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ABSTRACT OF THE DISSERTATION 

Salmonella Typhimurium Expresses Manganese Transporters to Overcome  

the Host Antimicrobial Response  

By 

Vladimir Emiliano Diaz-Ochoa 

Doctor of Philosophy in Biomedical Sciences 

 University of California, Irvine, 2015 

Professor Manuela Raffatellu, Chair 

 

 
Salmonella enterica serovar Typhimurium (S. Typhimurium) induces a host 

inflammatory response that suppresses the growth of commensal bacteria. A contributing factor 

is the expression of proteins that starve microbes of metals. One such protein, calprotectin (CP), 

sequesters zinc (Zn2+) and manganese (Mn2+). While growth of commensal bacteria is 

suppressed,  intestinal inflammation enhances S. Typhimurium growth. We tested the hypothesis 

that Salmonella is resistant to CP-mediated Mn2+ starvation. Using wild-type CP or CP mutants 

deficient in either Zn2+ or Mn2+ binding, we determined that S. Typhimurium resisted CP-

mediated Mn2+ starvation and growth inhibition by expressing three Mn2+ transporters 

(SitABCD, MntH, and ZupT) . We also show that Salmonella mutants lacking Mn2+ transporters 

had a growth defect in the inflamed gut that was not rescued in CP deficient (S100a9-/-) mice. 

Remarkably, growth inhibition of the sitA mntH zupT mutant was reduced in Il22-/- mice, which 

lack a key cytokine involved in the induction of metal-binding antimicrobials, a finding that 

suggests the host might also deploy CP-independent mechanisms of Mn2+ sequestration. 

Under anaerobic conditions, CP did not inhibit sitA mntH zupT growth, suggesting that 

Mn2+ sequestration may enhance Salmonella susceptibility to oxidative stress. Consistent with 
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this hypothesis, Mn2+ is a co-factor for SodA, a superoxide dismutase in Salmonella that reduces 

oxidative stress. We found that SodA helped S. Typhimurium overcome CP-mediated growth 

inhibition and contributed to Salmonella growth in the inflamed gut. Because neutrophils are the 

major source of oxidative stress during Salmonella induced gastroenteritis, we partially rescued 

the growth defect of the sitA mntH zupT and sodA mutants when we depleted neutrophils in 

C57BL/6 mice. We also rescued the growth defect of the sitA mntH zupT and sodA mutants in 

Cybb-/- mice, which have a defect in producing ROS. Moreover, the growth defect of the sitA 

mntH zupT mutant was less prominent in Cybb-/- S100a9-/- mice, most likely because these mice 

lack some ability to enhance oxidative stress through CP-mediated Mn2+ sequestration. 

Altogether, we demonstrate that Mn2+ transporters contribute to S. Typhimurium growth in the 

inflamed gut by helping Salmonella overcome Mn2+ starvation to effectively mitigate the host 

oxidative burst. 
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CHAPTER 1 

 

INTRODUCTION 

 

1.1 Introduction to Salmonella 

 Salmonella are rod-shaped, Gram-negative, facultative anaerobic bacteria that are closely 

related to Escherichia coli (E. coli) by a common ancestor estimated to have existed 100 to 160 

million years ago (1). Sequence identity in homologous genes between Salmonella enterica 

serovar Typhimurium (S. Typhimurium) and E. coli is, on average, 85% but varies from 72.5% 

to 99%  (2). Although there is a high degree of genetic similarity between Salmonella and E. 

coli, an estimated 10-20% of Salmonella genetic material is not found in E. coli as it was 

acquired through plasmid- or phage-mediated horizontal transfer since the divergence event (3). 

Soon after the divergence from E. coli but before the diversification of all extant serovars 

Salmonella acquired virulence genes through horizontal transfer that mediate invasion of 

intestinal epithelium (discussed in (4)). Several of the virulence genes that mediate Salmonella 

invasion of epithelial cells are found in a contiguous 40-kb genomic region termed the 

Salmonella pathogenicity island (SPI) 1. The lower G+C content of SPI-1 relative to the 

Salmonella genome in addition to the fact that all Salmonella encode SPI-1 but E. coli does not 

(5) has lead to the hypothesis that acquisition of SPI-1 allowed Salmonella to become an enteric 

pathogen after diverging from E. coli (4). Consequentially, all salmonellae are considered human 

pathogens. Acquisition of virulence determinants through horizontal transfer subsequent to the 

gain of SPI-1 have contributed to the generation of new pathovars as well as host adaptation in 

Salmonella (6). In addition, gene deletion events and divergence by point mutation are noted as 
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likely mechanisms that extended the range of hosts Salmonella colonize (6). Thus, through 

mechanisms that diversified the Salmonella genus arose highly adapted strains that thrive in 

specific host niches. 

The Salmonella genus is made up of two species, S. bongori and S. enterica. Strains of S. 

bongori and S. enterica have been further classified into serovars based on antigenic epitopes in 

the O-antigen and flagellin as well as fermentive characteristics (7). The 2,557 serovars of S. 

enterica vastly outnumber those of S. bongori, which has only 22, and are unevenly distributed 

among the six subspecies of S. enterica (7) termed subspecies I (1,531 serovars), II (505 

serovars), IIIa (99 serovars), IIIb (336 serovars), IV (73 serovars), and VI (13 serovars) 

(reviewed in (8)). S. enterica subspecies II-IV and VI as well as S. bongori serotypes are isolated 

from cold-blooded animals and the environment (8). Most of S. enterica subspecies I serotypes 

are isolated from warm-blooded animals and they responsible for approximately 99% of all 

human infections (8).  

