resulting colonies were put through 

sucrose selection and selected for KanR CmS to confirm loss of the integrated plasmid, 

generating strain GTW45 (IR715 ∆invA ∆spiB ∆cydAB phoN::KSAC). GTW45 was then 

conjugated with E. coli S17-1 λpir containing pGW19 and selected for KanR CarbR CmS then put 

through sucrose selection to confirm loss of the integrated plasmid, generating strain GTW47. 

For each S. Typhimurium mutant (GTW42, GTW45, and GTW47), insertions and deletions were 

confirmed by PCR amplification.  
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 Mutants in moaA (FF310 and FF312) were generated by conjugation and sucrose 

selection of pRDH10 plasmids containing moaA flanking regions with a Kanamycin-resistance 

KSAC cassette inserted between into IR715 (wildtype) and IR715 DinvA DspiB (SPN487) 

respectfully. 

 

Bacterial inoculation and colonization readouts. To prepare inocula, S. Typhimurium or E. 

coli colonies grown on selective agar plates were inoculated into LB with appropriate selection 

antibiotics and incubated at 37°C with shaking (200 rpm) overnight (14-20 hrs). Overnight 

cultures were centrifuged (10 min, 4000g, 4°C) and bacterial pellets washed with fresh LB. 

Pellets were resuspended in LB and adjusted to the appropriate bacterial concentration (based 

on optical density) for infections. For single-strain infections, mice were gavaged with 0.1 mL of 

S. Typhimurium at approximately 1x1010 colony forming units (CFU)/mL. For competitive 

infections, the strains were prepared separately, adjusted to 1x1010 CFU/mL, then mixed 1:1 

(vol/vol) and inoculated as 0.1 mL by oral gavage. Inocula were serially diluted and plated for 

CFU to confirm accuracy of the concentration and the input strain ratio for competitive infection 

calculations. Mice were euthanized at the indicated time points or when they became moribund. 

Mice euthanized early due to health concerns were excluded from analysis.  

 Fecal pellets or intestinal contents (approximately 20-100 mg) from mice were collected 

at indicated time points into 1-2 mL PBS and homogenized by vortex (3-10 m). Homogenates 

were serially diluted in PBS and plated on appropriate selective agar to assess CFU loads. If no 

S. Typhimurium could be recovered post-challenge, the load was set to the detection limit for 

statistical comparisons (100 CFU/g intestinal content). In the competitive infections, intestinal 

content was plated on separate media selecting for each inoculated strain (wildtype and mutant 

strain), and competitive index was calculated as the wild-type:mutant load, corrected for the 

input ratio of the inoculum. 
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Hypoxia staining of intestinal tissues. Mice were treated with 60mg/kg of pimonidazole 

(PMDZ) HCl, i.p. (Hypoxyprobe) one hour before euthanasia. Colon and cecal samples were 

collected and fixed in 10% buffered formalin for 24 hours and 70% ethanol for a week. Tissues 

were paraffin-embedded, and sections were deparaffinized in xylenes and hydrated in 95-70% 

ethanol to be processed for immunofluorescence imaging. Bound PMDZ was detected with 

mouse anti-PMDZ IgG1 (MAb 4.3.11.3) overnight and stained with Cy-3 conjugated goat anti-

mouse antibody (Jackson ImmunoResearch Laboratories) for 1 hour. Samples were 

counterstained with DAPI (1 µg/mL in water) and preserved using SlowFace Gold mount. 

Representative images were obtained using a Zeiss Axiovert 200 M fluorescent microscope 

(20x objective) with an appropriate fluorescence brightness used for all samples based on 

untreated controls (No PMDZ).  

 

Lipocalin-2 measurement. Lipocalin-2 concentrations in cecal content were detected in 

homogenized sample supernatant using the DuoSet ELISA kit (R&D Systems).  

 

Statistical analyses. The investigators were not blinded to animal allocation during 

experiments and outcome assessment, except for histopathology analysis. Sample sizes were 

estimated on the basis of effect sizes in previous studies. All analyses were performed using 

Prism 9 (GraphPad Software, La Jolla, CA). The limit of detection while plating for S. 

Typhimurium loads was set to 100 CFU/g content, and the number of CFU per gram intestinal 

content was Log10 transformed to normalize the data for statistical analysis. Significant 

differences in groups of Log-normalized data (CFUs, competitive indices, relative abundance of 

OTUs) were determined by unpaired t tests with Welch’s correction, or Paired t-tests for 

comparisons within animals over time. Significant differences between groups in their 

competitive indices and other measures not log-normalized prior to comparison (body weight 

changes, spleen weights, blood cell counts, parasite burden, and intestinal Lcn2) were 



 72 

determined by Mann-Whitney tests. In all comparisons, P < 0.05 was considered statistically 

significant.  

 

Software. The following software was used: Microsoft Excel for Mac, Prism 9 for macOS 

(GraphPad Software), and R open-source software (www.r-project.org) with the packages 

Phyloseq and Gggplot. 
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FIGURES AND TABLES 

 

 

Figure 2.1. Experimental outline and comparison of the response to P. yoelii nigeriensis 

infection in C57BL/6J and CBA/J mice. (A) Schematic outlining the infection and sampling 

experiment used for data in Figs. 2.1-2.5. Groups of C57BL/6J and CBA/J mice (n = 6 per 

group) were infected with 4x106 Pyn-infected mouse RBCs or an equal volume of saline-diluted 

mouse control blood. Prior to infection and on days 3, 7, 10, and 14 post-infection (dpp), feces 

were collected for 16s rRNA sequence analysis and microbial community profiling. (B) Body 

weight fluctuations throughout infections. (C) Parasitemias (circulating concentration of Pyn-

iRBCs) throughout infections. (D) Spleen weight at 14 dpp. (E) Blood cell counts at 14 dpp, 
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normalized to the average counts in mock-infected mice. (F) Colon length at 14 dpp, normalized 

to average length in mock-infected mice. 

 

 

Figure 2.2. OTU abundance at different taxonomic hierarchies in the feces of C57BL/6J 

mice during Pyn infection. Fluctuations in relative abundance of the most abundant bacterial 

taxa based on assigned OTUs from 16s rRNA sequencing in C57BL/6J mice at the (A) Phylum, 
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(B) Class, and (C) Order level. The relative amount of each OTU at a time point is based on the 

average abundance of the taxon in that group of mice (mock- or Pyn-infected). 

 

 

 

Figure 2.3. Volcano plot comparisons of genus-level microbial variation in mock and Pyn-

infected mice (related to Table 2.1). Plots comparing the overall abundance of genus-level 

OTUs between indicated groups, compared to the statistical significance of the difference 

between the groups. (A and Left Panels of B-D) Significance was determined by Welch’s t-test 

on Log10-normalized relative abundances of taxa when comparing time-matched mock and Pyn-

infected groups. (B-D, Right Panels) Significance was determined by Paired t-test on Log10-

normalized relative abundances of taxa in Pyn-infected mice at indicated time points compared 

to pre-infection (Day 0) levels. Each dot represents a single detected genus. Horizontal dotted 

lines represent P = 0.05; vertical lines represent 2-fold difference.  
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Figure 2.4. Comparison of family-level microbiota shifts during Pyn infection in C57BL/6J 

and CBA/J mice. (A and B) Fluctuations in relative abundance of the most abundant bacterial 

taxa based on assigned OTUs from 16s rRNA sequencing in C57BL/6J mice at the Family level 

in (A) C57BL/6J and (B) CBA/J mice. The relative amount of each OTU at a time point is based 

on the average abundance of the taxon in that group of mice (mock- or Pyn-infected). (C and D) 

Alpha-diversity as measured by the number of OTUs detected in the feces of individual mice at 

each time point in (C) C57BL/6J and (D) CBA/J mice. White circles or grey diamonds: Mock-

infected mice; Light red circles or dark red diamonds: Pyn-infected. Lines represent the 

geometric means.  
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Figure 2.5. Characterizing gut microbial and metabolic alterations at 10 dpp. (A) NMDS 

plot indicating general shifts in the bacterial populations of Pyn-infected mice from 0 dpp to 10 

dpp. (B-E) Relative abundance of (B) an unclassified genus of Porphyromonadaceae, (C) 

Firmicutes, (D) Bacteroidetes, and (E) Ruminococcus at 0 and 10 dpp in mock- and Pyn 

infected mice. Symbols represent abundance in individual mice, with connected symbols 
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representing abundances of the taxon from the same mouse at 0 and 10 dpp. (F) In a separate 

experiment, SCFA and lactate levels were measured in the cecal content of mock- and Pyn-

infected mice euthanized at 10 dpp. Levels of butyrate, acetate, propionate and lactate were 

somewhat reduced at 10 dpp. (G) Hypoxia-stained cecal tissues of Mock (left images), Pyn-

infected (middle images) and control mock-infected tissues not treated with the hypoxyprobe 

PMDZ (upper right image) or treated with PMDZ but not stained with the secondary 

fluorescence antibody to detect the probe (lower right image). Images were taken with the 20x 

objective on the Zeiss Axiovert 200 M fluorescent microscope. Red fluorescence indicated 

PMDZ binding to proteins in the tissue, which requires local hypoxia (pO2 < 10 mmHg); blue 

fluorescence is DAPI counterstain (nuclei). 
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Figure 2.6. Characterization of changes in commensal E. coli burden during Pyn 

infection. (A) E. coli abundance in feces of C57BL/6NCrl mice throughout mock (white 

symbols) and Pyn (red symbols) infection. (B) Fold-change in fecal E. coli abundance from pre-

infection (0 dpp) at indicated time points. (C) E. coli JB2 abundance in feces of C57BL/6J mice 

(colonized with JB2 3 weeks prior to infection) throughout mock (white symbols) and Pyn (red 

symbols) infection. (D) Fold-change in fecal E. coli JB2 abundance from pre-infection (0 dpp) at 
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indicated time points. (E) Parasite burdens from Pyn-infected C57BL/6NCrl mice (light red 

circles) and C57BL/6J mice colonized with JB2 (dark red squares). (F) S. Typhimurium invA 

spiB CmR burden 24 hours after challenge of mock (-) and Pyn-infected (+) mice at 3 dpp or 6 

dpp. (G) Parasite burden of mice from (F) prior to S. Typhimurium challenge. (H) Relative 

endogenous E. coli levels in the feces of C57BL/6NCrl mice before (0 dpp) and during (6 dpp) 

Pyn infection. (I) Fold-change in endogenous E. coli in the feces of mice from (H). (J) S. 

Typhimurium invA spiB CmR 24 hpi from mice in (H and I) challenged at 6 dpp, paired with 

matching E. coli levels at the same time point (7 dpp). Symbols in (A, C, E, and G) indicate 

geometric mean of n = 5 mice/group. Symbols in (B, D, F, H, I, and J) represent data from 

individual mice; bars represent the mean ± SEM of Log10-normalized data. Significance between 

mock- and Pyn-infected groups at different time points were determined by Welch’s t-test. 

Significance of fold-change in E. coli levels of groups at different time points (B and D) was 

determined by one-sample t-test of Log10-normalized values compared to a hypothetical mean 

of 0 (indicating 1-fold).  
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Figure 2.7. Experiment to correlate changes in the gut environment during Pyn infection 

with enhanced S. Typhimurium colonization. (A) Schematic outlining the infection 

experiment for data presented in Figs. 2.7-2.10. Groups of C57BL/6J mice (n = 6 per group) 

were infected with 4x106 Pyn iRBCs or mock-infected an equal volume of control mouse blood. 

Prior to infection (0 dpp) and at 6 dpp, feces were collected for 16s rRNA sequence analysis 

and microbial community profiling, as well as untargeted metabolomics analysis by GC-TOF 
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MS. After collection at 6 dpp, mice were challenged with an oral gavage of 1x109 CFU S. 

Typhimurium (S. Tm) invA spiB KanR and 24 hpi intestinal S. Typhimurium burden was 

determined by plating contents for CFUs. (B) Body weight fluctuations throughout infections 

(vertical line indicates timing of S. Typhimurium gavage). (C) Parasitemias throughout the Pyn 

infections. (D) S. Typhimurium burden 24 hpi (on 7 dpp). (E) NMDS plot comparing microbiota 

changes in the mock- and Pyn-infected groups at 0 and 6 dpp. ***P ≤ 0.001.  
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Figure 2.8. Microbiota shifts in individual mice at day 6 of Pyn infection. (A and B) Bars 

representing microbiota composition by major taxa in mock- and Pyn-infected mice at indicated 

time points (0 or 6 dpp) the (A) Class and (B) Genus levels. Each bar represents measurements 
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from an individual mouse (mock M1-M5 and Pyn P1-P6). One mock mouse was excluded from 

the analysis for poor read abundance in the sample at 0 dpp, but was included in further 

analyses for 6 dpp abundance.  

 

 

Figure 2.9. Fecal microbiota changes at 6 dpp with the strongest correlations to next-day 

fecal S. Typhimurium levels.  (A and B) Scatter plots showing the microbial taxa (indicated) 

whose 6 dpp relative abundance showed the strongest correlation with S. Typhimurium (S. Tm) 

loads over both groups of mice (mock and Pyn-infected). (A) Taxa positively correlated with S. 
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Tm levels. (B) Taxa negatively correlated with S. Tm levels. White circles indicate data from 

mock mice; red squares are data from Pyn-infected. The black line and R2 values represent the 

linear regression of data from both sets of mice analyzed together; the red line and R2 values 

represent the linear regression of the Pyn group analyzed on its own. (C and D) Paired 

comparisons from 0 dpp and 6 dpp of the relative abundance of the taxa in Pyn-infected mice 

from (A and B). R2 was calculated in Prism 9.0 using simple linear regression on Log10-

normalized S. Tm levels (CFU/g content) plotted against the Log10-normalized relative 

abundance of OTUs detected in the samples. Symbols represent data from individual mice; in 

(C and D), bars represent the mean of Log10-normalized abundance.  

 

 

Figure 2.10. Comparison of fecal metabolomic profiles during Pyn infection. (A) Principal 

component analysis of the fecal metabolomic profiles from mock- and Pyn-infected mice at 0 

dpp and 6 dpp. (B) Volcano plot comparing the average fold-difference in different metabolite 

abundance between the groups of mice prior to infection. (C) Volcano plot comparing the 

average fold-difference in different metabolite abundance between the mock and Pyn groups at 

6 dpp. (D) Volcano plot comparing the average fold-difference in different metabolite abundance 
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within the mock group, between 0 dpp and 6 dpp. (E) Volcano plot comparing the average fold-

difference in different metabolite abundance within the Pyn-infected group, between 0 dpp and 6 

dpp. (A) Symbols represent profiles of individual mice, and circles represent the 95% confidence 

of the group. (B-E). Each dot represents the fold-difference in a single detected metabolite. 

Horizontal dotted lines represent P = 0.05; vertical lines represent 2-fold difference. Metabolites 

displaying highly significant (P < 0.05 by Welch’s or paired t-test) differences with a > 2-fold 

difference are indicated by red circles and identified with arrows.  
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Figure 2.11. Enhanced S. Typhimurium intestinal colonization at day 6 of Pyn infection is 

not dependent on respiration of nitrate, tetrathionate, oxygen or hydrogen, or due to 

increased iron availability. (A) Schematic outlining the timing of infection experiments for data 

presented (B-G). Groups of C57BL/6J mice (n = 5-8 per group) were infected with Pyn iRBCs or 

mock-infected an equal volume of control mouse blood. At 6 dpp, mice were challenged by oral 

gavage with a competitive infection of approximately 5x108 CFU of an S. Typhimurium (S. Tm) 
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mutant deficient in uptake or utilization of various metabolites known to benefit for intestinal 

growth, and 5x108 CFU of an otherwise isogenic strain with the functional (wildtype) gene. Fecal 

samples collected 24 hours later were plated on selective agar to count and compare CFU 

loads of each strains to assess the competitive advantage provided by the wild-type gene in 

mock versus Pyn-infected animals. (B) Relative loads of S. Typhimurium IR715 (WT) versus an 

isogenic moaA mutant, and competitive index for moaA in the colon (WT/mutant levels in feces 

relative to WT/mutant levels in the inoculum) at 24 hpi in the mock and Pyn-infected mice. (C) 

Relative loads of S. Typhimurium invA spiB versus an isogenic moaA mutant (invA spiB moaA), 

and competitive index in the colon for moaA at 24 hpi in an invA spiB background, in the mock 

and Pyn-infected mice. (D) Relative loads of S. Typhimurium invA spiB CmR (invA spiB) versus 

an isogenic cydAB cyxAB mutant (invA spiB cydAB cyxAB), and competitive index in the colon 

for cydAB cyxAB at 24 hpi in the mock and Pyn-infected mice. (E) Relative burdens of S. 

Typhimurium CmR (WT) versus a triple-hydrogenase mutant (hya hyb hyd), and competitive 

index in the colon for the hydrogenase mutant at 24 hpi, in the mock and Pyn-infected mice. (F) 

Cecal levels of Lipocalin-2 at 6 dpp measured by ELISA. (G) Relative loads of S. Typhimurium 

(WT) versus a tonB feoB iron uptake mutant (tonB feoB), and competitive index in the colon for 

the iron mutant at 24 hpi in the mock and Pyn-infected mice. (B-G) Comparisons between mock 

and Pyn-infected groups were made by Welch’s t-test on Log10-normalized data, with P-values 

indicated.   
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Table 2.1. OTUs with significant changes during Pyn infection. 
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Table 2.2. Bacterial strains used in this study.  