After the split from S. bongori, S. enterica acquired the SPI-2 pathogenicity island (9, 

10), a genomic region that aids in Salmonella survival within host tissues (reviewed in (11)). 

Like SPI-1, the G+C content of SPI-2 is lower than the overall content of the S. enterica genome 

suggesting that SPI-2 was obtained by horizontal transfer (9). Furthermore, SPI-2 insertion is 

located in the tRNAVal locus (9) and because tRNA genes serve as an attachment site for 

bacteriophage (12), this suggests a possible mechanism for the horizontal transfer of SPI-2. 

Mutations in SPI-2 were found to attenuate S. Typhimurium in mice more than 10,000-fold after 

the intestinal phase of infection was bypassed by intraperitoneal injection (9, 13). This was in 

contrast to what was previously observed with the use S. Typhimurium mutants in SPI-1 where 

an attenuating phenotype was observed only during the intestinal phase of infection in mice but 
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absent when bypassed by intraperitoneal injection (14, 15). Since the identification and 

characterization of SPI-1 and SPI-2 a total of 18 different SPI have been described, some of 

which are conserved throughout the genus while others are specific to certain serovars but all of 

which contribute to the complex pathogenesis of Salmonella infection (reviewed in (16)). 

Human infections with S. enterica subspecies I pathovars are generally distinguished 

based on their pathogenic potential; either those causing typhoid fever or para-typhoid fever are 

termed typhoidal Salmonella serovars, and those associated with a localized gastroenteritis in 

immunocompetent individuals are termed nontyphoidal Salmonella (NTS) serovars. Typhoidal 

Salmonella serovars, such as S. enterica serovar Typhi (S. Typhi), initially suppress intestinal 

inflammation during invasion of the terminal ileum (17-19) and then, through transport of the 

pathogen within phagocytes, they colonize internal tissues such as the spleen, liver, bone marrow 

and gall bladder (20, 21). S. Typhi is host restricted, as there is no animal reservoir besides 

humans, and transmission of this serovar depends on its ability to persist in the gall bladder 

during chronic carriage, which occurs in approximately 4% of individuals that recover from 

typhoid fever (22). In contrast to typhoidal Salmonella serovars, NTS strains cause a self-

limiting acute gastroenteritis in immunocompetent individuals (reviewed in (23, 24)). During 

intestinal inflammation, the NTS serovar S. Typhimurium grows to high numbers in the lumen 

(25, 26). The increase of S. Typhimurium is dependent on inflammation as an avirulent mutant of 

S. Typhimurium that fails to trigger intestinal inflammation is outcompeted by the microbiota 

(26). Therefore, S. Typhimurium induced gastroenteritis could be seen as an attempt by the 

pathogen to create the conditions necessary that allow it to successfully colonize the gut lumen. 

For S. Typhimurium, and likely other NTS serovars, growth in the intestinal lumen is important 

for transmission to naïve hosts (27).  
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1.2 Molecular Pathogenesis of Salmonella Induced Gastroenteritis 

Infection by S. Typhimurium in humans results in an acute gastroenteritis, an illness 

characterized by inflammatory diarrhea (28). The initiation of the host response to S. 

Typhimurium requires the interaction of this pathogen with host cells in the intestinal mucosa, in 

particular with intestinal epithelial cells and antigen presenting cells (APCs) like macrophages 

and dendritic cells. APCs infected with S. Typhimurium release cytokines such as interleukin 

(IL)-23 and IL-18, which stimulate subsets of T cells to produce gamma interferon, IL-17, and 

IL-22 (29-31). These T cell cytokines, in turn, orchestrate an antimicrobial response intended to 

contain the infection to the intestinal mucosa. In particular, IL-17 promotes the recruitment of 

neutrophils to the intestine through the induction of neutrophil chemoattractants like CXCL-1, 

while IL-22 mainly induces the expression and secretion of antimicrobial proteins by epithelial 

cells (32-36). 

Some arms of the host response to S. Typhimurium infection (in particular, the IL-17-

mediated recruitment of neutrophils) have beneficial effects for the host, as inferred by the 

clinical observation that S. Typhimurium infection usually remains localized to the gut in healthy 

individuals (37, 38). However, several studies have found that the host response is a double-

edged sword, as intestinal inflammation appears to create an environment in which S. 

Typhimurium thrives and better competes with the microbiota (25-27, 39, 40). In the inflamed 

intestinal lumen, S. Typhimurium anaerobically respires tethrathionate or nitrate and utilizes 

ethanolamine to enhance its anaerobic growth (41-43). Furthermore, factors like chemotaxis 

towards high-energy nutrients or electron acceptors as well as assembly of very long O-antigen 

chains, which confers resistance to bile salts, provide S. Typhimurium a fitness advantage in this 

environment (44-46). 
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 To thrive in the inflamed gut, S. Typhimurium must also be resistant to the growth 

inhibition of antimicrobial proteins that are released into the intestinal lumen by neutrophils and 

intestinal epithelial cells. A component of the host antimicrobial response during S. 

Typhimurium induced gastroenteritis involves the induction and secretion of metal binding 

proteins that limit bacterial access to essential metal micronutrients. This host strategy has been 

coined nutritional immunity and is discussed in detail below along with strategies that pathogens 

utilize to circumvent metal-withholding mechanisms in the host. 

 

1.3 Nutritional Immunity and the Battle for Transition Metal Ions 

Transition metal ions are involved in many biological processes crucial for sustaining 

life. These metals can serve as co-factors in proteins, enabling their biological function, 

regulating their activity, and/or stabilizing their structure (47-49). Here we discuss three metal 

ions targeted by host sequestration strategies and the means by which microbes acquire them; 

namely, iron, zinc and manganese.  