 

 

 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 

Name in this study 
Strain 

Designation Genotype 
Source or 
Reference 

S. Typhimurium IR715 IR715 Naladixic acid-resistant 
derivative of ATCC 14028 PMID: 7868611 

S. Typhimurium KanR AJB715 IR715 phoN::KSAC PMID: 12540539 

S. Typhimurium invA spiB SPN487 IR715 DinvA DspiB PMID: 23637594 

S. Typhimurium CmR FF176 IR715 phoN::Tn10d-Cm PMID: 27309805 

S. Typhimurium invA spiB CmR FF183 IR715 DinvA DspiB phoN::Tn10d-
Cm PMID: 27309805 

S. Typhimurium invA spiB KanR FF459 DinvA DspiB phoN::KSAC This study 

S. Typhimurium moaA FF310 IR715 moaA::KSAC This study 

S. Typhimurium invA spiB moaA FF312 IR715 DinvA DspiB moaA::KSAC This study 

S. Typhimurium invA spiB cydAB 
cyxAB GTW47 IR715 DinvA DspiB phoN::KSAC 

DcydAB cyxAB::bla (CarbR) This Study 

S. Typhimurium hya hyb hyd JSG321 
ATCC 14028 DSTM3147-
STM3150 DSTM1538-STM1539 
DSTM1786-STM1787  

PMID: 15501756 

S. Typhimurium tonB feoB GTW48 JK1128 tonB::KanR feoB::CarbR PMID: 29986892 

Escherichia coli JB2 JB2 Endogenous E. coli strain 
isolated from laboratory mice PMID: 24508234 
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ABSTRACT 

Infection with malaria parasites weakens colonization resistance against Salmonella enterica 

serovar (S.) Typhimurium, as indicated by increased shedding of the pathogen with the feces. 

S. Typhimurium is a member of the Enterobacterales, a taxon that increases in abundance 

when the colonic microbiota is disrupted or the colonic mucosa is inflamed. However, here we 

show that infection of mice with Plasmodium yoelii enhances fecal shedding of S. Typhimurium 

not by altering the environment in the colon, but by weakening host control in the upper 

gastrointestinal tract. P. yoelii-infected mice exhibited a considerably higher gastric pH than 

healthy mice. Exogenous stimulation of gastric acid secretion during Plasmodium yoelii infection 

restored stomach acidity and colonization resistance, demonstrating that P. yoelii-induced 

hypochlorhydria increases the gastric survival of S. Typhimurium. Furthermore, blockade of 

parasite-induced TNF-α signaling was sufficient to prevent an increase in gastric pH and 

enhance S. Typhimurium colonization during P. yoelii infection. Collectively, these data suggest 

that the abundance in the fecal microbiota of facultative anaerobic bacteria, such as S. 

Typhimurium, can be increased by suppressing antibacterial defenses in the upper 

gastrointestinal tract, such as gastric acid. 

 

 

INTRODUCTION 

Facultative anaerobic bacteria of the order Enterobacterales (ord. nov. (1)) are minority species 

commonly present in the fecal microbiota of healthy adults (2). An expansion of this taxon in the 

fecal microbiota is a signature of dysbiosis (3), which is associated with a disruption of the 

colonic microbiota by antibiotics (4) or linked to inflammation of the colon in patients with 

ulcerative colitis (5) or colorectal cancer (6). Pathogenic members of the Enterobacterales, such 

as S. Typhimurium, Citrobacter rodentium or Yersinia enterocolitica, use their virulence factors 

to trigger colitis, thereby altering the intestinal environment to increase the availability of 
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respiratory electron acceptors, which fuel pathogen growth to escalate fecal shedding (7-11). 

Infection of mice with the parasite Toxoplasma gondii triggers intestinal inflammation and 

bacterial dysbiosis characterized by an expansion of commensal Enterobacterales in the fecal 

microbiota (12, 13). T. gondii infection induces a dysbiosis dominated by Enterobacterales by 

triggering an influx of macrophages, which produce nitric oxide that is converted in the gut 

lumen into nitrate, thereby fueling growth of commensal Enterobacterales through nitrate 

respiration (14).  

We recently reported that infection with a malaria parasite, Plasmodium yoelii, increases 

the abundance of S. Typhimurium in the fecal microbiota of mice (15), which might contribute to 

the increased risk of malaria patients to develop invasive bloodstream infections with non-

typhoidal Salmonella serotypes, such as S. Typhimurium (16, 17). Infection of mice with 

Plasmodium yoelii triggers expression of inflammatory cytokines and inflammatory infiltrates of 

macrophages and T cells in the cecal mucosa (15), but it remains unknown whether parasite-

induced intestinal inflammation is responsible for increasing fecal shedding of S. Typhimurium 

during co-infection. Here, we utilized a co-infection model to interrogate potential interactions by 

which malaria increases susceptibility to intestinal colonization by Salmonella. 

 

 

RESULTS 

Plasmodium yoelii infection increases intestinal colonization of S. Typhimurium 

In experimental malaria models such as Plasmodium yoelii nigeriensis (henceforth 

referred to as P. yoelii), infection of mice can alter the gut environment (15, 18) and reduce 

colonization resistance against S. Typhimurium (15, 19). However, at later time points after 

infection, S. Typhimurium can overcome colonization resistance because its virulence factors, 

two type III secretion systems (T3SS-1 and T3SS-2), trigger intestinal inflammation (9). To 

disentangle the contribution of concurrent malaria from the contribution of S. Typhimurium 
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virulence factors to weakening colonization resistance, groups of mice were infected with the S. 

Typhimurium wild type or an invA spiB mutant that lacks T3SS-1 (due to a mutation in invA) and 

T3SS-2 (due to a mutation in spiB) at various time points following P. yoelii inoculation (outlined 

in Fig. 3.1A). When challenged at 6 days post-P. yoelii injection (dpp) or later, a S. Typhimurium 

invA spiB colonized the ceca and colons of P. yoelii-infected mice at 10- to 100-fold higher 

levels than in control mice (Fig. 3.1B, 3.1C, and 3.S1A). This was independent of S. 

Typhimurium virulence, as both wild-type and the invA spiB mutant displayed enhanced 

colonization (Fig. 3.S1B). The 6 dpp time point correlated with a peak in parasite expansion in 

the blood (Fig. 3.S2A). By this time, mice infected with P. yoelii had consistently developed 

severe anemia (Fig. 3.S2B) and showed substantial weight loss (Fig. 3.S2C), while 

splenomegaly increased steadily throughout the parasite infection (Fig. 3.S2D). Therefore, 6 

days following P. yoelii inoculation was determined to be the earliest reliable time point to 

interrogate underlying causes of the malaria-associated defect in colonization resistance and 

was used as the primary model in subsequent experiments. 

 

Impact of nitrate- and oxygen-associated growth on boosting S. Typhimurium 

colonization 

Since macrophages recruited during T. gondii parasite infection fuel growth of 

commensal Enterobacterales through nitrate respiration (14) and previous work shows that P. 

yoelii infection also recruits macrophages to the cecal mucosa (15), we hypothesized that 

concurrent malaria might increase the luminal availability of nitrate to fuel a S. Typhimurium 

expansion. To test this idea, we compared the fitness of the S. Typhimurium wild type with a 

mutant lacking nitrate reductase activity (napA narG narZ cyxA mutant) by infecting mice with a 

1:1 mixture of both strains. Surprisingly, genetic ablation of nitrate respiration did not reduce the 

fitness of S. Typhimurium in P. yoelii-infected mice (Fig. 3.1D and 3.1E), despite increased 
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intestinal burden overall in the co-infected group. This finding indicated that nitrate utilization 

was dispensable for increased fecal recovery of S. Typhimurium during concurrent malaria. 

Alternatively, it has been shown that inflammation also benefits S. Typhimurium via 

increasing the bioavailability of oxygen. Depletion of Clostridia, either through S. Typhimurium 

virulence-associated inflammation or antibiotic administration, results in decreased microbiota 

production of the short chain fatty acid butyrate, which typically fuels epithelial colonocytes 

responsible for maintaining luminal hypoxia (9). Reduced butyrate availability switches 

colonocyte primary metabolism away from oxygen-intensive breakdown of SCFAs, allowing 

increased diffusion of oxygen into the colonic lumen. This provides an additional respiratory 

electron acceptor for growth of facultative anaerobes such as Salmonella and E. coli using 

cytochrome oxidases (9, 20, 21). As our previous work found that P. yoelii infection can impact 

the microbiota, including a relative reduction in Clostridia in the feces (15), we hypothesized this 

could be opening the oxygen respiratory niche in the colon and promoting Salmonella growth. 

To test this idea, we compared the fitness of the S. Typhimurium wild type with a mutant lacking 

the high-affinity cytochrome bd oxidase (cydA mutant). However, although cydA provided an 

approximately 10-fold fitness advantage in P. yoelii-infected mice, a similar fitness advantage 

was observed in mice not exposed to P. yoelii (Fig. 3.1F and 3.1G), suggesting that increased 

oxygenation of the intestinal lumen in co-infected mice did not contribute to the heightened S. 

Typhimurium levels. Overall, these results indicate that increased access to respiratory electron 

acceptors was not a major contributing factor to the defect in colonization resistance during P. 

yoelii infection. 

 

P. yoelii infection does not rapidly increase intestinal S. Typhimurium replication 

The absence of Plasmodium-enhanced respiratory growth defects led us to question 

whether reduced colonization resistance was actually coupled with more rapid growth of S. 

Typhimurium in co-infected mice. To evaluate this, mice were inoculated with S. Typhimurium 
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carrying the lactose-addicted plasmid pAM34 (22), which allows for the short-term assessment 

of bacterial growth in low-lactose environments such as the adult mouse intestine (23). At 24 h 

post-challenge, S. Typhimurium populations throughout the gut exhibited equivalent replication 

rates in both P. yoelii co-infected and mock-infected mice, despite increased bacterial burdens 

in the co-infected group (Fig. 3.2A and 3.2B). Intriguingly, we found that S. Typhimurium 

colonization was already greater in co-infected mice by 4 h post-challenge, also independent of 

the in vivo growth rate (Fig. 3.2C and 3.2D). This rapid difference in S. Typhimurium loads 

without a concomitant increase in replication indicated that boosted growth of the bacteria is not 

responsible for the enhanced colonization of P. yoelii-infected mice.  

 

P. yoelii infection impacts gastric antibacterial defense 

Since differences in S. Typhimurium loads arose rapidly after bacterial inoculation of 

mice, we hypothesized that P. yoelii infection may compromise intrinsic “bottleneck” defenses 

against bacterial colonization that act early following pathogen ingestion. As we also observed 

that co-infected mice often exhibited higher S. Typhimurium levels throughout the upper 

gastrointestinal tract (Fig. 3.S3A), it seemed likely that loss of colonization resistance against S. 

Typhimurium in co-infected mice could be occurring in the stomach or small intestine. 

One of the most severe initial bottlenecks against colonization by many enteric 

pathogens is imposed by the highly acidic (pH 1.5-3) environment encountered in the stomach 

(24). While S. Typhimurium thrives at neutral pH (25), it is capable of surviving short-term (60 

min) exposure to acidity as low as pH 4 in vitro (Fig. 3.3A). However, inoculated bacteria are 

rapidly killed at pH 3.5 or lower, with no bacteria recovered from exposure to media at pH 2.5 or 

below (Fig. 3.3A). A similar degree of acid sensitivity is shared by many Enterobacterales, 

including both pathogenic and non-pathogenic varieties (Fig. 3.S4A-E). This finding 

corroborates previous work indicating S. Typhimurium and other enteric pathogens are highly 

susceptible to killing by the acid levels present in the stomach (24). Thus, deficiencies in 
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maintaining gastric acidity could result in greater survival of ingested S. Typhimurium into the 

intestines.  

When measuring the acidity of the stomach lumen directly using a pH-sensing 

microelectrode, P. yoelii infection was associated with a significantly higher gastric pH (mean 

pH = 4.02 ± 1.07) compared to mock-infected mice (mean pH = 2.46 ± 0.32) by 6 dpp (Fig. 

3.3B). Onset of hypochlorhydria during P. yoelii infection correlated with the loss of colonization 

resistance, as it was not detectable in mice earlier than 6 dpp (Fig. 3.S3B). Stomachs of mice at 

6 dpp were generally smaller than mock-infected controls (Fig. 3.S5A), likely resulting in part from 

reduced food consumption (Fig. 3.S5B) that paralleled observed weight loss patterns during 

parasite infection (Fig. 3.S2C). As meal intake can be stimulatory for gastric acid secretion (26), we 

predicted that the observed pH differences were a result of acute reductions in food intake during 

malaria. Fasting mock-infected mice overnight was sufficient to reduce stomach weight (Fig. 3.S5C), 

but did not alter the gastric pH of the fasted mice compared to fed mice with ad libitum food access 

(Fig. 3.S5D). Fasting also did not normalize colonization resistance against inoculated S. 

Typhimurium between fasted mock- and P. yoelii-infected mice (Fig. 3.S5E), suggesting that more 

than acute decreases in food intake during P. yoelii infection is necessary to explain the defects in 

gastric acidity and susceptibility to S. Typhimurium colonization.  

 

Malaria-induced reduction in gastric acidity impacts S. Typhimurium colonization 

 We next wanted to determine whether the observed hypochlorhydria is actually 

responsible for the increased survival of co-infected S. Typhimurium. Gastric acid secretion is 

normally regulated through a combination of stimulatory and inhibitory signaling to gastric 

parietal cells, leading to translocation of the gastric proton pump to the apical membrane and 

active acid secretion into gastric lumen (26). One of the most potent pro-secretion signals is 

histamine, released locally by enterochromaffin-like cells in the gastric glands, binding parietal 

cell H2 receptors (H2R) (26). To assess whether the high gastric pH during P. yoelii infection 
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was responsible for the defect in colonization resistance, mice were treated with the specific 

H2R agonist dimaprit dihydrochloride to stimulate gastric acid secretion 1 h prior to S. 

Typhimurium challenge. H2R agonist administration acutely reduced the stomach pH in P. 

yoelii-infected animals to mock-infected levels (Fig. 3.3C). Furthermore, H2R stimulation in P. 

yoelii-infected mice rescued colonization resistance against S. Typhimurium (Fig. 3.3D and 

3.3E) without impacting other aspects of the parasite infection, including parasitemia (Fig. 

3.S6A) and anemia (Fig. 3.S6B).  

In complementary experiments, mice were treated with the proton pump inhibitor 

omeprazole to block acid secretion into the stomach lumen prior to S. Typhimurium challenge. 

Omeprazole treatment in control mice resulted in a rise in both the gastric pH (Fig. 3.3F) and S. 

Typhimurium burden (Fig. 3.3G and 3.3H) relative to vehicle-treated mice, as has been 

previously observed (24). However, omeprazole administration in P. yoelii-infected animals did 

not further increase S. Typhimurium loads over P. yoelii-infected mice given the vehicle (Fig. 

3.3G and 3.3H) and had no impact on measures of parasite infection severity (Fig. 3.S6C-D). 

This suggests that the effect of P. yoelii infection alone on stomach pH was sufficient to 

maximally benefit inoculated bacteria in better surviving the gastric environment. Collectively, 

these data indicate that reduced gastric acidity in P. yoelii-infected mice contributes to their 

increased susceptibility to S. Typhimurium infection, as the parasite-associated hypochlorhydria 

is necessary for boosted survival of inoculated bacteria in the stomach, which in turn promotes 

intestinal colonization. 

 

Altered expression of gastric signaling peptides during malaria 

To explore potential mechanisms underlying the rise in gastric pH, we analyzed the effect 

of P. yoelii on the expression of genes associated with regulation of acid secretion by parietal cells in 

the stomach (26). Notably, in the stomach tissues of P. yoelii-infected mice expression of the 

parietal-stimulatory hormone gastrin (Gast) was reduced 2- to 4-fold (Fig. 3.4A), while transcripts for 
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the inhibitory hormone somatostatin (Sst) were increased nearly 2-fold relative to mock (Fig. 3.4B). 

This result suggested that alterations in typical signaling mechanisms governing acid secretion 

could be contributing to hypochlorhydria.  

Parietal cells utilize specialized H+,K+-ATPases (ATP4) concentrated intracellularly on 

tubulovesicles that localize apically when stimulated to actively secrete protons into the stomach 

lumen, generating the low pH (26, 27).  Intriguingly, expression of genes encoding the proton 

pump (Atp4a/b) was slightly reduced in the stomach during malaria, with Atp4b notably reduced 2-

fold relative to mock mice (Fig. 3.4C and 3.4D). Gastric acid secretion is not typically regulated by 

altering the expression of proton pump components, so we explored whether this reduction in 

transcript abundance instead paralleled a reduction in parietal cell abundance, the primary cells 

expressing Atp4a/b. Blinded histopathology of hematoxylin and eosin (H&E)-stained gastric tissues 

was imaged by light microscopy (Fig. 3.S7A) as well as fluorescence imaging (Fig. 3.S7B) to more 

accurately quantify highly eosinophilic cells. Eosin is autofluorescent and parietal cells stain strongly 

with eosin compared to other cell populations in the gastric mucosa; thus, large autofluorescent cells 

in H&E-stained gastric tissue sections are mostly parietal cells (28). We compared eosin-stained cell 

counts between mock and P. yoelii-infected animals in the gastric tissues as a proxy to estimate 

parietal cell abundance (workflow provided in Fig. 3.S7C). However, this analysis found no 

discernable difference in the overall parietal cell abundance in gastric tissues during malaria (Fig. 

3.4E), suggesting that elevated pH may result from reduced mRNA abundance of genes encoding 

the proton pump in the stomachs of Plasmodium-infected animals. 

 

Proinflammatory signaling during malaria reduces gastric acidity 

We next investigated how the immune response to P. yoelii may be impacting gastric 

acid production. In the course of assessing gastric gene expression, we observed elevated 

transcripts for the inflammatory cytokine tumor necrosis factor (TNF-α, encoded by Tnf) in the 

stomach tissue of P. yoelii infected mice (Fig. 3.4F). TNF-α treatment was reported to reduce 
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secretagogue responses by rabbit parietal cells (29) and TNF-α administration induced apoptosis of 

rat parietal cells (30). Moreover, it is known that both clinical and experimental malaria can be 

associated with elevated circulating TNF-α (31-33), a response that is thought to help control 

parasite replication (31, 34) but can also be associated with severe or cerebral malaria (32, 33, 

35). In line with these findings, circulating TNF-α was also higher with P. yoelii infection than in 

control mice (Fig. 3.5A). Thus, we hypothesized that TNF-α responses to the parasite might be 

interfering with gastric acid secretion.  

In mice treated with TNF-α neutralizing antibody, mock- and P. yoelii-infected groups 

displayed equivalent gastric pH (Fig. 3.5B and Fig. 3.S8A), suggesting that TNF-α signaling is 

necessary for development of hypochlorhydria with P. yoelii. In the context of S. Typhimurium, TNF-

α blockade also equalized initial (3 hpi) colonization between mock- and P. yoelii-infected mice (Fig. 

3.5C and Fig. 3.S8B), compared to groups treated with an isotype control. Longer challenge time 

points were not assessed, as TNF-α responses are also necessary for appropriate host defenses 

to limit systemic S. Typhimurium infection (36, 37). Despite TNF-α blockade, mice infected with 

Plasmodium still developed anemia (Fig. 3.5D) and displayed even greater circulating parasitemia 

(Fig. 3.5E). This latter impact on parasite burden is actually evidence of effective antibody blockade, 

as early TNF-α responses to Plasmodium are associated with limiting parasite replication in the 

host (34, 35). TNF-α blockade did not significantly affect food consumption or weight loss in infected 

mice, compared with isotype-treated controls (Fig. 3.S8C-E). P. yoelii-infected mice given anti-TNF-

α antibody still showed an increase in gastric TNF-α transcripts (Fig. 3.S8F), but TNF-α blockade 

led to a reduction of pro-IL-1β expression (Fig. 3.S8G), indicating a potential dampening of the 

pro-inflammatory cytokine response. Overall, these results link pro-inflammatory TNF-α responses 

by the host during P. yoelii infection with loss of the intrinsic gastric acid defense, thereby 

increasing susceptibility to secondary infection by enteric pathogens. 
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DISCUSSION 

The expansion of facultative anaerobic bacteria in the fecal microbiota has been 

associated with disruption of the colonic microbiota by antibiotics (4) and additionally can occur 

during inflammation of the colon in patients with ulcerative colitis (5) or colorectal cancer (6). 

While in these instances, increase in the relative abundance of facultative anaerobes such as 

Enterobacterales has been linked to alterations in the colonic environment, our results 

demonstrate that changes to stomach acid, an antimicrobial defense of the upper GI tract, can 

affect the composition of the fecal microbiota. Thus, our findings on how malaria impacts 

colonization resistance to S. Typhimurium, a foodborne microbe, have implications for 

understanding factors affecting the composition of the microbiota in the lower GI tract, as 

assessed by fecal microbiota profiling. For example, abundance of bacteria from the oral cavity 

in the fecal microbiota has been linked to multiple pathogenic processes throughout the 

digestive tract. Increased prevalence of oral bacteria such as Fusobacterium has been found in 

the fecal microbiota of patients with systemic inflammation caused by inflammatory bowel 

disease (38), liver cirrhosis (39), and HIV infection (5). This spread of oral bacteria to other sites 

in the digestive tract is clinically important, especially since some members of the oral 

microbiota have been linked to colonic (40) and pancreatic cancers (41). Notably, patients with 

both AIDS (42) and liver cirrhosis (43) exhibit hypochlorhydria, though the underlying 

mechanisms are unknown. Our results suggest that in addition to lowering the barrier to enteric 

pathogen colonization, inflammation-induced hypochlorhydria may also contribute to spread of 

oral microbiota to other sites in the digestive tract. Therefore, interpretation of alterations to the 

fecal microbiota may need to consider habitat filters in the upper GI tract, such as the acidic 

barrier of the stomach. 

Susceptibility to enteric pathogen infection is regulated by both host- and microbiota-

associated defenses. Host physiology and immunity influence the distinct habitats of the 

gastrointestinal tract, thereby filtering for the most suitable microbial communities throughout 
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(21, 44). The microbiota then serves, in part, to resist pathogen colonization by training host 

immunity and pre-empting access to resource and nutrient niches necessary for potential 

pathogens to thrive in the gut (44-46). However, many enteric pathogens have evolved 

virulence systems to avert microbiota-mediated colonization resistance by engineering novel 

growth niches to bloom in the intestine (7, 47). Such mechanisms still typically require sufficient 

quantities of the pathogen to reach the lower intestines in order to trigger a significant host 

response to alter the gut environment (48, 49). Given this limitation, intrinsic host defenses that 

rapidly restrict survival of ingested microbes- particularly in the upper G.I. tract- are necessary to 

maintain maximal defense against infection. This type of resistance is largely provided by the 

innate production and secretion of compounds with antibacterial properties, such as host-

derived antimicrobial peptides (45), various components of bile (23, 45), and gastric acid (24, 

50). It is ultimately the combined gauntlet of antimicrobial defenses and nutrient limitation that 

must be avoided or averted by pathogens to infect the host and cause disease. 

Our prior research showed that mice infected with Plasmodium, a pathogen that 

replicates in the bloodstream during the erythrocytic infection state, display remarkably 

increased susceptibility to colonization by non-typhoidal Salmonella (15). The findings 

presented here advance our understanding of how malaria affects colonization resistance to 

pathogens by linking the boosted implantation of Salmonella to a previously unreported, 

prolonged reduction in gastric acidity associated with inflammatory signaling during infection 

with the malarial parasite.  

Low stomach pH in healthy animals serves as a significant bottleneck in the colonization 

of many bacterial pathogens (24), including S. Typhimurium and related bacteria (Fig. 3.3A and 

Fig. 3.S4A-E). Drugs impacting gastric acidity in humans, such as proton pump inhibitors, have 

been noted as risk factors that can both alter the gut microbiome and increase susceptibility to 

intestinal infection with pathogens including Salmonella, Campylobacter and Clostridioides 

difficile (45, 51-54). In our model, high stomach pH during malaria was associated with 
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increased S. Typhimurium abundance post-infection, and exogenous stimulation of gastric acid 

secretion prior to S. Typhimurium inoculation rapidly restored resistance to colonization, 

demonstrating that parasite-induced hypochlorhydria was responsible for increased 

susceptibility to the secondary infection.  

Typically, parietal cells in the gastric glands are stimulated by a combination of 

histamine, gastrin, and acetylcholine released from nearby cells, leading to apical translocation 

of the parietal’s H+/K+-ATPase proton pump, thereby allowing active acid secretion into the 

stomach lumen (26). Somatostatin serves as the major hormonal inhibitor of gastric acid 

secretion via direct action on parietal cells and indirectly through inhibition of histamine release 

by enterochromaffin-like cells. Supporting the notion that Plasmodium infection alters normal 

signaling for gastric acid release, we found increased somatostatin and reduced gastrin 

expression in gastric tissues from parasite-infected mice (Fig. 3.4A and 3.4B), which suggests 

reduced parietal cell stimulation as a mechanism underlying elevated gastric pH. This 

mechanism is consistent with our findings that parietal cell abundance was unchanged (Fig. 

3.4E) and that stimulation with an H2R agonist resulted in acid production (Fig. 3.3D).  

In the context of gastric Helicobacter pylori infection, local production of pro-

inflammatory cytokines, including TNF-a, can influence and inhibit gastric acid secretion by 

parietal cells (26, 29, 55). Our results extend this concept to a parasite infection, as antibody 

blockade of TNF-a signaling during Plasmodium infection was sufficient to maintain normal 

gastric acidity (Fig. 3.5B) and colonization resistance (Fig. 3.5C). TNF-a is known to also be 

involved in both mouse and human innate immune responses to malaria (33, 56) and appears 

to contribute to limiting parasite replication in host cells (34), supporting our data that indicates 

mice treated with TNF-a blocking antibody develop higher circulating parasitemia (Fig. 3.5E). 

This inflammatory cytokine response may represent a shared mechanism between our model 

and susceptibility to disseminated salmonellosis associated with human malaria. It remains 
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unclear whether the hypoacidic environment could actually be impacting the rest of the 

microbiota, either directly or indirectly (e.g. through altered digestion or vitamin availability), to 

produce the shifts in the microbial community composition observed previously (15, 19), or 

whether these changes are the result of additional gastrointestinal impacts of Plasmodium 

infection. 

In sub-Saharan Africa, malaria is associated with a higher risk for systemic non-typhoidal 

Salmonella infections in children (16, 17, 57). While prior work in mouse models helped illuminate 

how elements of the immune response to Plasmodium can promote systemic infections by S. 

Typhimurium (58, 59), our current findings suggest the additional mechanism of Plasmodium-

associated hypochlorhydria by which underlying malaria increases susceptibility to colonization 

by S. Typhimurium. This generalized reduction in initial bacterial killing could particularly benefit 

the multi-drug resistant ST313 isolates currently circulating in Africa, which exhibit genomic 

degradation and reduced capacity for inflammatory activation (57). Induction of inflammation is 

well recognized as part of the usual NTS strategy for colonizing the host (7-9, 44, 47), but 

avirulent S. Typhimurium incapable of inducing a significant intestinal inflammatory response 

displayed equivalent colonization enhancement by P. yoelii (Fig. 3.S1B). This suggests that in 

the context of malaria, reduced killing of the bacteria in the stomach and upper intestines could 

compensate for genetic deficits in NTS pathogenesis identified in the currently circulating 

strains. Moreover, malaria-associated suppression of colonization resistance could help clarify 

why such apparent deficits are not eliminated by selective pressure in the region, allowing 

development towards an extraintestinal pathogenic lifestyle and ultimately increasing the odds 

of the high-risk bloodstream NTS infections. 

 

 

MATERIALS AND METHODS 
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Mice and experimental co-infection model. 6- to 8-week-old female C57BL/6J mice (stock 

no. 000664) were purchased from The Jackson Laboratory for infection experiments. For 

generating Plasmodium parasitized blood stocks, CD-1 mice were purchased from Charles 

River Laboratory. Mice were housed under specific pathogen-free conditions and used for 

experiments at 8 to 11 weeks of age. For most experiments, at least 5 mice were used in each 

group, with multiple cages of mice (2 to 5 mice per cage) used for each group to limit the 

possibility of cage effects. All animal experiments were approved by the Institution of Animal 

Care and Use Committee at the University of California, Davis. 

 

Plasmodium infections. Plasmodium yoelii nigeriensis parasite stock was obtained from the 

Malaria Research and Reference Reagent Resource (MRRRR) and was maintained and 

expanded by passage through CD-1 mice. Blood from multiple CD-1 mice infected with parasite 

was collected by cardiac puncture, pooled, and mixed 1:2 (vol/vol) with freezing solution (10% 

glycerol and 90% Alsever’s solution [Sigma-Aldrich]) for storage in liquid nitrogen. For mock 

infections, blood was collected from uninfected CD-1 mice and similarly preserved.  

C57BL/6J mice were infected with P. yoelii parasite upon reaching 8 to 11 weeks of age. 

Parasitized blood stocks were diluted to 1x108 parasite-infected red blood cells (iRBCs)/mL with 

0.9% saline. Mice were then inoculated intraperitoneally (ip) with 0.1 mL of diluted parasitized 

blood. For mock infections, uninfected control blood was diluted with an equivalent volume of 

saline, and 0.1 mL was injected ip into the mice. Parasite infection was tracked through a 

combination of weight loss, food consumption, blood cell counts, and parasite burden in the 

blood. Anemia (reduced circulating blood cell counts) and parasite burden were assessed from 

blood collected from tail snips. For circulating blood cell counts, tail blood was diluted 1:1000 in 

PBS and cell concentration was assessed using a TC20TM Automated Cell Counter (Bio-Rad 

Laboratories, Inc.). Counts were normalized to the average counts from the mock-treated 

animals collected and measured at the same time. Parasitemia was determined by examination 
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of Giemsa-stained (Harleco) thin blood smears to enumerate the percentage of red blood cells 

containing detectable P. yoelii parasites. 

 

Salmonella strains. A complete list of Salmonella strains used in this study can be found in 

Table 3.S1. Unless otherwise indicated, bacteria were routinely grown on LB agar or 

MacConkey agar plates and cultured aerobically at 37°C in lysogeny broth (LB) supplemented 

with antibiotics at the following concentrations for selection when appropriate: nalidixic acid 

(Nal), 0.05 mg/mL; carbenicillin (Carb), 0.1 mg/mL; kanamycin (Kan), 0.1 mg/mL; 

chloramphenicol (Cm), 0.03 mg/mL. Construction of most mutant strains used in this study has 

been described in prior work (9, 60). S. Typhimurium invA spiB KanR (FF459, IR715 DinvA 

DspiB phoN::KSAC) was generated by P22 transduction of phoN::KSAC  from IR715 

phoN::KSAC into IR715 DinvA DspiB (SPN487), in the manner previously described for the 

production of S. Typhimurium invA spiB CmR (FF183) (60). S. Typhimurium invA spiB CmR + 

pAM34 (GTW58) was produced by transforming the plasmid pAM34 (22) into FF183 by heat-

shock, and maintained through culturing in LB with carbenicillin and 1 mM isopropyl β- d-1-

thiogalactopyranoside (IPTG).  

 

Salmonella infection and colonization readouts. Single colonies of S. Typhimurium grown on 

selective agar plates were inoculated into LB supplemented with the appropriate antibiotics for 

selection and incubated with shaking (200 rpm) at 37°C for 14-18 hours. Cultures were pelleted 

by centrifugation (10 min, 4000g, 4°C) and washed with sterile LB without antibiotics. Pelleted 

S. Typhimurium was resuspended in LB and adjusted to the appropriate bacterial density for 

infections. For single-strain infections, mice were inoculated orally by a pipette tip with 0.02 mL 

of S. Typhimurium at a density of approximately 5x1010 colony forming units (CFU)/mL. This 

high inoculum dose was used to help limit variability in colonization between mice in the groups, 
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and to reduce non-detection of Salmonella in some mice that can occur at lower doses for a 

more accurate comparison of intestinal burden. For competitive infections, the strains were 

prepared separately, adjusted to 1x1010 CFU/mL, then mixed 1:1 (vol/vol) and inoculated as 0.1 

mL by oral gavage. Inocula were serially diluted and plated for CFU to confirm accuracy of the 

concentration and the input strain ratio for calculations in competitive infections. S. Typhimurium 

inoculations occurred in the morning, between 06:00 and 12:00. Mice were euthanized at the 

indicated time points or when they became moribund. Mice euthanized early due to health 

concerns were excluded from analysis.  

Intestinal contents (approximately 20-100 mg) of euthanized mice were collected from 

the relevant portions of the intestines into 1-2 mL PBS and homogenized by vortex. Samples 

were then serially diluted in PBS and plated on appropriate selective agar to assess CFU loads. 

If no S. Typhimurium could be recovered post-challenge, the load was set to the detection limit 

for statistical comparisons (100 CFU/g intestinal content). In the S. Typhimurium challenges 

lasting 4 hours or less, mice were excluded from the analysis if S. Typhimurium could be 

detected in the small intestine but no CFUs were detected in the cecal or colon content, 

indicating the inoculum had not yet reached the large intestine at the point of collection. In that 

case, using the detection limit as the CFU load in the cecum or colon for statistical analysis 

would be inaccurate. In the competitive infections, intestinal content was plated on media 

selecting for both inoculated strains (LB + nalidixic acid) as well as the mutant strain alone (LB + 

chloramphenicol). Wild-type S. Typhimurium (IR715) burden was determined by subtraction of 

the mutant numbers from the overall (LB + nalidixic acid) numbers, and competitive index was 

calculated as the wild-type:mutant load, corrected for the input ratio of the inoculum. 

 

In vivo pAM34 growth assays. To compare the approximate in vivo rate of S. Typhimurium in 

P. yoelii-infected and mock-infected animals, mice were perorally inoculated with 1x109 CFU S. 

Typhimurium invA spiB CmR + pAM34 (GTW58).  As has been previously described (22), 
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replication of the pAM34 plasmid is under control of the LacI repressor region which allows it to 

be replicated and maintained by Salmonella when grown in high concentrations of lactose or a 

lactose analog such as IPTG, but cannot replicate and is rapidly lost as the bacteria divide in 

low-lactose environments such as the adult mouse. Thus, loss of the plasmid at a population 

level correlates with the overall replication of the bacteria in the low-lactose environment, which 

allows for assessment of the replication rate (23).   

To prepare inocula of S. Typhimurium invA spiB CmR + pAM34, single colonies grown 

on LB supplemented with carbenicillin (0.1 mg/mL) and 1 mM IPTG (for plasmid maintenance) 

were inoculated into LB broth (supplemented with IPTG alone) and incubated with shaking (200 

rpm) at 37°C for 12 hours. Then, the plasmid was diluted to better assess the early replication 

rate by subculturing the inoculum (1:100) in fresh LB without IPTG and allowed to grow for an 

additional 3 hours prior to harvesting the bacteria by centrifugation and infecting the mice 

perorally, as previously described. Immediately following infection of the mice, the inoculum was 

serially diluted in PBS and plated on MacConkey and MacConkey+Carbenicillin+1 mM IPTG to 

quantify the ratio of pAM34-containing S. Typhimurium to the total inoculated S. Typhimurium 

count. At 4 or 24 hours post- inoculation, mice were euthanized, and intestinal contents were 

collected and plated on MacConkey and to quantify S. Typhimurium burden and determine the 

fraction of the population maintaining pAM34. In parallel to the mouse infections, serial dilutions 

of the inoculum were cultured in LB for an additional 4 to 24 hours, then plated on MacConkey 

and MacConkey + Carb + IPTG to generate a standard curve correlating population-level 

pAM34 plasmid loss to number of replications, as has been previously described (23). 

 

In vitro pH bacterial survival assays. To assess bacterial sensitivity to low pH, PBS was 

acidified to different pH levels between 2 and 5 with hydrochloric acid and aliquoted into 

separate tubes. S. Typhimurium invA spiB KanR and strains of Escherichia coli strain Nissle 

1917, Escherichia coli O157:H7 EDL933 (ATCC 43895), Citrobacter rodentium DBS100 (ATCC 
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51459), Shigella flexneri M90T (ATCC BAA-2402), Yersinia enterocolitica subsp. enterocolitica 

(ATCC 700823) were grown overnight in LB broth and prepared for inoculating mice as 

described above, except washed and resuspended using PBS instead of LB, to an OD600 of 1.0, 

and plated for quantification of initial CFUs. The inoculum was then diluted 1:100 into the 

different low-pH PBS tubes and incubated at 37°C with shaking for 1 hour. Samples were 

serially diluted in fresh PBS (pH 7.4) and plated on MacConkey agar to quantify remaining 

bacterial concentrations. 