Among transition metal ions, iron is the most abundant in the human body. Of the 3-5 

grams of iron in adults, 65-75% is located within erythrocytes bound to heme, the tetrapyrrole 

co-factor of hemoglobin, and utilized for oxygen transport (50). Iron is also critical for other 

cellular processes in mammals, such as nucleic acids and protein synthesis, electron transport, 

and cellular respiration (51, 52). Most of the iron in the body is intracellular, and extracellular 

iron is associated with high-affinity iron binding proteins, namely transferrin and lactoferrin, so 

iron that microorganisms need for survival is severely restricted. Much like eukaryotic cells, 

microorganisms also utilize iron in DNA synthesis, electron transport, oxygen binding, and 

superoxide metabolism (51). Outside the body, the bioavailability of iron is also generally 
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limited due to the low solubility of ferric iron (Fe3+) at physiological pH (7.4), likely facilitating 

microbial adaptation to low iron conditions (53). In light of this, microbes that possess multiple 

iron uptake mechanisms, or those that can utilize alternative metal ions like zinc and manganese, 

are able to thrive when usable iron is scarce. 

Zinc is an essential metal nutrient with an estimated dietary requirement in humans of 15 

mg per day (54, 55). Approximately 95% of zinc in humans is intracellular, where it serves 

structural and functional roles for a large number of macromolecules and enzymes (54, 55).  For 

prokaryotes, it is estimated that 5-6% of their proteome may consist of zinc binding proteins, 

which emphasizes the need for mechanisms of zinc acquisition in these cells (56). In contrast to 

iron and zinc, only trace concentrations of manganese are found in human serum (<10 nM) and 

tissue (<4 µM) (57), which is likely to pose significant challenges for microorganisms that have 

adapted to thrive on earth’s biosphere where manganese is widely available (58). Only a handful 

of strictly manganese-dependent enzymes are known in both eukaryotes and prokaryotes because 

manganese appears to be readily interchangeable in metalloenzymes with other divalent cations 

(48). Manganese in microbes is largely known for its role as a co-factor for some free radical 

detoxifying enzymes, but it also plays a key role in central carbon metabolism (59). 

Transition metal ions are important biological catalyst because they can undergo changes 

in oxidation states involving one electron. To limit the unspecific reactive potential of transition 

metals, their availability in vertebrate hosts needs to be tightly regulated at all times and 

especially limited during infection in a process termed nutritional immunity (the sequestration of 

nutrients from pathogens). Host mechanisms of nutritional immunity are varied and include: the 

induction of hepcidin, a master hormone regulator that controls the levels of iron in the body 

(60); the expression of the Natural Resistance-Associated Macrophage Protein 1 (NRAMP1), an 
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ion transporter that pumps iron and manganese out of pathogen-containing phagosomes (61-63); 

and the expression of antimicrobial proteins that sequester metal ions at sites of infection (40, 64-

67). Whereas all of these strategies aid the host in limiting the replication of infecting microbes, 

some microorganisms have evolved or acquired mechanisms of metal uptake that circumvent the 

nutritional immune response. A review of some of the mechanisms that the mammalian host 

utilizes to sequester metal ions in response to infection and strategies that microbes execute in 

order to evade this nutritional immunity will serve to elucidate the goals of this dissertation. 

1.3.1 Microbial Mechanisms of Acquiring Iron 

Iron is required by numerous microbial species because it serves as a cofactor for 

important cellular processes including DNA replication, central metabolism and respiration. 

Microbes have thus evolved or acquired a variety of specialized iron uptake systems to overcome 

iron limitation. These systems are generally categorized as unbound iron, siderophore, or heme 

acquisition systems. Bacteria can uptake unbound iron using ferrous iron (Fe2+) transport 

systems like Feo proteins, mechanisms that appear to be important mainly during low oxygen 

conditions, when ferrous iron remains more stable and predominate over ferric iron (68). Such 

systems likely play a negligible role in bacterial iron acquisition under inflammatory conditions, 

where unbound iron is rarely found.  

Under iron-limiting conditions, many pathogenic bacteria and some fungi synthesize and 

secrete siderophores; small, high-affinity iron-chelating compounds (69). Siderophore 

effectiveness resides in their ability to bind ferric iron (Fe3+) with an affinity that can exceed that 

of host Fe3+-binding proteins like transferrin or lactoferrin (51), enabling siderophores to ‘steal’ 

iron from these host proteins. Microbial uptake of Fe3+ from siderophore-Fe3+ complexes is 
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achieved by either the reduction of iron from the siderophore at the extracellular surface or by 

the internalization of the complex (70). Though the mechanisms of extracellular reduction in 

bacteria are not well-understood, the internalization of siderophore-Fe3+ complexes is well 

studied (71-73). In Gram-negative bacteria, several outer-membrane receptors that transport 

siderophore-Fe3+ complexes have been identified; examples include the FepA receptor for 

enterobactin, and the FhuA receptor for ferrichrome (74, 75). The energy required by these 

receptors for the transport of the substrate originates from the proton motive force of the inner 

membrane and is transduced through the TonB protein complex (76-78). Once in the periplasm, 

substrate-binding proteins (SBPs) shuttle the siderophore-Fe3+ complex to the corresponding 

ATP-binding cassette (ABC) transporter, which then translocates the complex into the cytoplasm 

(79). ABC transporters in the cytoplasmic membrane of Gram-positive bacteria are also involved 

in the uptake of siderophore-Fe3+ complexes. Unlike Gram-negative bacteria, their cognate SBPs 

are responsible for initial binding of the complex and are tethered to the cytoplasmic membrane 

(79, 80). Once in the cytoplasm, iron can be liberated from siderophores through reduction of 

Fe3+ to Fe2+ or by enzymatic degradation of the siderophore (70). Among bacteria, siderophore-

based iron acquisition systems are widespread.  