 

Gastric pH assessment. Following euthanasia, stomachs of mice were removed from the body 

cavity. The microelectrode PH-N and reference probes (Unisense) were immediately inserted 

into the untreated gastric antral lumen for assessment of pH, and measurements on the 

Unisense Microsensor Multimeter (in mV) were recorded and converted to pH values using a 

standard curve generated from concurrent readings of reference standards at pH 2, 4, and 7. 

The probes were rinsed with 70% ethanol and distilled water between measurements. 

 

Histamine H2 Receptor agonist (dimaprit) administration. Mice were inoculated with P. 

yoelii-infected or control blood as previously described. In the morning of day 6 post-infection, 

mice received a single dose of the histamine H2 receptor (H2R) agonist dimaprit dihydrochloride 

(Tocris Bioscience) or a mock treatment with the vehicle. Dimaprit was administered 

intraperitoneally as 0.1 mL of 40 mg/mL dimaprit dihydrochloride dissolved in sterile saline, and 

the vehicle (saline) was administered in an equivalent volume. 1 hour later, mice were 

challenged with S. Typhimurium for 4 hours, then assessed for gastric pH and intestinal S. 

Typhimurium burden. 

 

Omeprazole administration. Mice were inoculated with P. yoelii-infected or control blood as 

previously described. In the afternoon on days 3, 4, and 5 post-infection, mice began receiving 



 115 

daily treatments with either the proton pump inhibitor omeprazole (Sigma-Aldrich) or a mock 

treatment with the vehicle. Omeprazole was administered intraperitoneally as 0.1 mL of a 30 

mg/mL suspension in 1% Tween-80 (Sigma-Aldrich) in dPBS (Gibco), and vehicle was 

administered in an equivalent volume. At 6 dpp, mice were challenged with S. Typhimurium for 

24 hours then assessed for gastric pH and intestinal S. Typhimurium burden. 

 

Anti-TNF-α antibody administration. Mice were inoculated with P. yoelii-infected or control 

blood as previously described. On days 3 and 5 post-infection, mice received a dose of either 

Ultra-LEAF™ Purified anti-mouse TNF-α antibody (Clone: MP6-XT22, BioLegend, Inc.) or Ultra-

LEAF™ Purified Rat IgG1, κ isotype control antibody (BioLegend, Inc.). Both antibodies were 

diluted to 2 mg/mL in dPBS (Gibco) and administered as 0.25 mL per mouse, intraperitoneally, 

for a dose of 0.5 mg/mouse (approximately 25 mg/kg body weight). At 6 dpp, mice were either 

euthanized for relevant measurements, or challenged with S. Typhimurium for 3 hours, then 

euthanized for gastric pH and intestinal S. Typhimurium burden.  

 

RNA extraction and real-time PCR expression analyses. Following lumen content removal, 

tissues were snap frozen in liquid nitrogen at necropsy and stored at -80°C. RNA was isolated 

from tissues using Tri-Reagent (Molecular Research Center). Briefly, whole tissues were 

suspended in Tri-Reagent and homogenized by glass bead-beating for 1 minute, then treated 

with chloroform and centrifuged to separate the phases. The aqueous phase was removed and 

mixed with 95% ethanol, then applied to a silica membrane column (EconoSpinTM, Epoch Life 

Science) and washed with 3M sodium acetate. The column was treated with PureLinkTM DNase 

(Invitrogen) to remove genomic DNA contamination, washed twice with 10 mM HEPES in 70% 

ethanol, and RNA was eluted in RNase-free water for quantification.  

For analysis of mRNA expression, 1 µg of total RNA per sample was reverse-transcribed 

into cDNA in a 50 µL reaction using MultiScribeTM Reverse Transcriptase (ThermoFisher 



 116 

Scientific), and 4 µL of the resulting cDNA was used for each real-time reaction. Real-time PCR 

was performed using SYBR green (Applied Biosystems) on a ViiA 7 Real-Time PCR System 

(Applied Biosystems) using primers listed in Table 3.S2. Data was analyzed using the 

comparative threshold cycle method in QuantStudioTM Real-Time PCR System (Applied 

Biosystems), with target gene expression levels normalized to Actb RNA levels in the same 

sample and represented as fold-change over the average expression in mock-infected animals.  

 

Gastric histopathology. At necropsy, stomachs were flayed open along the lesser curvature 

and samples of the greater curvature approximately 5 mm wide at the midline were collected 

from the forestomach to pyloric sphincter, as described by Sigal et al. (61), and embedded in 

paraffin to generate longitudinal sections. 5 µm-thick tissue sections were cut from formalin-

fixed paraffin-embedded tissues and hematoxylin and eosin stained by the UC Davis Veterinary 

Pathology Laboratory. Blinded images of stained slides were taken as both bright-field (20x) and 

autofluorescence (40x, RFP channel, Excitation: 531/40, Emission: 593/40) scans using an 

EVOSTM FL imaging microscope (ThermoFisher Scientific) for general histopathological 

assessment as well as highly eosinophilic (autofluorescent) cell quantification.  

To assess eosinophilic cell abundance in the gastric mucosa to estimate parietal cell 

abundance (28), images of glandular/mucosal portions of the tissues distal to the forestomach-

corpus junction were bounded manually and the glandular area was measured using ImageJ. Then 

the images were made binary, holes filled, watershed to separate nearby cell structures, and large 

particles (radius > 25 µm) were analyzed. As this process often grouped multiple, closely associated 

parietal cells as single particles (see overlay example in right panel of Fig. 3.S7C), analyzed 

particles were converted to approximate cell numbers by dividing the particle area in each image by 

the overall median particle size. 
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Plasma TNF-α measurements. Blood was collected from mice by cardiac puncture using 

heparinized needles immediately following death by CO2 inhalation. The heparinized blood was 

centrifuged (8000g for 4 minutes) and the plasma layer was removed and stored at -80°C for 

TNF-α measurement using the mouse TNF-α DuoSet® ELISA (R&D Systems, Inc.) according to 

the manufacturer’s instructions.  

 

Statistical analyses. The investigators were not blinded to animal allocation during 

experiments and outcome assessment, except for histopathology analysis. Sample sizes were 

estimated on the basis of effect sizes in previous studies. All analyses were performed using 

Prism 8 (GraphPad Software, La Jolla, CA). The limit of detection while plating for S. 

Typhimurium loads was set to 100 CFU/g content, and the number of CFU per gram intestinal 

content was Log10 transformed to normalize the data for statistical analysis. Significant 

differences in Log10-normalized CFU loads, gastric pH, and Log2-normalized mRNA 

expression data between groups were determined by unpaired t tests with Welch’s correction. 

Significant differences in CFU loads of competing S. Typhimurium strains in the same animal 

were determined by paired t tests. Significant differences between groups in their competitive 

indices and other measures not log-normalized prior to comparison (body weight changes, 

spleen and stomach weights, blood cell counts, parasite burden, and circulating TNF-α) were 

determined by Mann-Whitney tests. In all comparisons, P < 0.05 was considered statistically 

significant.  

 

Software. The following software was used: Microsoft Excel for Mac, Prism 8 for macOS 

(GraphPad Software), QuantStudioTM Real-Time PCR System Version 1.3 (Applied 

Biosystems), EVOSTM FL Auto 2 Imaging System (ThermoFisher Scientific), ImageJ/FIJI 

Version 2.0.0-rc-69/p1.520 (https://imagej.net/Fiji/Downloads) (62, 63). 
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FIGURES AND TABLES, INCLUDING SUPPLEMENTARY FIGURES 

 

  

Figure 3.1. Enhanced colonization by S. Typhimurium in P. yoelii-infected mice is 

independent of nitrate and oxygen respiratory growth by Salmonella.  (A) Schematic outlining 

the co-infection model used in (B) and (C). Plasmodium yoelii- and Mock-infected mice were 

challenged at 2, 4, 6, or 8 days post-infection (as indicated) with 109 CFU Salmonella Typhimurium 

invA spiB KanR (peroral). Salmonella loads in the colon (B) and cecum (C) were determined 24 

hours post-Salmonella infection. Data pooled from two separate experiments with 3-6 mice per time 

point (n = 7-10 total per group). (D to G) Mock- and P. yoelii-inoculated mice (n = 5 per group) were 

gavaged at 6 dpp with approximately 5x108 CFU wild-type S. Typhimurium (WT) and 5x108 CFU of 

either a S. Typhimurium napA narZ narG cyxA mutant (3NR cyxA, D and E) or a S. Typhimurium 
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cydA mutant (F and G). (D) Fecal S. Typhimurium CFUs and (E) competitive indices (WT/3NR 

cyxA) at 24 hpi. (F) Fecal S. Typhimurium CFUs and (G) competitive indices (WT/cydA) at 24 hpi. 

Bars represent the geometric mean. Each symbol or linked pair of symbols represents data from 

one animal. **P ≤ 0.01, ***P ≤ 0.001, ****P ≤ 0.0001. NS, not significant. 

 

 

Figure 3.2. S. Typhimurium intestinal burden is higher in Plasmodium co-infected mice 

despite equivalent bacterial growth. Mice infected with P. yoelii (red squares) or mock-infected 

(white circles) were challenged at 6 dpp with and oral dose of 109 CFU S. Typhimurium invA spiB 

CmR + pAM34 for assessment of the in vivo replication rate of the pathogen. (A) S. Typhimurium 

load in the cecal and colon contents 24 hours post-inoculation. (B) Generation of the S. 

Typhimurium population based on pAM34 plasmid retention quantified 24 hours post-inoculation. 

(C) S. Typhimurium load in the cecal and colon contents 4 hours post-inoculation. (D) Generation of 

the S. Typhimurium population based on pAM34 plasmid retention quantified 4 hours post-
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inoculation. Data in (A) and (B) are pooled from two separate experiments for a total of n = 8 mice in 

the mock group and n = 10 total mice in the P. yoelii-infected group. Data in (C) and (D) represent a 

single experiment with n = 6 mice per group. Each symbol represents data from one animal. Bars 

represent the geometric mean. **P ≤ 0.01, ****P ≤ 0.0001. NS, not significant. 

 

 

Figure 3.3. P. yoelii-infected mice develop hypochlorhydria that impacts colonization of S. 

Typhimurium. (A) S. Typhimurium survival in PBS at various pHs. Circles represent individual 

replicates while the curve is the nonlinear regression (4PL). Horizontal lines indicate 100 and 50 
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percent survival, while the vertical line marks the pH associated with 50 percent survival. (B) Gastric 

pH of mice 6 days post- P. yoelii or Mock infection. (C to E) The stomach pH (C), cecal (D) and 

colon (E) S. Typhimurium loads of P. yoelii- and Mock-infected mice treated with Dimaprit or vehicle 

on 6 dpp, then challenged with S. Typhimurium invA spiB KanR (peroral) for 4 hours. (F to H) The 

stomach pH (F), cecal (G) and colon (H) S. Typhimurium loads of Mock- and P. yoelii-infected mice 

treated with Omeprazole or vehicle on 3, 4, and 5 dpp and challenged on 6 dpp with S. Typhimurium 

invA spiB KanR (peroral) for 24 hours. Figures C to H represent combined data from separate 

experiments with n = 6-8 mice per group.  Bars represent the geometric mean, and symbols 

represent data from individual mice. *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001, ****P ≤ 0.0001. NS, not 

significant. 

 

 

Figure 3.4. P. yoelii alters stomach expression of acid secretion and inflammatory signals. 

Relative expression of the mRNA for the gastric signaling peptides gastrin (A, Gast), somatostatin 
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(B, Sst), parietal cell proton pump subunits ATP4-α (C, Atp4a) and ATP4-β (D, Atp4b), and TNF-α 

(F, Tnf) in gastric tissues of mock and P. yoelii-infected mice at 6 dpp. Gene expression was 

quantified relative to β-actin and normalized to average mock-infected levels. (E) Quantification of 

highly eosinophilic cells in H&E-stained gastric tissue sections from mock and P. yoelii-infected mice 

at 6 dpp. Bars represent the mean. *P ≤ 0.05, **P ≤ 0.01. NS, not significant. 

 

 

Figure 3.5. TNF-α responses to P. yoelii infection induce hypochlorhydria and promote S. 

Typhimurium colonization. (A) Circulating TNF-α levels detected in plasma at 6 dpp by ELISA in 

mock-infected or P. yoelii-infected mice. Data represent two separate experiments with n = 5-6 mice 

in each group. The dotted line represents the limit of detection. (B to E) On 3 and 5 dpp, mock-

infected and P. yoelii-infected mice were treated with either anti-mouse TNF-α antibody or an 

isotype control antibody, and either euthanized at 6 dpp for assessment of the response on 

measures of parasite infection (B, D, E), or challenged at 6 dpp with 109 CFU S. Typhimurium invA 

spiB KanR (oral) to quantify the effect of the treatment on S. Typhimurium load at 3 hpi (C). Gastric 
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pH (B), cecal S. Typhimurium loads (C), relative circulating blood cell counts (D), and parasitemia 

(E) were determined at necropsy. Data represent three separate experiments with n = 3-4 mice per 

group. Bars represent the mean (B) or the geometric mean (A, C, D, and E). *P ≤ 0.05, **P ≤ 0.01, 

***P ≤ 0.001, ****P ≤ 0.0001. NS, not significant. 

 

 

Figure 3.S1. Confirmation of Salmonella pathogenicity-independence at 6 dpp. (A) Alternative 

comparison of S. Typhimurium CFUs quantified in the Py-infected groups from the experiment in 

Fig. 3.1A-C, demonstrating that inoculating at 6 dpp or later increases S. Typhimurium levels over 

mice infected at 2 dpp, while the 4 dpp load is not significantly higher than 2 dpp. (B) P. yoelii-

infected (red) or control blood-injected (white) mice were challenged orally at 6 dpp with single 

infections of 109 CFU of S. Typhimurium CmR (Wildtype) or S. Typhimurium invA spiB CmR (invA 

spiB) and colon content was collected 24 hours later to quantify S. Typhimurium loads. Bars 

represent the geometric mean. *P ≤ 0.05, **P ≤ 0.01. NS, not significant. 
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Figure 3.S2. Characterization of the early response to P. yoelii. (A to D) Parasitemias (A), 

circulating blood cell counts (B), body weight (C), and spleen weight (D) were assessed from groups 

of mock-infected (white) and P. yoelii-infected (red) mice at time points corresponding with S. 

Typhimurium infections in Fig. 3.1. Triangles represent data from mice without S. Typhimurium co-

infection, while squares and circles denote measurements from mice depicted in Fig. 3.1, which had 

been challenged with an oral inoculation of S. Typhimurium invA spiB KanR 24 hours prior. Dots in 

(C) represent the mean ± SEM (n = 24-26 mice per group). Bars in (A, B, and D) represent the 

geometric mean, while each symbol represents data from one animal; the number of symbols thus 

indicate the total number of animals (n), which ranged from 8-10 mice per group per time point. *P ≤ 

0.05, ****P ≤ 0.0001, NS, not significant. 

 



 134 

 

Figure 3.S3. P. yoelii infection boosts Salmonella levels throughout the gut, and 

characterization of the onset of hypochlorhydria during malaria. (A) S. Typhimurium invA spiB 

KanR loads recovered from the luminal content in different portions of the gastrointestinal tract 24 

hours after oral challenge of mock-infected and P. yoelii-infected mice at 6 dpp. (B) Gastric pH 

assessed in sets of mice 2, 4, or 6 days following inoculation with control blood (white) or P. yoelii 

(red). Bars represent the geometric mean (A) or mean (B). *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001, ****P 

≤ 0.0001. NS, not significant. 
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Figure 3.S4. Characterization of various Enterobacterales survival after pH shock. (A-E) 

Surviving fraction of various indicated Enterobacterales species after in vitro inoculation into PBS at 

various pHs (between 2.0 and 4.5) and incubation for 1 hour at 37oC. Tested strains include (A) 

human commensal/probiotic strain Escherichia coli Nissle 1917, (B) enterohemorrhagic E. coli 

O157:H7 EDL933, (C) mouse pathogen Citrobacter rodentium DBS100, (D) human enteric 

pathogen Shigella Flexneri M90T, (E) non-Enterobacteriaceae member of order Enterobacterales, 



 136 

Yersinia enterocolitica subsp. enterocolitica.  Symbols represent the mean ± SEM of 3 replicates at 

each pH value, while the sigmoidal curve is the nonlinear regression (4PL) of the data graphed in 

Prism 8 (GraphPad), constrained to Top = 100 and Bottom = 0. Horizontal dotted lines indicate 100 

percent and 50 percent inoculum survival, while the vertical dashed line marks the pH associated 

with 50 percent inoculum survival in vitro (LD50).  

 

 

Figure 3.S5. Acute reduction in food intake via overnight fasting is not sufficient to normalize 

gastric pH or colonization resistance. (A) Stomach weights of P. yoelii (P. yoelii: +) or mock-

infected mice (P. yoelii: -) at 6 dpp. (B) Food intake patterns normalized to mouse weight collected 

prior to and during parasite infection with food access provided ad libitum. Dots and error bars 

represent the mean ± SEM (n = 8 cages per treatment; each cage contained 2 mice). (C to E) Mice 

were mock-infected or P. yoelii-infected as previously described, then in the afternoon 5 days post-
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parasite infection (dpp), food was removed from some of the cages overnight (16 hour fast, groups 

labeled as “Fasted”) or maintained (“Fed”). The next morning, mice were orally inoculated with 109 

CFU S. Typhimurium invA spiB KanR and euthanized 1 hour later to assess stomach weights (C), 

gastric pH (D), and whole intestinal S. Typhimurium burden (E). Bars represent the geometric mean. 

*P ≤ 0.05, **P ≤ 0.01, ****P ≤ 0.0001. NS, not significant. 

 

 

Figure 3.S6. Treatment with omeprazole or dimaprit does not significantly impact measures 

associated with P. yoelii infection severity. Related to Figure 3.3.  (A and B) Parasite burden (A) 

and blood cell counts (B) at necropsy (7 dpp) from mice in Fig. 3.3C-E. (C and D) Parasite burden 

(C) and blood cell counts (D) at necropsy from mice in Fig. 3.3F-H. Bars represent the geometric 

mean. **P ≤ 0.01, ***P ≤ 0.001, ****P ≤ 0.0001. NS, not significant. ND, no data collected. 
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Figure 3.S7. Gastric tissue histopathology and image analysis workflow. (A) Representative 

histopathology of hematoxylin and eosin (H&E)-stained gastric mucosa tissues of mice infected with 

P. yoelii or mock-infected with control blood at 6 dpp. (B) Fluorescence images of tissues from (A), 

highlighting eosin fluorescence under the RFP fluorescence channel (Ex: 531/40 nm, Em: 593/40 

nm). (C) Scheme for analyzing parietal cell abundance in the gastric corpus mucosa. Because 

parietal cells stain highly eosinophilic (and are thus autofluorescent) compared to other cells in the 

gastric mucosa, we utilized fluorescence imaging of H&E stained gastric cross-sections to estimate 

relative parietal cell counts. Further description of the analysis can be found in the Methods section.  
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Figure 3.S8. Supplemental data from TNF-α blockade. Related to Figure 3.5. (A to C) Data from 

S. Typhimurium-infected mice represented in Fig. 3.5C. Gastric pH (A), total gastrointestinal CFUs 

(B) and stomach weights (C) at necropsy, on 6 dpp and 3 h after oral S. Typhimurium invA spiB 

KanR inoculation. (D and E) Food consumption (normalized to mouse weight) (D), weight loss (E), 

and gastric tissue expression of Tnf (F) and Il1b (G) of mice from experiments in Figure 3.5, treated 

with control or P. yoelii-infected blood and treated with either anti-mouse TNF-α antibody or an 

isotype control antibody on 3 dpp and 5 dpp. Bars represent the mean (A, F, G) or geometric mean 
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(B and C). Dots and error bars represent the mean ± SEM. *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001, ****P 

≤ 0.0001. NS, not significant. 

 

 

Table 3.S1. Bacterial strains used in this study.  
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Table 3.S2. Primers used for real-time PCR in this study. 
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ABSTRACT 

Plasmodium yoelii infection of mice has been shown to cause marked increases in the levels of 

endogenous Enterobacteriaceae in the gut, though the interactions underlying this phenomenon 

remained unclear. Here, we assessed potential mechanisms contributing to higher E. coli 

burden during Plasmodium infection and chemically induced hemolysis using phenylhydrazine. 

It was found that neither changes in gastric acidity nor increased luminal nitrate during malaria 

are sufficient to explain intestinal E. coli expansion. However, other aspects of parasite-

associated hemolysis, including changes in bile composition and activation of nutritional 

immunity, were identified as potential contributors to enhanced Enterobacteriaceae growth 

during Plasmodium infection. These results suggest that Enterobacteriaceae in the gut 

particularly benefit from the hemolytic anemia that results from Plasmodium infection, though 

other impacts of malaria may have additional effects.  

  

 

INTRODUCTION 

Enterobacteriaceae are a family of Proteobacteria of the order Enterobacterales that comprises 

a number of human and animal pathogens and pathobionts, including Shigella, Klebsiella, 

Escherichia coli and Salmonella enterica species (1). Although members of this taxon make up 

only a minor component of the healthy gut microbiota, increased levels of Enterobacteriaceae 

levels are a characteristic of dysbiosis- an “imbalance” in the gut microbiota primarily dominated 

by obligate anaerobes- that is associated with various disease states (2-4). For example, 

expansion of Enterobacteriaceae can be associated with intestinal inflammation that reduces 

epithelial hypoxia, providing respiratory niches for improved growth of the facultative anaerobic 

Enterobacteriaceae (5-8). In recent years, pathogenic infections and pathobiont carriage of 

carbapenem-resistant Enterobacteriaceae species have become an emergent challenge in 
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healthcare worldwide (9-11), so a better understanding of risk factors influencing colonization 

resistance against Enterobacteriaceae is of growing concern.  

We had previously found that along with inducing gastric hypochlorhydria that benefits 

implantation of inoculated enteric bacteria in the intestine, Plasmodium yoelii nigeriensis (Pyn) 

infection in mice resulted in increased levels of endogenous E. coli after approximately one 

week of infection (Ch. 2, Fig. 2.5). Although the heightened implantation of the non-typhoidal 

Salmonella serovar S. Typhimurium was not dependent on intestinal replication (Ch. 3, Fig. 3.2), 

the bloom in E. coli that already colonize the intestines at lower levels would likely require 

boosted growth of the bacteria. This suggested the altered intestinal environment does at least 

boost E. coli growth and likely enhances growth of other Enterobacteriaceae with shared 

components of metabolism. Here, we investigate potential mechanisms contributing to the 

expansion of Enterobacteriaceae in the mouse intestine during Plasmodium infection. 

 

 

RESULTS AND DISCUSSION 

Hypochlorhydria is insufficient for expansion of endogenous gut E. coli 

Despite its contribution to improved implantation of enteric bacteria in the gut, we were 

uncertain whether parasite-associated hypochlorhydria could also be driving improved intestinal 

growth by E. coli. Beginning around 6 days post-parasite injection (dpp), we measured gastric 

pH levels that consistently trended higher in Pyn-infected mice (Fig. 4.1A). Since this timing 

correlated with E. coli blooms in the course of infection (Fig. 4.1B), we hypothesized that the 

reduced gastric acidity was also somehow boosting downstream growth of E. coli in the large 

intestine. Profiling of drug interactions with gut microbial data suggests that sustained proton 

pump inhibitor use by humans can reduce gut microbial diversity and lead to dysbiosis (12, 13), 

including enrichment of upper G.I. flora such as E. coli and other Enterobacteriaceae (14, 15), 

despite the intestine not being the direct target of drugs like omeprazole. It is unclear whether 



 145 

this is due to downstream effects of reduced acid production in the stomach, or PPIs reaching 

the lower intestines directly inhibiting other members of the microbiota (16), thus improving E. 

coli’s relative competitive advantage throughout the gut.  

To test whether the sustained hypochlorhydria could explain the Enterobacteriaceae 

blooms during infection, we treated mice pre-colonized with commensal E. coli JB2 with 

omeprazole for 3-4 days and assessed bacterial loads in the feces (experiments outlined in Fig. 

4.2A). We found that no generalized increase/change in the fecal levels of E. coli could be 

detected over this period (Fig. 4.2B and 4.2C), despite significantly higher gastric pH with 

omeprazole treatment (Fig. 4.2D). Although this data appears to run counter to studies on PPI 

use and humans (14), it may be that the short experimental period did not allow for such 

enrichment compared to multi-week exposure. However, the changes in gastric pH and E. coli 

abundance with malaria do occur over this short of a time scale (Fig. 4.1). Research has also 

indicated that sustained omeprazole administration in mice is not sufficient to enhance 

colonization of some pathogenic bacteria (Clostridioides difficile) that are linked to PPI use in 

humans (17), suggesting hypochlorhydria-associated defects in colonization resistance and 

dysbiosis may require multiple coexisting insults to the gut environment. This experiment thus 

indicates substantial reduction in gastric acidity alone cannot sufficiently explain the rapid bloom 

in endogenous E. coli in the feces observed in the mice with Plasmodium infection. 

 

Impact of alternate malarial parasites on endogenous E. coli  

 To explore potential host-parasite interactions that might clarify why we see E. coli 

bloom in the gut during malaria, we decided to compare the impact of different murine 

Plasmodium strains on intestinal E. coli. C57BL/6J mice pre-colonized with E. coli JB2 were 

infected with either P. yoelii nigeriensis (Pyn), P. yoelii 17XNL (Py17), P. berghei ANKA (PbA), 

or healthy control blood (mock). These strains of Plasmodium are known to result in somewhat 

different disease severity in depending on the mouse line they infect (18, 19). E. coli JB2 levels 
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increased approximately 10-fold over the pre-parasite level within the first 10 days of Pyn 

infection, while little change occurred in E. coli levels of mock and Py17 mice (Fig 4.3A-C). By 

contrast, PbA-infected mice showed large increases in E. coli burden (10 to 1000-fold, Fig. 

4.3D). The infection also resulted in severe weight loss and significant mortality within 6 days 

(Fig. 4.3E), potentially impacts of cerebral malaria associated with this infection in C57BL/6 

mice (20). At that point, mice infected with all parasite strains exhibited similar parasite burden 

(Fig. 4.3F), though the PbA infection did not generate quite the same degree of anemia as 

either Pyn or Py17 (Fig. 4.3G). At later points of infection, additional differences between Pyn 

and Py17 infections became more apparent: Pyn was associated with greater weight loss, 

higher circulating parasite burdens and lower red blood cell counts by 14 dpp (Fig. 4.3E-G), 

indicating a more severe infection. Together, these results indicate that more severe/lethal 

malarial infections may be associated with larger changes in gut E. coli levels.  

 

Utilization of host-derived nitrate does not benefit E. coli during Pyn infection 

 Dysbiosis has been reported previously with PbA infection, associated with significant 

intestinal inflammation (21). We hypothesized that since severe disease was associated with 

the increased E. coli level, E. coli could be growing using nitrate generated in the gut lumen 

from epithelial or immune cell production of nitric oxygen species (6). Although nitrate utilization 

has been found to be dispensable for S. Typhimurium implantation in the gut (Ch. 2, Fig. 2.11), 

that mechanism was ultimately independent of growth, unlike commensal E. coli expansion.  

Previous research has indicated that the human probiotic E. coli Nissle 1917 (EcN) in 

the mouse large intestine benefits from inflammation in numerous ways to compete with other 

Enterobacteriaceae (22-25), including through host-derived nitrate (6). We found that EcN in the 

gut also benefits from Pyn infection relative to colonization of healthy mice (Fig. 4.4A and 4.4B). 

However, the pattern of change in EcN levels during malaria was somewhat different than that 

observed for endogenous E. coli. In general, EcN dropped to lower levels in mock-infected mice 
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over the experiment while levels were maintained through Pyn infection (Fig. 4.4B), compared 

to the apparent blooms in JB2 and endogenous E. coli in other experiments (Fig. 4.1B). This 

could be an effect of the different model used in that experiment, giving the inoculation of EcN 

(1x107-1x108 CFU) and the parasite on the same day, compared to pre-colonizing with a higher 

dose (typically 1x109 CFU) used in the commensal JB2 experiments.  

To test whether the higher level of EcN in Pyn-infected animals was nitrate-dependent, 

we performed a competitive infection experiment by inoculating mice with 5x108 CFU each of 

wildtype EcN and a triple-nitrate reductase mutant of EcN (ΔnapA ΔnarG ΔnarZ, ΔNR3) (22) 

one day prior to infection with Pyn and tracked the relative competitive advantage of wildtype 

EcN over EcN ΔNR3 in the intestines. While overall EcN levels trended higher in Pyn-infected 

mice as expected (Fig. 4.4C and 4.4D), the EcN ΔNR3 did not show a significant competitive 

defect compared to wildtype with either mock or Pyn infection (Fig. 4.4E), indicating that nitrate 

was not specifically benefitting wildtype EcN in the either set of mice.  

However, due to the variability in EcN colonization we wanted to confirm that nitrate also 

does not contribute to the bloom in commensal E coli that have established a niche in the gut 

prior to parasite infection. As activation of host inducible nitric oxide synthase (iNOS) is a major 

source of increased nitrate during intestinal inflammation (6, 22, 26), we assessed the impact of 

limiting NO production in the gut during Pyn infection. In mice given water supplemented 

aminoguanidine chloride (AG) to inhibit iNOS (1 mg AG/mL water) starting on day 4 of infection, 

E. coli JB2 still showed increased abundance in parasite-infected mice (Fig. 4.5A and 4.5B), to 

equivalent levels as infected mice given regular drinking water (Fig. 4.5C). Taken together, 

these data indicate that inflammation-derived nitrate does not provide a significant growth 

benefit to intestinal E. coli during Pyn infection. 

 

Altered bile acid composition during malaria may benefit Enterobacteriaceae 
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 Next, we considered whether changes to the intestinal environment arising in the small 

intestine may be benefitting Enterobacteriaceae there, and downstream in the colon. Other 

research has reported fluctuations in the bile acid composition of the small intestinal and cecal 

luminal contents of mice with malarial parasite infection (27), potentially due to parasite 

interactions with hepatocytes that regulate bile acid secretion into the gallbladder and 

duodenum (28). Since Enterobacteriaceae are known to be more resistant to exposure and 

growth in high levels of bile acids than much of the microbiota (29-31), we hypothesized that 

Pyn infection could be altering intestinal bile composition in a manner that gives endogenous 

Enterobacteriaceae like E. coli a competitive edge. 

 We found that total bile acid concentrations in the cecal and small intestinal contents of 

mice trended higher with Plasmodium infection, somewhat correlating with increased E. coli JB2 

burden (Fig. 4.6A-D). This surprisingly corresponded with a relatively lower levels of liver 

Cyp7a1 mRNA (Fig. 4.6E), which encodes a critical enzyme (cholesterol 7 alpha-hydroxylase) 

that catalyzes an early rate-limiting step in the synthesis of bile acids from cholesterol in 

hepatocytes (32). In theory, lower levels of CYP7A1 should reduce bile acid levels (33) (though 

alternative bile acid synthesis pathways exist), but the reduced expression could also be a sign 

of higher circulating bile acid levels from uptake of the greater amount of bile acids reaching the 

terminal small intestine. High levels of serum bile acids are known to inhibit Cyp7a1 

transcription through the farnesoid X receptor (32, 34). Strikingly, reduced Cyp7a1 expression 

appear to precede higher levels of bile acids being detected in the cecum (Fig. 4.6C) and the 

development of severe anemia (Fig. 4.6F), but the sharpest changes in E. coli levels throughout 

the gut onset only after significant blood cell loss. Better corresponding with this anemia is an 

increased concentration in the bile pigment bilirubin (Fig. 4.6G and 4.6H), a breakdown product 

of biliverdin that is generated from free plasma heme by heme oxygenase-1 (HO-1) that is 

activated during hemolysis (35). This could also be an indicator of generally increased 
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gallbladder secretions to the small intestines, as bile acids and bile pigments are released 

together in bile (36). 

 Since Cyp7a1 expression is generally down with Plasmodium infection and overall bile acid 

levels fluctuate significantly in the small intestine, where the majority of intestinal bile acids are 

maintained (about 100-fold higher concentrations than in the colon), it is unclear how transient 

the impact is of bile acid alterations on endogenous Enterobacteriaceae. To test whether 

changes in bile acids during malaria were benefitting E. coli, we generated a bile-sensitive 

mutant lacking a functional multidrug efflux pump AcrAB-TolC (E. coli JB2 acrAB), which has 

been shown to contribute to Enterobacteriaceae’s bile resistance (31, 37). The acrAB mutant 

displayed significant deficiencies in growth under high concentrations of the bile acid cholic acid 

in vitro (Fig. 4.7A). However, the mutant was incapable of continuously colonizing mice to 

detectable levels (Fig. 4.7B), indicating a certain degree of bile resistance may be a necessary 

component to JB2 colonization of the mouse gut. However, an avirulent Salmonella mutant of 

acrAB with similar intolerance to bile acids (Fig. 4.7C) was found to be more capable of 

somewhat sustained intestinal colonization (Fig. 4.7D). Due to the significant overlap in its core 

genome and metabolic machinery with E. coli (38, 39) and lack of significant virulence capacity 

from Type 3 secretion system inactivation (40), we reasoned that this S. Typhimurium mutant 

might allow us to detect whether acrAB is important to Enterobacteriaceae blooms during 

malaria. To make this assessment, mice pre-colonized with either S. Typhimurium invA spiB or 

the isogenic acrAB mutant were co-infected with either Pyn or mock-infected (experiment is 

outlined in Fig. 4.7E). While the acrAB-functional strain displayed significantly heightened fecal 

loads in Pyn-infected mice beginning on 7 dpp (Fig. 4.7F), the acrAB mutant strain did not 

exhibit a concurrent expansion (Fig. 4.7G), despite equivalent parasite loads and anemia 

indicating similar parasite dynamics in the groups (Fig. 4.7H and 4.7I). This finding suggests 

that the Pyn-associated blooms in intestinal Enterobacteriaceae are dependent on acrAB, and 

potentially bile acid levels.  
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 To determine whether the differences in intestinal bile during Plasmodium infection could 

be responsible for differential E. coli growth, we attempted to perform a competitive growth 

experiment in intestinal contents ex vivo. We collected small intestinal and cecal contents from 

mock- and Pyn-infected mice at 7 dpp, diluted the contents to equivalent concentrations (250 

mg/mL) with M9 minimal medium and inoculated the contents with equal amounts of wildtype E. 

coli JB2 and the JB2 acrAB mutant. The small intestinal content was highly permissive for 

wildtype E. coli growth (Fig. 4.8A), while the cecal content limited growth (Fig. 4.8B), potentially 

due to inhibition from the higher concentrations of endogenous microbes in the cecal content. 