One of the most studied siderophores is enterobactin, also called enterochelin, which is 

synthesized by commensal and pathogenic Enterobacteriaceae including Escherichia coli, 

Klebsiella pneumoniae, and Salmonella spp (81-85). Enterobactin has high affinity for iron (Ka = 

1051 M-1), which is higher than the affinity of host proteins like transferrin (Ka = 1020 M-1) (86, 

87). Therefore, bacteria that synthesize enterobactin can efficiently scavenge iron from the host; 

however, the host innate immune response has evolved a mechanism to counteract enterobactin-

mediated iron acquisition (discussed in detail below) (88). Although siderophores are generally 
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secreted into the host extracellular environment, some siderophores aid iron acquisition by 

pathogens with a predominantly intracellular lifestyle. Mycobacterium tuberculosis (Mtb), for 

example, expresses siderophores known as mycobactins that diffuse out of Mtb-containing 

phagosomes, chelate iron from cytoplasmic stores, and re-enter the phagosome via lipid droplets 

(89).  

In addition to siderophores, microbial pathogens can also utilize different uptake systems 

to obtain iron from a variety of sources, which allow them to inhabit diverse niches and to 

respond to host mechanisms of iron sequestration. In the case of Candida albicans, uptake of 

unbound iron via the high-affinity iron permease FTR1 is critical for establishing systemic 

infection in mice (90). In contrast, uptake of iron-bound siderophores is necessary for C. 

albicans colonization of epithelial layers but not for the development of a bloodborne infection 

(91). Because C. albicans lacks the genes for the biosynthesis of siderophores (92), it depends on 

other microorganisms for the production of siderophores. Therefore, C. albicans uptake of iron 

via siderophores is likely restricted to sites where siderophore-producing microorganisms are 

found (e.g., mucosal surfaces in the gut). Another source of iron for microbes is the biggest pool 

of iron in the human body: iron from heme and heme-binding proteins. 

Similar to the uptake of siderophore-bound iron, the first step in bacterial heme transport 

involves the binding of heme or hemoglobin to a surface receptor. In Gram-negative bacteria, 

TonB-dependent receptors are involved in the transport of heme into the periplasm, where heme-

specific SBPs bind the molecule (73). For hemoglobin, both Gram-negative and Gram-positive 

bacteria extract the heme group prior to transfer to an SBP. Heme-specific ABC transporters then 

translocate heme into the cytoplasm, where iron is released by heme-degrading enzymes (73, 

93). Heme oxygenases catalyze the oxidative cleavage of heme with an electron donor to liberate 
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iron (93). Subsequent catabolism of the heme is required to reduce the toxicity associated with 

the heme porphyrin (93). 

1.3.2 Host Mechanisms of Sequestering Iron 

Iron is essential for the replication of many pathogenic organisms, so it is not surprising 

that the host has also evolved sophisticated strategies to limit the availability of iron to 

pathogens. Conversely, both iron supplementation and diseases characterized by iron overload 

such as hemochromatosis increase the host’s susceptibility to infection (reviewed in (51)). In 

humans, the levels of unbound iron are low; most iron is bound by heme in the context of 

hemoglobin. Moreover, free heme can be captured by hemopexin and free hemoglobin by 

haptoglobin. Other proteins, like transferrin in serum, or lactoferrin in neutrophils and human 

secretions, bind strongly to ferric iron (Fe3+). In most cells, ferritin is responsible for storing iron 

for normal cellular use, but in specialized cells, i.e., hepatocytes and macrophages, ferritin is 

used for long-term iron storage and sequestration during iron overload, respectively (50). 

Additionally, macrophages increase iron uptake and ferritin synthesis when converting to their 

inflammatory phenotype, suggesting that ferritin-based sequestration may be a key mechanism 

for intracellular iron-withholding during infection (94). 

An additional mechanism of regulation of iron metabolism is mediated by the hormone 

hepcidin, which controls host-protective responses by integrating signals from iron status and 

threat of infection. Initially identified as an antimicrobial peptide (95), hepcidin is considered to 

be the master hormonal regulator of iron metabolism, controlling both the overall level of iron 

and its localization (96-99). Upon microbial infection, the upregulation of hepcidin, concomitant 

with a reduction of serum transferrin saturation, causes an overall decrease in iron levels (99, 
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100). Hepcidin upregulation is partially mediated through expression of pro-inflammatory 

cytokines like interleukin (IL-) 6, which stimulates the production of hepcidin in the liver (99, 

101, 102). Hepcidin then inhibits both cellular iron efflux and duodenal iron absorption by 

binding to and inducing the degradation of the cellular iron transporter ferroportin 1, which 

exports iron into the plasma from cells that store or transport iron, including hepatocytes, 

macrophages, and absorptive enterocytes (103, 104). Subcutaneous infection with either Gram-

negative and Gram-positive bacteria has been shown to induce hepcidin synthesis by neutrophils 

and macrophages, suggesting that local production of hepcidin may limit iron availability at sites 

of infection (105). Overall, the induction of hepcidin upon infection results in hypoferremia and 

anemia of inflammation, which represent important host defense strategies to limit the 

availability of iron to pathogens. 