The acrAB mutant was comparatively poor at growing in small intestinal content, displaying 

substantial competitive growth defects that were at least partially rescued by bile sequestration 

(Fig. 4.8C and 4.8D). Interestingly, infections in small intestinal content of Pyn-infected mice 

exhibited a small but non-significantly higher competitive index between the wildtype and acrAB 

mutant after 4 hour and 20 hours (approximately 2-fold) that was ablated when content was co-

incubated with a bile sequestrant (1% cholestyramine resin). Since each set of samples (M9 

only and M9 plus bile sequestrant) represented content from an individual mouse, we could 

calculate the bile-dependent competitive index for samples by normalizing each M9 alone index 

to its matched sample treated with the resin. This indicated that in the small intestinal lumen of 

Pyn-infected mice, bile contributes more to the growth defect of JB2 acrAB (Fig. 4.8E). By 

contrast, in the cecal content the acrAB defect was smaller and similarly sized across all 

samples, and bile sequestrant had no discernible effect (Fig. 4.8F-H). As the wildtype strain 

grew poorly in cecal content across all time points (Fig. 4.8B), this defect seems likely to involve 

initial survival of the inoculated bacteria. Unfortunately, this assay required the whole sample of 

intestinal content, so quantifications of the bile concentrations present in the samples to 

correlate the effects was not performed. However, the experiment hints that E. coli JB2 could 

gain a small competitive growth advantage in the small intestines of Pyn-infected mice over 

relatively bile-sensitive members of the microbiota. Future research should determine whether 
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sequestration of bile acids in vivo (41) normalizes the differences in wildtype and acrAB 

Enterobacteriaceae mutants during Pyn infection. When paired with concurrent microbiota shifts 

observed with malaria (21, 42), the relative composition of various bile acid modifications might 

also be impacted (as has been suggested previously (27)), which could further alter 

Enterobacteriaceae growth dynamics. Pathogenesis and gene expression patterns of many 

bacteria, including Salmonella, have been linked to changes in the levels of specific bile acid 

conjugations in the lumen (43-45), which microbiota shifts could also influence (46, 47). 

 

Chemically induced hemolysis results in E. coli blooms and increased intestinal bile and  

 One still-unclear factor is how Plasmodium infection actually impacts bile acid 

concentrations. One possibility is that the parasites reaching the liver directly impact 

hepatocytes, altering their bile synthesis or secretion (28). Alternatively, based on the consistent 

timing of E. coli expansion following the first significant drop in blood cell concentration, we 

contemplated that severe hemolysis could be affecting the interconnected network of the blood, 

liver, and the gallbladder to alter bile secretions. To test this hypothesis, severe hemolytic 

anemia without parasite infection was generated in outbred CD-1 mice using phenylhydrazine 

(PHZ, 0.1 mL of 10 mg/mL in dPBS, i.p.) (35, 48). After two days of treatment PHZ-treated mice 

developed a marked reduction in circulating blood cell numbers to a comparable level as 

C57BL/6J mice treated in the same way or CD-1 mice after 8 days of Pyn infection (Fig. 4.9A). 

This corresponded with a mildly higher overall concentration of bile acids in the luminal contents 

of the jejunum of the small intestine (Fig. 4.9B), but not higher levels in the colon content (Fig. 

4.9C). Bilirubin levels were also significantly greater in both the jejunal and colon contents (Fig. 

4.9D and 4.9E), which had also been observed during Plasmodium infection (Fig. 4.6G and 

4.6H). Together, these data suggest that hemolysis alone may increase bile acid levels in the 

small intestine but does not appear to significantly interfere with uptake of bile acids in the 

ileum.  
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 Despite equivalent bile acid concentrations in the large intestine, the CD-1 mice 

displayed an increase in fecal E. coli loads from PHZ treatment (Fig. 4.9F and 4.9G), and higher 

levels of E. coli were also recovered from the small intestinal lumen after treatment than from 

vehicle-treated animals (Fig. 4.9H). It could be that bile acid differences in the small intestine 

are benefitting resistant E. coli growth, leading to downstream boosts in the large intestine even 

without locally higher bile acid concentrations there. In general, though, this experiment 

indicated that severe hemolysis during Plasmodium infection may be sufficient to explain the 

increases in intestinal Enterobacteriaceae, much as it has been shown to benefit extraintestinal 

Salmonella (35, 49).  

 However, Py17 infection also causes anemia to a similar degree (Fig. 4.3G) but did not 

result in a concurrent enrichment of E. coli. One effect common to Pyn and PHZ treatment but 

not shared by Py17 infection is a significant weight loss (Fig. 4.9I), primarily associated with 

acute reductions in food and water intake during severe malaria (Ch. 3, Fig 3.S5). Reduced food 

intake (fasting) has been associated with shifts in the microbiota (50, 51), especially enrichment 

for Akkermansia muciniphila, as we see with acute Pyn infection (Ch. 2, Fig. 2.4 and 2.8). To 

assess whether food intake played a significant role in altered E. coli loads, JB2-colonized 

C57BL/6J mice were fasted overnight and fed the next day with equivalent amounts of food as 

consumed by Pyn-infected mice between 6-8 dpp (100 mg/g mouse body weight/day). Fasted 

mice lost substantial amounts of weight (Fig. 4.10A) and we detected a small, insignificant 

difference in E. coli shedding in the feces (Fig. 4.10B) without changes in gastric pH (Fig. 

4.10C), consistent with previous findings on short-term fasting and gastric acidity (Ch. 3, Fig. 

3.S5). Thus, it is unclear whether reduced food intake could be involved in boosting E. coli 

loads, but further research could be conducted to draw definitive conclusions.  

 

Inflammation-associated changes to intestinal iron access favors the prepared E. coli 
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Previously, we found that Pyn infection can induce intestinal Lipocalin-2 (Lcn2, Ch. 2, 

Fig. 2.11F), an antimicrobial host protein that is secreted into the gut by neutrophils in the innate 

inflammatory response to invading pathogens and sequesters iron-bound siderophores away 

from microbes to limit their growth (52). We have also published that Pyn infection results in 

increased expression of calprotectin (S100a8 and S100a9 subunits) (42), indicating that 

Plasmodium infection can cause intestinal responses that induce nutritional immunity against 

pathogens (53, 54). PHZ treatment was also associated with increased levels of Lcn2 in the 

cecal content (Fig. 4.9J), which tracks with data suggesting that the protein can be upregulated 

during anemia (55).  

We hypothesized that this might enhance competition of Enterobacteriaceae that can 

evade Lcn2 to uptake ferric iron in the inflamed gut using the C-glucosylated form of 

enterobactin (salmochelin) such as E. coli Nissle 1917 (23, 56). During PHZ-induced hemolysis, 

EcN blooms were dependent on access to ferric iron, as a tonB mutant deficient in siderophore 

uptake did not display the same degree of expansion as wildtype EcN with PHZ treatment (Fig. 

4.11A-C). In mice co-colonized with EcN wildtype and EcN tonB (outlined in Fig. 4.11D), PHZ 

treatment produced a marked (100-fold) competitive advantage to the wildtype strain by day 2 of 

treatment (Fig. 4.11E and 4.11F) However, both strains outgrew the wildtype and tonB strains 

on the first day of treatment, suggesting another mechanism early in hemolysis can still benefit 

EcN in a tonB-independent manner. Overall, these data indicate that iron homeostasis in the gut 

can be impacted by hemolytic anemia, which might influence levels of Enterobacteriaceae 

capable of using siderophores to take advantage better than other microbiota members. We 

must still determine if Plasmodium infection alone is associated with similar changes, but as it 

appears to also upregulate Lcn2 (Ch. 2, Fig. 2.11) (57), it seems possible to be a shared 

mechanism. It would also be useful to characterize which siderophores are most relevant to this 

phenotype.  
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Conclusions and Future Directions 

While we had previously observed that endogenous E. coli levels in the gut 

characteristically increase with Pyn infection (Ch. 2, Fig. 2.5), it was unclear what aspects of the 

infection were contributing to the bloom. Here, we found that although increases in gastric pH 

and E. coli burden commonly co-occur during Pyn infection (Fig. 4.1), short-term inhibition of 

gastric acid secretion is not sufficient to significantly increase E. coli levels in the colon (Fig. 

4.2). The increase was discovered to be somewhat dependent on the parasite strain, as P. 

yoelii 17XNL infection did not boost fecal E. coli, while P. berghei ANKA-infected mice show 

sizeable increases in E. coli burden prior to succumbing to the infection (Fig. 4.3), suggesting 

intestinal inflammation could be important to the phenotype (21, 58). However, we found that 

increased anaerobic respiration using nitrate as a respiratory electron acceptor could not 

explain the E. coli outgrowth with Pyn infection (Fig. 4.4 and 4.5).  

 Plasmodium-associated alterations to the composition of the intestinal contents- 

specifically increased concentrations of bile components (Fig. 4.6)- were assessed as potential 

benefits to endogenous E. coli growth relative to less bile-resistant members of the microbiota 

(31). Using avirulent S. Typhimurium mutants, we found that Pyn infection can benefit growth of 

Enterobacteriaceae other than E. coli, and that the enhanced growth was dependent on the 

multidrug efflux pump component acrAB (Fig. 4.7). Since acrAB is necessary for wildtype levels 

of bile acid resistance (31, 37), this suggested that the observed fluctuations in bile acids could 

be contributing or necessary for expansion of intestinal Enterobacteriaceae in the Pyn-infected 

mouse. However, future research could elucidate the ultimate impact of bile acids through 

concurrent administration of bile acids or use of a bile acid sequestrant such as cholestyramine 

to normalize bile acid levels in healthy and Pyn-infected mice. Furthermore, other S. 

Typhimurium or E. coli mutants in bile resistance-associated loci (such as phoP-phoQ) could be 

evaluated (59).  
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Alternately, it remains is unclear what the impact of increased bilirubin levels is on 

Enterobacteriaceae. The general bilirubin increase is likely a byproduct of substantial heme 

degradation by HO-1 during hemolytic anemia (60). Hyperbilirubinemia associated with 

hemolytic anemia has been linked to the formation of gallstones (61, 62) that could serve as 

sites to nucleate and potentiate the growth of some Enterobacteriaceae through biofilm 

formation (63-65). Bile shifts in the small intestine were also inducible by hemolysis alone (Fig. 

4.9), suggesting the hypothesis that increased intestinal bile might be a side-effect of massive 

bilirubin excretion from the gallbladder. We could attempt to limit bilirubin production during 

infection or anemia with tin-protoporphyrin inhibition of HO-1 (which catalyzes heme 

degradation to biliverdin) in order to better assess the relative impact of the bile pigments.  

Finally, we discovered that maximal E. coli expansion during severe hemolysis is 

dependent on iron siderophore uptake, as a tonB mutants in the gut did not expand with PHZ 

treatment and were outcompeted by the wildtype strain in competitive infections (Fig. 4.11). 

Recent research using a mouse Plasmodium chabaudi/Citrobacter rodentium co-infection model 

has suggested that iron acquisition via the FepA receptor can contribute to enhanced 

pathogenicity during co-infection (66). Our data may help explain this phenomenon, though 

further research could determine whether the tonB deficiency in Enterobacteriaceae expansion 

is shared during Pyn infection. Taken together, though, our data indicate that hemolysis-

associated alterations to multiple components of the intestinal environment- bile, iron, and 

perhaps feeding behavior influencing nutrient availability- provide niches that allow for 

Enterobacteriaceae expansion in the gut lumen during severe Plasmodium infection.   

 

 

MATERIALS AND METHODS 

Animal experiments. All animal experiments were approved by the Institution of Animal Care 

and Use Committee at the University of California, Davis. 6 to 8 week-old female C57BL/6J 
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mice (Stock no. 000664) were purchased from The Jackson Laboratory, while 6 to 8 week-old 

female C57BL/6NCrl mice and CD-1 mice were purchased from Charles River Laboratory. Mice 

were housed under specific pathogen-free conditions and used for experiments at 8 to 11 

weeks of age with at least 3 mice in each group. In some experiments, chow was withheld 

overnight to normalize food intake between treatment groups. Mouse weights were tracked 

following bacterial or parasite infection, and throughout treatment with phenylhydrazine. Mice 

were routinely euthanized by CO2 asphyxiation.  

 

Plasmodium infections. Infections with red blood cells containing rodent Plasmodium strains 

P. yoelii nigerienesis, P. yoelii 17XNL, P. berghei ANKA, and mock infections with healthy blood 

for controls were performed as previously described (Ch. 2, Materials and Methods), except 

using an infectious dose of 1x107 iRBCs. P. yoelii 17XNL and P. berghei ANKA parasites were 

kindly provided by Dr. Shirley Luckhart (University of Idaho). Stocks were passaged through 

CD-1 mice and maintained as previously indicated (Ch. 2, Materials and Methods). Parasitemia 

was assessed by counting parasite-infected RBCs from Geimsa (Harleco)-stained thin tail blood 

smears collected at various points of infection.  Hemolytic anemia was tracked via tail blood 

diluted 1:1000 in PBS using a hemocytometer or TC20TM Automated Cell Counter (Bio-Rad 

Laboratories, Inc.), with counts normalized to the average counts from the mock-treated animals 

collected at the same time.  

 

Gastric pH assessment. Gastric pH at necropsy was assessed as described previously (Ch. 3, 

Materials and Methods). Briefly, microelectrode PH-N and reference probes (Unisense) were 

inserted into the stomach after confirming death by CO2 euthanasia for assessment of pH, 

referenced to measurements from standards at pH 2, 4, and 7. The probes were rinsed with 

distilled water and 70% ethanol between measurements. 
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Bacterial strains. All strains used in this study are listed in Table 4.1, except for strains of E. 

coli and other Enterobacteriaceae endogenous to Charles River mice, which were detected and 

quantified from intestinal content on selective MacConkey agar. Colonies that appeared dark 

pink, indicating lactose-fermenting capability, and non-mucoid and were counted as commensal 

E. coli. Other E. coli and S. Typhimurium strains were routinely cultured aerobically in LB broth 

at 37°C as previously described (Ch. 3, Materials and Methods), using LB agar or MacConkey 

agar plates with appropriate antibiotics (Cm: Chloramphenicol; Kan: Kanamycin; Carb: 

Carbenicillin) for selection to quantify bacterial loads.  

 

Generation of mutants. Most mutant strains used in this study were generated previously 

(sources indicated in Table 4.1). The multidrug efflux pump acrAB mutants in E. coli JB2 and S. 

Typhimurium invA spiB were generated using allelic replacement by pRE118. Briefly, 500 bp 

regions just upstream and downstream of the acrAB genes in S. Typhimurium and E. coli JB2 

were amplified by PCR. The bla cassette (Ampicillin/Carbenicillin resistance) from KSAC was 

also amplified. The three PCR products (Upstream flanking region-bla-Downstream flanking 

region) were then inserted into linearized pRE118 by Gibson assembly, generating plasmids 

pGW22 (for exchange in S. Typhimurium) and pGW23 (for exchange in E. coli JB2). pGW23 

was transformed into JB2 via heat-shock at 42°C and selected for CarbR. Plasmid integration 

was confirmed by 20% sucrose selection, and double-crossover mutant was confirmed by PCR. 

pGW22 was transformed by heat-shock into E. coli S17-1 λpir, and conjugated with S. 

Typhimurium IR715 invA spiB phoN::CmR, then selected for CmR CarbR. Loss of acrAB induces 

sensitivity to many antibiotics, including chloramphenicol, despite presence of the resistance 

cassette. So, transconjugants were incubated at 37°C for 2 days to allow for slower growth of 

mutants. Colonies were picked and patched onto CarbR for faster growth (since beta-lactamase 

is secreted, acrAB does not impact bla-associated resistance) and plasmid integration was 

confirmed with sucrose selection and PCR.  
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Colonization of C57BL/6J mice with Enterobacteriaceae. Cultures of E. coli and avirulent S. 

Typhimurium were grown in LB broth overnight and prepared at various concentrations 

(CFU/mL) based on optical density. For most single-strain inoculation experiments, cultures 

were pelleted and resuspended at approximately 1x1010 CFU/mL for gavage of 0.1 mL or 5x1010 

CFU/mL for oral inoculation of 0.02 mL by pipet tip, in both cases aiming for 1x109 CFU/mouse. 

For competitive inoculations, strains were grown overnight separately, pelleted and 

resuspended in fresh LB to the appropriate dilutions and mixed 1:1 for inoculation, then diluted 

in PBS and plated on selective agar to assess relative input index of the inoculum (WT:mutant). 

In the E. coli Nissle 1917 inoculations for experiments in Fig. 4.4, the strains were inoculated by 

gavage at 0.1 mL of 1x108 CFU/mL for single wildtype inoculations and 5x108 CFU/mL each for 

competition between the wildtype and triple nitrate reductase mutant. In some experiments, 

C57BL/6J mice were “pre-colonized” with E. coli or avirulent S. Typhimurium before parasite 

infection, which for some experiments (Fig. 4.5 and Fig. 4.7) consisted of three consecutive 

days of peroral inoculation with 1x109 CFU of the indicated strains to improve the odds of 

implantation and normalize levels at the start of the experiment. In these instances, the time 

prior to infection indicates time after the first oral inoculation. In all other experiments, “pre-

colonization” was a single dose of the indicated strain 1 to 10 days prior to parasite infection or 

other experiment treatment.  

 

Assessment of Enterobacteriaceae colonization. Fecal pellets were collected from mice at 

various time points during infections in 1 mL PBS, homogenized by vortex, serially diluted in 

PBS and plated on selective agar (MacConkey or LB with appropriate antibiotics) to assess 

Enterobacteriaceae loads. In some experiments, content from the cecum or small intestine was 

collected at necropsy and plated in an equivalent manner.  
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Omeprazole administration. For inhibition of gastric acid secretion, C57BL/6J mice colonized 

with E. coli JB2 were treated for 3 or 4 consecutive days with either omeprazole (0.1 mL of a 30 

mg/mL suspension in 1% Tween-80/dPBS) or mock treated with an equivalent volume of the 

vehicle, intraperitoneally, as previously described (Ch. 3, Materials and Methods).  

 

Aminoguanidine administration. For inhibition of inducible nitric oxide synthase (iNOS) in the 

intestines, mice had their drinking water supplemented with 1 mg/mL aminoguanidine chloride 

as has been previously described (6), starting at 4 dpp.  