One of the most studied host transporters in the context of bacterial pathogenesis is 

(NRAMP1),  a proton-dependent transporter of divalent metal ions expressed by professional 

phagocytes, such as macrophages and neutrophils (63). This transporter is localized in the 

phagosomal membrane and exports Fe2+ and Mn2+ out of the phagosomal compartment, 

presumably to reduce access to these metals of pathogens residing within the phagosome (63). 

While this export function occurs during infection, NRAMP1 is also known to contribute to 

hemoglobin iron recycling by reticuloendothelial macrophages that phagocytose senescent 

erythrocytes (63, 106).  In addition to its phagosome metal-withholding function, expression of a 

functional NRAMP1 also restricts microbial growth by enhancing macrophage production of the 

antimicrobial effector molecule nitric oxide (NO) through sustained transcription of inducible 

nitric oxide synthase (iNOS) (107) . Although the mechanism for iNOS induction is not fully 

understood, both STAT-1-mediated expression of the transcription factor IRF-1, as well as 
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suppressed production of the inhibitory cytokine IL-10, contribute to NRAMP1-dependent 

prolonged activation of iNOS transcription (107, 108). Similarly, another recent study using 

macrophage cell lines suggests that NRAMP1-mediated stimulation of the expression of 

lipocalin-2, an antimicrobial peptide that binds iron-loaded bacterial siderophores including 

enterobactin, is a novel mechanism by which NRAMP1 confers resistance to infection with the 

intracellular pathogen S. Typhimurium (109). The importance of NRAMP1 in the host response 

to infection is further underlined by many studies showing that mice with a functional Nramp1 

(Slc11a1) allele are more resistant to infection with a variety of intracellular pathogens including 

Mycobacterium bovis BCG, Leishmania donovanii, and S. Typhimurium (63, 110). 

Host mechanisms discussed thus far effectively reduce available iron, but they are not 

sufficient to completely prohibit bacterial iron acquisition during an infection. As discussed 

above, pathogenic bacteria can deploy an efficient weapon in the battle for iron: siderophores. 

However, as mammals have evolved for millions of years together with siderophore-producing 

bacteria, it is not surprising that we have evolved an anti-siderophore mechanism: secretion of 

lipocalin-2 (also known as siderocalin, neutrophil gelatinase-associated lipocalin, uterocalin, or 

24p3) (111-113). Lipocalin-2 is one of the most abundant antimicrobial proteins released by 

epithelial cells and neutrophils during infections in the gut and respiratory mucosa with 

pathogens like S. Typhimurium and K. pneumoniae, respectively (40, 64, 114). Lipocalin-2 

sequesters a subset of catecholate siderophores, including enterobactin, thereby limiting bacterial 

access to iron (111, 112, 115). In a sepsis model, lipocalin-2 induction is dependent on Toll-like 

receptor 4 signaling (112, 116). It is also known that lung and intestinal epithelial cells express 

and secrete lipocalin-2 in response to signaling by pro-inflammatory cytokines released by T 

helper 17 (Th17) cells, like interleukin IL-17 and IL-22 (40, 64).  
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In addition to lipocalin-2, IL-17 and IL-22 also stimulate epithelial secretion of 

neutrophil chemoattractants, known as CXC chemokines, which mediate the recruitment of 

neutrophils to the mucosa (36, 40, 64, 117-119). Neutrophils play a key role in nutritional 

immunity because they constitute the largest proportion of circulating white blood cells in 

humans, quickly mobilize to sites of infection, and express high levels of antimicrobial proteins 

that sequester metal ions, including lipocalin-2, lactoferrin, and, as detailed below, calprotectin 

(111, 120, 121). Thus, the coordinated expression and release of metal-binding antimicrobial 

proteins by epithelial cells and neutrophils during infection promotes host sequestration of 

essential metal nutrients. 

In this tug of war for iron, pathogens have evolved mechanisms to counteract the 

sequestration of siderophores. To circumvent this arm of nutritional immunity, pathogens 

including Salmonella species, Klebsiella species and uropathogenic E. coli (UPEC) species 

synthesize salmochelin, a C-glucosylated derivative of enterobactin (122, 123), which lipocalin-2 

cannot bind, thus enabling iron uptake in these species and enhancing their colonization of host 

tissues (40, 88, 123, 124). Evasion of lipocalin-2-mediated iron sequestration is thus regarded as 

a virulence mechanism. However, work in our laboratory has recently shown that a probiotic 

strain of the Enterobacteriaceae family (E. coli Nissel 1917) also evades iron sequestration by 

lipocalin-2 in the inflamed gut via secretion of siderophores including salmochelin (125). In this 

case, iron acquisition and evasion of lipocalin-2 is beneficial to the host, because E. coli Nissel 

1917 reduces S. Typhimurium intestinal colonization by outcompeting it for iron acquisition 

(125). Thus, evasion of lipocalin-2 by the secretion of modified siderophores can confer a fitness 

advantage to probiotic strains like E. coli Nissel 1917 and enhance the host response against 

bacterial pathogens by further sequestering iron.  
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1.3.3 Microbial Mechanisms of Acquiring Zinc and Manganese 

While the role of iron in cellular processes is well characterized, increasing evidence 

suggests that other transition metal ions such as zinc and manganese also play a crucial role in 

microbial physiology (57, 126). For example, in order to circumvent host-mediated iron 

sequestration, Borrelia burgdorferi lacks most genes that code for iron-binding proteins, and, for 

the few metalloproteins it does express, B. burgdorferi uses manganese instead of iron (127). In 

many bacterial species, manganese also serves as a metal cofactor for proteins involved in 

central carbon metabolism and for the detoxification of reactive oxygen species (ROS) (59). 

Zinc-dependent enzymes that can detoxify ROS have also been identified (128). Furthermore, 

zinc was found to be associated with up to 5% of all bacterial proteins, of which more than 80% 

are enzymes (56). In line with their essential role in many bacterial functions, acquisition of zinc 

and manganese has subsequently been shown to contribute to bacterial pathogenesis (reviewed in 

(129)). 

Similar to siderophore and heme transport across the cytoplasmic membrane, ABC-type 

transporters are involved in bacterial uptake of zinc (Zn2+) and manganese (Mn2+) ions (130). 

These transporter systems are composed of a cation binding protein that shuttles its substrate to 

its cognate transporter, a cytoplasmic ATP-binding protein that facilitates active transport, and 

the transmembrane protein that mediates transport through the cytoplasmic membrane. In Gram-

negative bacteria, the cation binding protein is soluble and localized to the periplasm, while in 

Gram-positive bacteria it is a lipoprotein anchored to the extracellular membrane (80, 131, 132). 

High-affinity ABC-type zinc transporters include ZnuABC of Gram-negative bacteria (126, 

133), and AdcBCA of the Gram-positive streptococci (134, 135). ABC-type manganese 

transporters have also been identified in several Gram-positive and Gram-negative bacteria (130, 
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136). In S. Typhimurium, for example, the ABC-type transporter SitABCD is found within a 

pathogenicity island and is not present in the closely related organism E. coli, indicating this 

transporter could have been acquired by horizontal gene transfer (137). Of note, studies have 

shown some manganese transporters to facilitate the uptake of other divalent cations such as 

Zn2+, Cd2+, and Fe2+ at lower affinities, with a Kd in the µM range (138, 139). 

In addition to ABC-type transporters, bacteria also express homologs of the eukaryotic 

NRAMP transporter family (140-143). One example is the MntH protein of Salmonella and 

Escherichia, a membrane-bound, proton-coupled symporter with high specificity for manganese 

(140); similar to the ABC-type manganese transporters, MntH can also transport other divalent 

cations (136). Another discrete transporter of zinc and manganese uptake is ZupT, a permease 

with broad cation specificity belonging to the ZIP protein family (144, 145). Though metal 

uptake via ZupT is less specific than the high-affinity ABC-type or NRAMP transporters, studies 

in E. coli have demonstrated this transporter to prefer zinc over manganese, copper, and iron 

(146, 147).  

In addition to the role of these metals in essential cellular functions, evidence is mounting 

that specialized mechanisms of zinc and manganese acquisition contribute to bacterial 

pathogenesis; for instance, zinc and manganese are important co-factors in neutralizing reactive 

oxygen and nitrogen species, suggesting an important role for these metals in resisting these 

types of host antimicrobial responses (148, 149). Supporting this, mutant strains of the pathogens 

Brucella abortus, Pasteurella multocida, and S. Typhimurium that lack the ZnuABC transporter 

are attenuated in systemic models of disease in mice (150-153). Furthermore, the expression of 

zinc transporters promotes Campylobacter jejuni, S. Typhimurium and Acinetobacter baumannii 

colonization of mucosal tissues (66, 67, 154). For manganese acquisition, both the ABC-type 
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transporters and the bacterial NRAMP homologs are known to contribute to systemic S. aureus 

and S. Typhimurium infection (145, 155). Taken together, these studies indicate an important 

role for zinc and manganese sequestration by the host in controlling some microbial infections. 

1.3.4 Host Mechanisms of Sequestering Zinc and Manganese 

Compared to iron, less is known about the mechanisms the host employs to limit 

microbial access to metal micronutrients like zinc and manganese. Nevertheless, multiple 

strategies to limit the availability of these nutrients to pathogens have been identified in the 

mammalian host.  

As described in the section on host iron sequestration, NRAMP1 is a proton-dependent 

exporter of Fe2+ and Mn2+ across the phagosomal membrane of vertebrates that confers resistance 

to various intracellular pathogens (63). Another host protein known to sequester metal ions is the 

antimicrobial protein calprotectin (65), a heterodimer of the two EF-hand calcium-binding 

proteins S100A8 and S100A9 (156), which exerts antimicrobial activity against several bacterial 

and fungal organisms by sequestering zinc and manganese (65-67, 157). Upon dimerizing, 

S100A8 and S100A9 form two metal binding sites, both of which can bind strongly to Zn2+, 

though one is also capable of binding manganese (158, 159). Like lactoferrin and lipocalin-2, 

calprotectin is expressed by neutrophils, where it constitutes approximately 50% of their 

cytosolic content (160). Calprotectin is thought to be secreted by apoptotic neutrophils, where it 

is associated with their extracellular traps, also called NETs (157). Similar to lipocalin-2, the two 

subunits of calprotectin, S100A8 and S100A9, are also induced by IL-22 in mucosal epithelial 

cells (33, 67, 161).  
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To successfully colonize the host, pathogens have evolved mechanisms to resist the 

effects of calprotectin-dependent zinc and manganese sequestration. Manganese is most notably 

important as a cofactor for enzymes that detoxify ROS (162). Consistent with this role, 

manganese binding by neutrophil-derived calprotectin inhibits the growth of S. aureus in tissue 

abscesses and increases the susceptibility of this pathogen to oxidative stress (158). To 

counteract this, the specialized manganese transporters MntABC and MntH contribute to 

systemic S. aureus infection by competing with calprotectin for manganese (155). In S. 