 

Phenylhydrazine treatment. To induce hemolytic anemia, phenylhydrazine (Sigma) was 

prepared as a 10 mg/mL solution in sterile Dulbecco’s PBS (dPBS), and 0.1 mL was injected 

intraperitoneally daily, for 2 consecutive days. Control mice were treated with an equal volume 

of the vehicle alone (dPBS). Mice were tracked twice daily for signs of severe reaction to the 

chemical.  

 

Total bile acid measurements. Concentrations of total bile acids in the intestinal content were 

detected in homogenized sample supernatant using the colorimetric Total Bile Acid Assay 

(CellBioLabs).  

 

Bilirubin measurements. Bilirubin levels in the intestinal content were detected in 

homogenized sample supernatant using the colorimetric Bilirubin Assay Kit (Sigma-Aldrich).  

 

Lipocalin-2 measurement. Lipocalin-2 concentrations in cecal content were detected in 

homogenized sample supernatant using the DuoSet ELISA kit (R&D Systems).  
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Liver Cyp7a1 expression. Livers from mice were snap frozen in liquid nitrogen at necropsy 

and stored at -80°C until they could be processed. RNA was isolated from the tissues using Tri-

Reagent and cDNA was prepared as 1 µg in a 50 µL reaction as previously described (Ch. 3, 

Materials and Methods). 4 µL of the resulting cDNA was used for each real-time reaction. Real-

time PCR was performed using SYBR green (Applied Biosystems) on a ViiA 7 Real-Time PCR 

System (Applied Biosystems) using Cyp7a1 targeting primers (5’-

AGCAACTAAACAACCTGCCAGTACTA-3’ and 5’-GTCCGGATATTCAAGGATGCA-3’) (67) and 

beta-actin (Actb) targeting primers (5’- AGAGGGAAATCGTGCGTGAC-3’ and 5’-

CAATAGTGATGACCTGGCCGT-3’) as a reference gene. Data was analyzed using the ddCT 

method in QuantStudioTM Real-Time PCR System (Applied Biosystems), with target gene 

expression levels normalized to Actb RNA levels in the same sample and represented as the 

fold-change difference in the average expression of mock-infected animals.  

 

Bile acid sensitivity assay. Mutants in the multidrug efflux pump acrAB were assessed for bile 

acid sensitivity via a minimum inhibitory concentration growth assay. The primary bile acid 

cholic acid (Sigma) was added to LB at a range of concentrations (0.39 mM to 50 mM) reflecting 

levels of total bile acids typically found in the small and large intestines of mice. Strains of acrAB 

mutant and isogenic acrAB-wildtype strains were grown in LB, diluted to an optical density 

(OD600) of 1.0 and diluted 500-fold, then added 1:1 into the cholic acid supplemented LB. OD600 

of the cultures was assessed after 10 minutes and 6 hours of growth at 37°C. OD600 at 10 m 

was subtracted from OD600 at 6 h, and normalized to the OD600 of the strain grown in LB with 0 

mM cholic acid (indicating maximal/normal growth).  

 

Ex vivo intestinal content growth assay. For assessment of the relative contribution of bile 

levels and acrAB to E. coli JB2 growth in intestinal content of mice during malaria, whole 

content from the intestines of individual C57BL/6J mice both mock- and Pyn-infected (cecal and 
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whole small intestinal content) was collected at 7 dpp, homogenized in an equivalent volume of 

M9 minimal medium (1 mL/g content) and further diluted 1:1 with either more M9 or M9 with 2% 

(weight/volume) cholestyramine resin (CR), for a final concentration of 1% CR. 150 µL of 

content dilutions were aliquoted into individual wells and inoculated with 50 µL of M9 containing 

approximately 2.5x104 CFU E. coli JB2 wildtype and 2.5x104 CFU E. coli JB2 acrAB. Samples 

were incubated at 37°C in a flat-bottomed plate (aerobic, without shaking) and sampled at 4 h 

and 20 h for dilution and plating for CFUs on selective agar (MacConkey and LB+Carb).  

 

Statistical analyses. The investigators were not blinded to animal allocation during 

experiments and outcome assessment. Sample sizes were estimated on the basis of effect 

sizes in previous studies, with a minimum of 3 animals per group used to allow for statistical 

analysis. All analyses were performed using Prism 9 (GraphPad Software, La Jolla, CA). The 

limit of detection while plating for S. Typhimurium loads was set to 100 CFU/g content, and the 

number of CFU per gram intestinal content was Log10-transformed to normalize the data for 

statistical analysis. Significant differences in groups of normalized data were determined by 

unpaired t tests with Welch’s correction, and significant differences between groups in non-

normalized data were determined by Mann-Whitney tests (as indicated in figure legends). P < 

0.05 was considered statistically significant, P > 0.1 was considered not significant, and P-

values between 0.05-0.1 were indicated as such in the figures (though still considered not 

significant).  

 

Software. Data was analyzed and plotted using Microsoft Excel for Mac (Microsoft) and Prism 9 

for macOS (GraphPad Software). 
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FIGURES AND TABLES 

 

Figure 4.1. Gastric pH variability and intestinal E. coli burden with malaria. Groups of 

C57BL/6J mice, either pre-colonized for 4 days with commensal E. coli JB2 (triangles, n = 4 per 

group) or lacking commensal E. coli not (circles, n = 8 per group) were given either 1x107 Pyn-

iRBCs or an equivalent volume of diluted healthy mouse blood (Mock) by the intraperitoneal 

(i.p.) route. At the indicated time points (2-9 days after parasite inoculation), groups of mice 

were euthanized to assess gastric pH (A), and fecal E. coli burden (B) when applicable. 

Symbols and error bars represent the mean±SEM of the Log10-normalized data (pH is already 

Log-normal); dashed lines connect similar groups (mock or Pyn) to better represent trends over 

time, but data at each time point do not come from the same set of mice. Statistical 

comparisons between data from groups euthanized at matched time points were made by 
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Welch’s t-test, with significance indicated over time-matched groups. *P ≤ 0.05, **P ≤ 0.01, ****P 

≤ 0.0001. No asterisk denotes differences between groups at that time point were not significant.  

 

 

Figure 4.2. Omeprazole administration alone does not increase commensal E. coli loads. 

(A) Schematic outlining experiments to assess the impact of treatment with the proton pump 

inhibitor omeprazole on fecal E. coli levels. Groups of C57BL/6J mice were pre-colonized for 2 

to 3 days with commensal E. coli JB2, then given daily treatments of either omeprazole (OME, 

30 mg/mL suspended in 1% Tween-80/dPBS, 0.1 mL i.p.) or the vehicle (Veh). Fecal levels of 

E. coli were assessed by plating on selective MacConkey agar prior to treatment (Day 0) and 

after 3 days (triangles) or 4 days (circles) of omeprazole use. (B) E. coli JB2 CFU loads 

quantified in the feces of mice. (C) The fold-change (post-treatment/pre-treatment) in CFU E. 

coli JB2/g feces. (D) The gastric pH at necropsy in mice measured at day 3 of the treatment 

period. Data are combined from two separate experiments (n = 4 mice/treatment for Day 3 data 

in triangle symbols; n = 8 mice/treatment for Day 4 data in circle symbols) with similar results. P-

values indicate statistical significance for comparisons between data from Veh and OME groups 

made by Welch’s t-test. Ns, not significant (P > 0.1). 
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Figure 4.3. Plasmodium parasites vary in capacity to increase intestinal E. coli levels. 

Groups of C57BL/6J mice, pre-colonized for 10 days with commensal E. coli JB2 (n = 3-4 per 

group) were infected with 1x107 iRBCs of either P. yoelii nigerienesis (Pyn), P. yoelii 17XNL 

(Py17), P. berghei ANKA (PbA) or an equivalent volume of diluted healthy mouse blood (Mock) 

by the intraperitoneal (i.p.) route. Fecal shedding of E. coli JB2 was tracked and compared to 

pre-infection (0 dpp) levels for (A) Mock, (B) Pyn-infected, (C) Py17-infected, and (D) PbA-

infected animals. (E) Weight changes through the parasite infections. (F) Circulating parasite 

burden through the infections. (G) Anemia (measured as total blood cell concentrations, 

normalized to the average Mock concentration) at 6 dpp and 14 dpp. Symbols in bar graphs 

indicate data from individual mice, while symbols in (E) and (F) indicate the mean±SEM. 

Statistically significant fold-change from 0 dpp was assessed by one-way t test. Anemia at each 

time point were compared by Welch’s t-test. *P ≤ 0.05, **P ≤ 0.01. ns, not significant (P > 0.1). 
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Figure 4.4. E. coli Nissle 1917 does not benefit from nitrate reductase utilization during 

Pyn infection. (A and B) C57BL/6J mice were inoculated with 1x107 CFU E. coli Nissle 1917 

(EcN) by oral gavage on the same day they were infected with either 1x107 iRBCs Pyn or an 

equivalent volume of diluted healthy mouse blood (Mock) by the intraperitoneal (i.p.) route (n = 

9 mice per group). (A) Fecal shedding of EcN tracked at indicated time points of infection. (B) 

Changing fecal EcN levels relative to levels 1 day post-inoculation tracked at indicated time 

points of infection. (C to E) C57BL/6J mice were co-inoculated with 5x107 CFU wildtype EcN 

and 5x107 CFU of a triple nitrate reductase mutant EcN ΔnarG ΔnapA ΔnarZ (ΔNR3) by oral 

gavage. One day later, the mice were infected with either 1x107 iRBCs Pyn (n = 5 mice) or 

Mock-infected with diluted control blood (n = 4 mice), i.p. (C) Fecal shedding of combined 

wildtype EcN and EcN ΔNR3 tracked at indicated time points of infection. (D) Changing fecal 

EcN levels relative to levels at 0 dpp tracked at indicated time points of infection. (E) The 

competitive index of EcN WT:EcN ΔNR3 in the mice at indicated time points of infection. (A-D) 

Symbols represent the mean±SEM of Log10-normalized data. (E) Symbols represent data from 

individual mice, bars and error bars represent the mean±SEM of Log10-normalized competitive 



 172 

indices. Group data at each time point were compared by Welch’s t-test. *P ≤ 0.05, **P ≤ 0.01, 

***P ≤ 0.001. ns, not significant (P > 0.1). 

 

 

Figure 4.5. Inhibition of iNOS during Pyn infection does not prevent E. coli JB2 bloom. 

Mice (C57BL/6J) were pre-colonized with E. coli JB2 starting 10 days prior to infection with 

1x107 iRBCs Pyn or Mock-infected with diluted control blood, i.p. At 4 dpp (vertical line indicated 

in A and B), groups of mice were either maintained on their normal drinking water or had their 

water supplemented with 1 mg/mL of the iNOS inhibitor aminoguanidine chloride (AG). Fecal 

shedding of JB2 was tracked at indicated time points for mice (A) on normal drinking water, and 

(B) on AG-supplemented water. Symbols represent the mean±SEM of Log10-normalized data. 

(C) The changing levels of JB2 relative to pre-infection (0 dpp) levels. Bars represent the 

mean±SEM of Log10-normalized competitive indices. N = 3 mice in the Mock/normal water 
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group and n = 5 mice for all other groups. Group data at time points were compared by Welch’s 

t-test. *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001. ns, not significant (P > 0.1). 

 

 

Figure 4.6. Impact of Pyn infection on levels of bile components in the intestinal lumen. 

Groups of mice (C57BL/6J) were pre-colonized with E. coli JB2 4 days prior to infection with 

1x107 iRBCs Pyn or Mock-infected with diluted control blood, i.p. Mice from each group (n = 4) 

were necropsied at indicated time points for collection of cecal content, small intestinal (jejunal) 

content, and liver tissues for measurements of: (A) JB2 levels in the cecal content, (B) JB2 

levels in the jejunal content, (C) total bile acid levels in the cecal content, (D) total bile acid 

levels in the jejunal content, (E) relative expression of Cyp7a1 transcripts in the liver tissues, (F) 

relative circulating blood cell counts, (G) bilirubin levels in the cecal content, and (H) bilirubin 

levels in the jejunal content. Symbols represent the group mean±SEM of data (Log10-normalized 

for JB2 levels and Log2-normalized for relative expression). Dashed lines connect similar groups 

(mock or Pyn) to better represent trends over time, but data at each time point do not come from 

the same set of mice. Statistical comparisons between data from groups euthanized at the 
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same time points were made by Welch’s t-test, with significance indicated over time-matched 

data points. *P ≤ 0.05, ***P ≤ 0.001. No asterisk denotes differences between groups at that time 

point were not significant (P > 0.1).  

 

 

Figure 4.7. Enterobacteriaceae acrAB efflux pump mutants are sensitive to bile acids and 

do not expand in the gut during Pyn infection. (A) Growth of E. coli JB2 and an E. coli JB2 

acrAB mutant after 6 h at 37°C in LB supplemented with cholic acid at indicated concentrations 

(0.195 mM to 25 mM) relative to the strain’s growth in LB without cholic acid. (B) Fecal levels of 

E. coli JB2 and the acrAB mutant at 2- and 4-days post-inoculation (inoculation was 3 

consecutive days of 1x109 CFU, peroral). Line labeled LOD indicates the limit of detection, 100 

CFU/g content. (C) Growth of avirulent S. Typhimurium (S. Tm) invA spiB and a S. Tm invA 
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spiB acrAB mutant after 6 h at 37°C in LB supplemented with cholic acid at indicated 

concentrations (0.195 mM to 25 mM) relative to the strain’s growth in LB without cholic acid. (D) 

Fecal levels of S. Tm invA spiB the acrAB mutant at 2-, 4-, and 6-days post-inoculation 

(inoculation was 3 consecutive days of 1x109 CFU, peroral). Horizontal line labeled indicates the 

limit of detection, 100 CFU/g content. (E) Diagram of experiments presented in (D) through (I). 

Mice were orally inoculated on 3 consecutive days with 1x109 CFU of either S. Tm invA spiB or 

the S. Tm invA spiB acrAB mutant, ending 6 days prior to infection with 1x107 iRBCs Pyn or 

Mock-infected with diluted control blood, i.p. The acrAB was not detected in 4 mice (2 each from 

the mock- and Pyn-infected groups), which were subsequently removed from the analysis. (F) 

Fecal shedding of S. Tm invA spiB during mock or Pyn infection. Symbols represent the 

mean±SEM of Log10-normalized data from n = 6 mice in each group. (G) Fecal shedding of S. 

Tm invA spiB acrAB during mock or Pyn infection. Symbols represent the mean±SEM of Log10-

normalized data from n = 4 mice in each group. (H) Parasite burden (percent Plasmodium-

infected RBCs) in Pyn infected mice colonized with either the S. Tm invA spiB or S. Tm invA 

spiB acrAB. Symbols represent relative in individual mice. (I) Circulating blood cell counts 

relative to average levels in mock-infected mice colonized with S. Tm invA spiB at each time 

point (7, 9, and 11 dpp). Symbols in bar graphs represent data from individual mice, while bars 

indicate the means. For (F) and (G), statistical comparisons between data from groups at 

matched time points were made by Welch’s t-test, with significance indicated over time-matched 

data points. **P ≤ 0.01, “ns” denotes differences between groups at that time point were not 

significant (P > 0.1). 
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Figure 4.8. Ex vivo growth of wildtype E. coli and an acrAB mutant in intestinal contents 

of mock- and Pyn-infected mice. Intestinal content (cecal and whole small intestinal content) 

from individual mock- and Pyn-infected C57BL/6J mice was collected at 7 dpp and 

homogenized in either M9 minimal media or M9 with cholestyramine resin (CR, 1% w/v). 

Equivalently diluted content samples were inoculated with a competitive infection containing 

equal amounts of E. coli JB2 wildtype and E. coli JB2 acrAB, then incubated at 37°C and 

sampled at 4 h and 20 h to assess relative growth of the E. coli strains in the content ex vivo. 
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(A) Overall fold-change in wildtype JB2 CFUs in diluted small intestinal content. (B) Overall fold-

change in wildtype JB2 CFUs in diluted cecal content. (C) Competitive index (wildtype 

JB2:acrAB mutant CFUs corrected to the inoculum ratio) in diluted small intestinal content 

sampled at 4 hour post-inoculation. (D) Competitive index (wildtype JB2:acrAB mutant CFUs 

corrected to the inoculum ratio) in diluted small intestinal content sampled at 20 hour post-

inoculation. (E) The relative contribution of bile acids to the competitive index, calculated by 

dividing the competitive index in wells containing small intestinal content + M9 alone by the 

index from matched wells containing content from the same mouse treated with CR for bile 

sequestration. (F) Competitive index in diluted cecal content sampled 4 h post-inoculation. (G) 

Competitive index in diluted cecal content sampled at 20 h post-inoculation. (H) The relative 

contribution of bile acids to the competitive index, calculated by dividing the competitive index in 

wells containing cecal content + M9 alone by the index from matched wells containing content 

from the same mouse treated with CR for bile sequestration. Symbols represent data from 

diluted content collected from individual mice, while bars indicate the means of Log10-

normalized data. For (E) and (H), statistical comparisons between data from groups at matched 

time points were made by Welch’s t-test. “ns” denotes differences between groups were not 

significant (P > 0.1). 
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Figure 4.9. Phenylhydrazine treatment rapidly induces severe hemolytic anemia, changes 

in bile constituent levels, and gut E. coli expansion. (A) Circulating blood cell counts in CD-1 

and C57BL/6J mice after either 2 days of phenylhydrazine administration (PHZ, 0.1 mL of 10 

mg/mL in dPBS) or in CD-1 mice on day 8 of Pyn infection, relative to counts in control (vehicle 

or mock-treated) mice. Various measures were taken from the CD-1 mice during PHZ 

treatment, including: (B) total bile acids in jejunal content, (C) total bile acids in colon content, 

(D) bilirubin in the jejunum, (E) bilirubin in the colon, (F) endogenous E. coli in the feces before 

and after treatment, (G) calculated change in E. coli levels of each mouse after treatment, (H) 

endogenous E. coli in the jejunum after treatment, (I) mouse weights throughout the treatment, 

and (J) Lipocalin-2 levels in the colon content after treatment. PHZ data from CD-1 mice are 

combined from 2 separate experiments with n = 8 mice in each treatment group (n = 16 mice 

per group total). Pyn data from CD-1 mice are from a single experiment with n = 4 mice per 

group. PHZ data from C57BL/6J mice come from 2 separate experiments with a total of n = 18 

mice total in each group; further data from this experiment is presented in Fig. 4.11. Symbols 

represent data from individual mice, and bars represent the mean, except in (I) where symbols 

represent the mean±SEM at different time points. Statistical comparisons between data were 
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made by Welch’s t-test for Log-normalized data (F-H) and Mann-Whitney test for other types of 

data. *P ≤ 0.05, ****P ≤ 0.0001; “ns” denotes differences between compared groups were not 

significant (P > 0.1). 