Typhimurium, expression of the high-affinity zinc transporter ZnuABC aids the pathogen in 

overcoming calprotectin-mediated zinc sequestration and promotes the growth of S. 

Typhimurium in the inflamed gut as well as Salmonella competition with the microbiota (67). 

Genes encoding a similar ABC-type zinc transporter are present in A. baumannii, where they 

also mediate resistance to zinc sequestration by calprotectin and serve to enhance pathogenesis 

(66).  

S100A12 (calgranulin C) is another calgranulin protein like S100A8 (calgranulin A) and 

S100A9 (calgranulin B) which binds to zinc and other divalent cations. Similar to S100A8 and 

S100A9, S100A12 is also predominantly expressed by neutrophils, monocytes and activated 

macrophages (163). However, unlike S100A8 and S100A9, S100A12 is not found in rodents and 

its role in metal sequestration is not well defined. S100A12 seems to be mainly pro-

inflammatory through the activation of mast cells but may also play a role in chemotaxis (164, 

165). S100A12 has antiparasitic activity against filarial nematodes (166), although this activity 

does not appear to be dependent on metal sequestration. Calcitermin, a 15-residue C-terminal 

cleavage fragment of S100A12, can be found in the human airways and exhibit antimicrobial 
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activity against E. coli, Pseudomonas aeruginosa, and C. albicans, both at low pH and in media 

with zinc (167).  

Another S100 protein with antimicrobial and immunomodulatory activity is S100A7, 

which is largely expressed in the skin and other epithelia. This protein, also known as psoriasin, 

was originally discovered as an abundant protein in psoriatic keratinocytes (168). Psoriasin is 

secreted by keratinocytes and has antimicrobial activity against E. coli, possibly by sequestering 

zinc (168). The molecule is considered an important effector molecule of the cutaneous barrier, 

and, like S100A8 and S100A9, is also induced by IL-17 and IL-22 (34). 

1.3.5 HOST versus PATHOGENS: The Battle for Metals at the Intersection of Health and 

Disease in the Mucosa 

Sequestration of metal ions is one of the most important host strategies to limit the 

growth of bacterial and fungal pathogens. Metal limitation in the host is further enhanced during 

infection by the secretion of antimicrobial proteins that sequester metal ions like lipocalin-2 and 

calprotectin. Lipocalin-2 appears to be most effective in limiting the growth of commensal 

bacteria, as a number of pathogens have evolved or acquired additional siderophores to evade 

this response. In contrast, calprotectin restricts the growth of a variety of bacterial and fungal 

pathogens, including S. aureus, C. albicans, B. burgdorferi, A. baumannii, and Aspergillus 

nidulans (157, 169, 170). While both antimicrobial proteins are constitutively expressed by 

neutrophils, their expression – as well as the expression of other S100 proteins – may be induced 

in epithelial cells by pro-inflammatory stimuli like the Th17 cytokines IL-22 and IL-17 (33, 161, 

171-174).  
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Altogether, the secretion of antimicrobial proteins and the production of reactive oxygen 

and nitrogen species at the site of infection can reduce the growth of many microorganisms. 

Susceptibility of commensal bacteria to reactive oxygen species may be exacerbated as a result 

of lipocalin-2 and calprotectin expression because these proteins sequester metals that serve as 

co-factors in bacterial enzymes responsible for neutralizing free radical species. However, in the 

harsh environment these responses create, microbes with metal scavenging ability can often 

survive and replicate, sometimes even dominating in the presence of reduced commensal 

competition. This is the case for S. Typhimurium, which overcomes both lipocalin-2- and 

calprotectin-mediated metal sequestration to colonize the inflamed gut and compete with the 

microbiota (40, 67); a theme that likely applies to other pathogens (Figure 1.1). Therefore, the 

secretion of antimicrobial proteins like lipocalin-2 and calprotectin may have a detrimental effect 

on the host by killing commensal bacteria that are more susceptible to oxidative damage, 

neutrophil enzymatic activity, and metal nutrient deprivation. Elevated lipocalin-2 and 

calprotectin levels observed in patients with inflammatory bowel disease (175-177), may also be 

detrimental to the host because antimicrobial activity towards commensal bacteria likely 

contributes to the microbial imbalance observed in the digestive tract of these patients, known as 

dysbiosis (178, 179). Sustained intestinal dysbiosis can lead to the overgrowth of potentially 

harmful bacteria termed pathobionts (180). 

The fact that transition metals are essential for proper development and function of the 

host further complicates the host metal economy during infection. For example, zinc is needed 

for immune development and function, but it also has to be sequestered from staphylococcal 

abscesses in order to zinc-starve S. aureus during infection (155). Furthermore, the amounts of 

metals vary in different organs (155), which may be a basis for site-specific differences in the 
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host’s metal sequestration strategies. A contributing factor in these differences may include 

microbial colonization. In the healthy gut, and possibly at other mucosal sites colonized by 

commensal bacteria, host interactions with the microbiota likely regulate the low-level 

expression of metal binding proteins as well as the concentration of transition metals. At these 

mucosal sites and in other tissues and organs, it is plausible that other antimicrobial proteins 

besides lipocalin-2 and calprotectin may sequester metal ions, but have yet to be identified. 

In concert with other host defense strategies, nutritional immune responses at the mucosa 

can lead to beneficial outcomes for the host by reducing the colonization of invading pathogens. 