 

 

Figure 4.10. Impact of acute reduction in food intake on the gut E. coli load. C57BL/6J 

were pre-colonized for 9 days with E. coli JB2. One set of mice was fasted overnight, then given 

equivalent food to amounts consumed by Pyn-infected mice around 6 dpp (100 µg/g 

mouse/day) for one day. (A) Changes in mouse weights in fed and food-restricted (“Fasted”) 

mice over the experiment. Symbols represent the mean±SEM at different time points (n = 4 

mice per group). (B) Fecal shedding of E. coli JB2 before and after the fast. (C) Gastric pH of 

mice after the fast. Symbols represent data from individual mice, with bars representing the 

mean. Statistical comparisons between data were made by Welch’s t-test, with P-values  as 

indicated; “ns” denotes differences between compared groups were not significant (P > 0.1). 
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Figure 4.11. E. coli Nissle 1917 iron uptake mutants display deficiencies in the intestines 

during PHZ-induced severe anemia. (A to C) C57BL/6J mice (n = 6 per group) were orally 

inoculated with 1x109 CFU of wildtype E. coli Nissle 1917 (WT) or an E. coli Nissle 1917 tonB-

deficient siderophore uptake mutant (tonB) 1 day prior to treatment with either PHZ or vehicle 

(dPBS) for 2 days. (A) EcN levels detected in the feces through the treatment. (B) EcN levels 

relative to pre-PHZ treatment levels through the treatment. (C) Fold-change in EcN levels from 

Day 0 to Day 2 of PHZ treatment for comparisons. (D) Diagram outlining competitive infection of 

wildtype EcN and EcN tonB used for data in (E) and (F). (E) EcN WT (circles) and tonB 

(squares) detected in the feces of vehicle (gray) and PHZ-treated (red) mice at indicated time 

points. (F) Competitive index of EcN WT:EcN tonB in the feces at indicated time points. 

Symbols represent the mean±SEM of Log10-normalized data for figures (A), (B), and (E). In (C) 

and (F), symbols represent data from individual mice and bars represent the mean of Log10-

normalized data. Statistical comparisons between groups were made by Welch’s t-test. *P ≤ 

0.05, **P ≤ 0.01, ***P ≤ 0.001; “ns” denotes differences between compared groups were not 

significant (P > 0.1). 
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Table 4.1. Bacterial strains used in this study.  

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 

Name in this study 
Strain 

Designation Genotype 
Source or 
Reference 

Escherichia coli JB2 JB2 Endogenous E. coli strain isolated 
from laboratory mice PMID: 24508234 

E. coli JB2 acrAB GTW308 acrAB::bla (CarbR) This study 

E. coli Nissle 1917 CAL225 pCAL62 (CarbR StrepR) PMID: 23820397 

E. coli Nissle 1917 DNR3 CAL222 DnarG DnapA DnarZ + pCAL61 
(KanR StrepR) PMID: 23820397 

E. coli Nissle 1917 tonB ED50 DtonB (+230 to +1033)::CmR) PMID: 23870311  

S. Typhimurium invA spiB  FF459 DinvA DspiB phoN::KSAC Ch.2, Table 2.2 

S. Typhimurium invA spiB acrAB GTW61 IR715 DinvA DspiB phoN::Tn10d-
Cm acrAB::bla (CarbR) This Study 
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Chapter 5 

Summary and Future Directions 

 

 

 In parts of sub-Saharan Africa, non-typhoidal Salmonella (NTS) serovars such as S. 

Typhimurium has been frequently isolated from disseminated infections and bacteremia, a 

comparatively rare outcome of NTS infection in western countries (1, 2). Common bloodstream 

isolates of S. Typhimurium in Africa appear to form a distinct clade (ST313) that displays 

significant antibiotic resistance as well as genetic and phenotypic hallmarks of adaptation to an 

invasive infection lifestyle that could be evidence of evolution towards human-restricted 

pathogenesis (3, 4). However, epidemiological research has also consistently identified HIV, 

malnutrition, and concurrent or recent malaria in children as significant risk factors for 

developing such “invasive” NTS disease (2, 5, 6).  

 Studies investigating how underlying risk factors contribute to iNTS risk have shown that 

heme oxygenase (HO-1) activation and IL-10 signaling during infection with the malarial 

parasite Plasmodium blunt innate anti-Salmonella immune responses and interfere with the 

ability of macrophages and neutrophils to clear extraintestinal Salmonella in mouse and non-

human primate models (7-9). Additionally, intestinal responses to the bloodborne parasite can 

inhibit normal epithelial barrier functions producing a “leaky gut” and appear to yield 

compositional shifts in commensal gut microbial communities associated with reduced 

colonization resistance against potential enteric pathogens such as S. Typhimurium and E. coli 

in co-infected mice (10-12). 

 My dissertation research has focused on better understanding the latter impact of 

Plasmodium infection and hemolysis on the implantation of enteric infections and enrichment of 

endogenous Enterobacteriaceae in the gut. Through these studies, we found that P. yoelii 

infection reshapes the murine intestinal environment to the benefit of ingested pathogens and 
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endogenous Enterobacteriaceae. P. yoelii infection triggers a sustained, TNF-α-dependent 

hypochlorhydria that reduced the killing of inoculated S. Typhimurium in the stomach. However, 

reduced gastric acidity alone was insufficient to explain the bloom of endogenous E. coli in the 

intestine despite occurring in parallel to the onset of hypochlorhydria during the parasite 

infection. Instead, evidence point to hemolysis-associated changes in the intestinal 

environment- namely, alterations in bile composition or levels of bile acids and iron accessibility- 

providing benefits to Enterobacteriaceae with the ability to resist such antimicrobial defenses 

and better compete with the endogenous microbial flora. Taken together, these data suggest a 

model whereby immune responses to Plasmodium infection and the associated severe 

hemolysis can enhance susceptibility to the initial intestinal colonization of enteric pathogens 

while concurrently promoting the outgrowth of endogenous direct competitors for their preferred 

intestinal niches (modeled in Fig. 5.1). It seems possible that this situation selects for the 

evolutionary success of strains such as the ST313 lineages, better adapted to opt out of 

competition in the gut via rapid systemic dissemination and extraintestinal survival (13, 14). 

 

Plasmodium-enhanced implantation of S. Typhimurium 

 The effects of P. yoelii on the C57BL/6 mouse intestinal environment were surveyed 

using a combination of 16S rRNA sequence microbiota analysis paired with untargeted 

metabolomics on soluble metabolites. Although a number of shifts in microbial abundance at 

day 6 of P. yoelii infection could be attributed to the parasite (Fig. 2.6 to 2.8), none appeared to 

strongly correlate with the relative levels of S. Typhimurium colonizing the intestine 24 hours 

later (Fig. 2.9). The untargeted metabolomics study yielded even fewer positive hits (Fig. 2.10). 

While an increased inflammatory tone to the intestine with P. yoelii infection had been 

previously reported (12), our hypothesis-driven approach found that molecules known to fuel S. 

Typhimurium colonization during inflammation (respiratory electron acceptors and iron) could 

not explain differential colonization of P. yoelii-infected mice (Fig. 2.11 and 3.1). Ultimately, it 
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became clear that the enhancement of implantation was independent of intestinal replication 

(Fig. 3.2) and was primarily due to parasite-related hypochlorhydria decreasing gastric killing 

(Fig. 3.3), since stimulation of gastric acid secretion using a H2R agonist rescued gastric acidity 

and limited S. Typhimurium colonization. TNF-α antibody blockade also abrogated 

hypochlorhydria and reduced implantation, linking the gastric effect to the cytokine response to 

Plasmodium.  

 It is still uncertain to what degree the observed changes in microbiota truly do contribute 

to increasing implantation. It seems that the effect might be fairly small, but notably, omeprazole 

treatment alone enhanced S. Typhimurium colonization levels but was not sufficient to fully 

mimic the impact of P. yoelii on S. Typhimurium implantation, suggesting there could be 

additional killing effects requiring P. yoelii co-infection to avoid. It is also unclear whether the 

development of gastric acidity impacts the parasite. Inducing gastric acid secretion directly did 

not have a notable impact on parasitemia, but TNF-α blockade increased circulating burden. 

Since TNF-α has been linked to limiting parasite replication, it seems that contributing to 

hypochlorhydria could be an off-target effect of the anti-Plasmodium response (15). 

Hypochlorhydria could rescue NTS transmission in malaria-endemic populations, where the lack 

of inflammation-driven intestinal growth might mean the pathogen is shed at significantly lower 

levels. As this response is also linked to a reduced consumption of food, it also suggests that 

while implantation of foodborne infections might be enhanced, overall behavioral changes could 

make ingesting contaminated food less likely. S. Typhimurium are actually known to encode 

virulence factors (SlrP) that counteract inflammatory responses inhibiting feeding behavior, 

which reduces S. Typhimurium virulence and enhance host survival to improve transmission 

(16). This suggests that reduced feeding behaviors during malaria could select for NTS modified 

for disseminated infection lifestyles, perhaps contributing to the generation of extraintestinal-

adapted African bloodstream ST313 isolates.  
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Plasmodium-associated expansion of endogenous Enterobacteriaceae 

 The expansion of Proteobacteria, specifically members of the order Enterobacterales, 

has been identified as a microbial signature of gut dysbiosis linked to many intestinal diseases 

(17, 18). Mice infected with P. yoelii likewise developed higher levels of intestinal E. coli when 

colonized with it (Fig. 2.6 and 4.1), which could not be explained by the induction of 

hypochlorhydria (Fig. 4.2) or inflammatory production of nitric oxide generating nitrate for 

anaerobic respiratory growth in the gut lumen (Fig. 4.4 and 4.5) (19). Further characterization 

found that bile acids and bile pigment were often altered in intestinal concentration by the 

parasite infection (Fig. 4.6). A bile acid-sensitive acrAB mutant in a S. Typhimurium invA spiB 

background did not appreciably expand in the intestines of P. yoelii co-infected mice while the 

bile acid-resistant wildtype strain did (Fig. 4.7), and in an ex vivo competitive growth assay in 

intestinal content from healthy and P. yoelii-infected mice, an E. coli JB2 acrAB mutant 

displayed a slightly higher bile-dependent competitive defect in P. yoelii-associated small 

intestinal content (Fig. 4.8). Induction of hemolysis using phenylhydrazine also caused intestinal 

E. coli outgrowth and was associated with increasing concentrations of bile components (Fig. 

4.9). Additionally, phenylhydrazine treatment was linked to the stimulation of Lipocalin-2 

production and E. coli growth benefits from the treatment were found to depend on siderophore-

related iron acquisition (Fig. 4.11). Although P. yoelii infection had also been found to increase 

intestinal Lcn2 levels (Fig. 2.11) and induce other metal-sequestration responses such as 

calprotectin (12, 20), it is still unknown whether these nutritional immunity responses contribute 

to the expansion of resistant E. coli during parasite infection. However, it seems probable that 

hemolytic anemia in both models is promoting iron sequestration responses, which suggests a 

shared mechanism generating E. coli blooms. Taken together, these results indicate that shifts 

in bile composition and iron levels or availability (Fe2+ versus Fe3+) in the intestinal content could 

select for and contribute to the bloom of Enterobacteriaceae species during P. yoelii infection. 
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  It is likely that systemic iron sequestration acute phase responses have evolved to 

protect the host during hemolytic crises by limiting the access of bloodborne extracellular 

bacterial pathogens to serum iron (21). However, iron-limiting responses by erythrophagocytic 

macrophages during P. yoelii infections in mice have been shown to benefit extraintestinal NTS 

inside iron-overloaded macrophages (22), suggesting such responses may be protective in 

some circumstances and actually detrimental in others. TonB-dependent enterobactin-Fe3+ or 

salmochelin-Fe3+ uptake by Enterobacteriaceae have been shown to only benefit the bacteria in 

iron-limited conditions (23), indicating hemolysis may generate sufficient iron limitation to 

promote this competitive edge. The impacts of hemolysis and P. yoelii on bile components are 

more variable but also seem to contribute to the outgrowth of resistant Enterobacteriaceae. The 

utilization of bile sequestrant in the mouse chow may help determine the relative influence of 

bile components on the bloom.  It has actually been previously shown that endogenous E. coli 

can help protect from S. Typhimurium colonization when bile acid levels are heightened by 

competing for the bile-resistant niche in the gut (24), suggesting a bloom in E. coli could 

improve colonization resistance to related pathogenic bacteria.    

 

Future Directions and Perspectives 

 These studies have broadened our understanding of the impact Plasmodium can have 

on a mammalian host that significantly enhances susceptibility to enteric bacterial infections. It 

is unclear whether successfully limiting the intestinal colonization of NTS during malaria would 

actually reduce iNTS incidents associated with the parasite, though. Once it gets past the 

gastric acid and AMP defenses of the stomach and upper small intestine, NTS would normally 

have to overcome microbiota-associated colonization resistance for luminal growth and 

transmission. However, NTS may better succeed in the Plasmodium-infected host by “opting 

out” and disseminating to systemic tissues, as a “leaky” gut epithelial barrier and immune 

suppression from the parasite may favor pathogen populations outside the gut. The genetic 
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changes displayed by ST313 isolates- increased disseminating potential, reduced immune 

activation, and degradation of components involved in intestinal metabolism- reflect this 

selective pressure for an extraintestinal lifestyle.  

 Whether the effects of Plasmodium on the gut environment apply to cases of human 

malaria remains to be evaluated. To our knowledge, clinical research has not associated 

malaria with increased stomach pH or significant changes in the gut microbiome, though few 

studies have attempted either (25). Based on the mechanisms we have uncovered in the mice, 

however, these physiological changes during human malaria seem plausible. TNF-α is a normal 

response to P. falciparum infection in humans, and SNPs in TNF-α and its promoter region can 

impact the outcomes of malaria (15, 26). Thus, it seems possible that the hypochlorhydria in 

response to TNF-α is also shared. Assuming reductions in gastric acidity can also occur in 

human malaria, precautionary treatment of the hypochlorhydria to prevent enteric infection is 

unlikely to be tested, as currently few pharmacological options for acidifying the stomach exist. 

Targeting the TNF-α response during malaria is complex, as it has been shown to be involved in 

both parasite killing and the development of severe disease (15). Additionally, TNF-α is critical 

in mucosal defense against NTS (27, 28), so blockade of this signaling pathway would likely 

promote invasive infections. Proton pump inhibitors are regularly prescribed for treatment of the 

overproduction of gastric acid, but proton pump stimulants are not generally used for 

hypochlorhydria, despite the known link between high gastric pH and enteric disease. In some 

trials, a supplement called betaine hydrochloride has been used to successfully transiently 

acidify the stomach to the uptake of weakly basic medications in volunteers with rabeprazole-

induced hypochlorhydria (29), which could potentially be used prophylactically before meals 

during malaria. On the other hand, the hypochlorhydria response could ultimately be protective 

for the infected host- perhaps somehow limiting the severity of malaria for reasons that future 

studies could untangle.  
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 These findings also suggest that utilizing probiotic competitors such as E. coli Nissle 

1917 that can fill nutrient niches in the gut that open during malaria might be a viable method to 

limit colonization of pathogenic Enterobacteriaceae (23, 30). However, this strain has also been 

potentially linked to colibactin-associated genotoxicity and tumorigenicity (31, 32), though 

targeting of relevant mechanisms (i.e., siderophore uptake) could be a reasonable alternative 

approach (33, 34). This could also be beneficial as Enterobacteriaceae with significant antibiotic 

resistance, including to carbapenem antibiotics, circulate worldwide. In addition, human 

commensal Enterobacteriaceae may already fill this colonization resistance role of niche pre-

emption, as they have been shown capable of doing in mouse models (35). Future studies could 

help characterize how the presence or absence of certain Enterobacteriaceae impacts 

colonization resistance against NTS during malaria or hemolysis over a longer period than 24 

hours.  

 The use of antiretroviral therapy for HIV has successfully limited the co-occurrence of 

Salmonella bacteremia and mortalities (36), vitamin supplementation for micronutrient 

deficiencies shows promise in correcting immune dysfunction (37), and drops in malaria 

transmission have been correlated with a reduction in pediatric iNTS disease (38-40). Direct 

vaccination against relevant iNTS-associated strains has also been suggested, as the 

development of antibody responses to NTS is linked to reduced disease incidence (2). 

However, it is possible such vaccines will be less effective in patients with underlying HIV or 

malaria due to immune suppression (41). Rapid detection and resistance profiling of invasive 

bacterial infections when they occur can also help determine appropriate antibiotic regimens 

(42). Antimalarial drugs and upcoming vaccines with potentially high efficacy are likely to further 

reduce African malaria rates (43), which will hopefully reduce childhood iNTS burden. Better 

understanding the ways comorbidities contribute to iNTS and other invasive infections will allow 

for targeted approaches to treatments and prevention efforts that best fit the local demands.  
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FIGURES

 

Figure 5.1. Model incorporating Plasmodium yoelii-associated susceptibility to NTS 

implantation and Enterobacteriaceae colonization into the context of enhanced iNTS 

infections. Dashed line interactions indicate mechanisms uncovered in this work, while whole 

lines indicate potential interactions with already published mechanisms. Pyn, Plasmodium yoelii 

nigeriensis. S. Tm, Salmonella enterica serovar Typhimurium.  
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