However, they can also alter the normal microbial flora, which may enhance the colonization of 

pathogens like S. Typhimurium or result in dysbiosis. Thus, it is important to take into account 

that metal sequestration strategies can be beneficial to the host, but also be of potential benefit to 

pathogens or pathobionts that may evade this responses. Moreover, investigating the mechanisms 

of host-microbe competition for metal ions may pave the way for developing novel therapeutics 

that are in critical need given the mounting global threat of antibiotic-resistant pathogens and 

pathobionts. 
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Figure 1.1. A battle for metals in the intestinal mucosa: mechanisms of host metal 
sequestration and microbial metal acquisition. To limit microbial growth, the mammalian 
host sequesters free iron, zinc and manganese ions by expressing proteins in the mucosa that 
directly bind metals or metal-binding agents in a process termed nutritional immunity. 
Lactoferrin binds to iron (Fe) and calprotectin binds to zinc (Zn) and manganese (Mn).  
Hemopexin can limit the amount of circulating iron-bound heme (He) and lipocalin-2 sequesters 
the bacterial iron-scavenging siderophore enterobactin. Upon infection, inflammatory mediators 
increase the expression of metal-sequestering proteins, which is detrimental to microbes lacking 
mechanisms to survive metal deprivation. Inflammatory cytokines, IL-17 and IL-22, produced by 
T cells induce epithelial cells to express antimicrobial proteins including lipocalin-2 and 
calprotectin. Furthermore, activated epithelial cells secrete CXC chemokines that recruit 
neutrophils to the site of infection; neutrophils also express high levels of lactoferrin, lipocalin-2, 
and calprotectin. Microbial infection and inflammation can stimulate the production of hepcidin 
in the liver and in macrophages, which further reduces iron availability by inducing the 
degradation of the cellular iron exporter ferroportin 1. In addition, the divalent metal ion 
transporter NRAMP1 can export manganese and iron out of the macrophage phagosome to 
further restrict metal availability to intracellular pathogens. To overcome metal starvation, 
pathogens (red ovals) employ several strategies to acquire iron, zinc and manganese. Highly 
specialized ABC-type transporters facilitate the uptake of zinc and manganese as well as iron 
bound to heme and siderophores. Siderophores, such as enterobactin, are iron-scavenging agents. 
Although lipocalin-2 can sequester enterobactin to limit microbial access to iron, some 
pathogens use salmochelin, a C-glucosylated derivative of enterobactin that cannot be bound by 
lipocalin-2. Some pathogens also express NRAMP family transporters and ZIP family 
transporters for the uptake of manganese and zinc. 
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Figure 1.1. A battle for metals in the intestinal mucosa: mechanisms of host metal 
sequestration and microbial metal acquisition. Illustration by Janet Lieu. 
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1.4	  Objective	  

S. Typhimurium has two high-affinity manganese transporters, SitABCD and MntH, that 

are required for full virulence of the pathogen (145, 181, 182), yet many questions remain about 

the mechanism by which these transporters contribute to virulence in the host. In addition, recent 

studies have shown that ZupT, a broad divalent cation transporter, is used by S. Typhimurium for 

manganese uptake (145, 146). As described above, calprotectin, a neutrophil antimicrobial 

protein that binds strongly to zinc and manganese, has antimicrobial activity against various 

bacterial and fungal pathogens. The main objective of this work was to test our central 

hypothesis that SitABCD, MntH, and ZupT contribute to S. Typhimurium virulence by enabling 

the pathogen to overcome calprotectin-mediated manganese sequestration. 

The studies presented here focus on understanding the role of calprotectin as a host 

antimicrobial protein that mediates manganese sequestration in the inflamed gut and extra 

intestinal tissues. Our studies also seek to understand the function of S. Typhimurium manganese 

transporters in overcoming calprotectin-mediated manganese sequestration.  Identifying factors 

involved in resisting manganese sequestration can potentially lead to the development of 

therapeutic strategies against Salmonella and closely related pathogens. The work presented 

establishes new concepts on the role of manganese at the intersection between Salmonella 

growth in the inflamed intestine and the host innate immune response to infection. 
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CHAPTER 2 

 

Salmonella Expresses Specialized Transporters to Overcome Mn2+ Sequestration 

by Calprotectin and Outgrow Competitors in Inflamed Gut 

 

2.1 Summary 

Salmonella Typhimurium is a pathogen that elicits an acute intestinal inflammatory 

response upon infection. This inflammatory response is hostile to bacterial growth in part 

because of the induction of host antimicrobial proteins that sequester essential metal nutrients 

like iron, zinc and manganese. Nevertheless, S. Typhimurium thrives in the inflamed gut by 

overcoming iron and zinc starvation. Here we demonstrate that manganese (Mn2+) acquisition by 

the SitABCD, MntH and ZupT transporters also promotes S. Typhimurium growth in the 

inflamed gut by enhancing Salmonella resistance to manganese sequestration. Using calprotectin 

(CP), an antimicrobial protein that binds strongly to zinc and manganese, or CP mutants deficient 

in either zinc or manganese binding, we determined that expression of the manganese 

transporters was necessary for S. Typhimurium to resist CP-mediated manganese starvation and 

bactericidal activity. We also show manganese transporter deficient S. Typhimurium mutants had 

a significant colonization defect in the inflamed gut that could not be rescued in CP deficient 

(S100A9-/-) mice. Remarkably, we were able to partially rescue the colonization defect of the sitA 

mntH zupT mutant in IL-22-/- mice, which lack a key cytokine involved in the induction of metal-

binding antimicrobials. A finding that suggests the host might also deploy CP-independent 

mechanisms of manganese sequestration.  Altogether, these data imply that SitABCD, MntH and 

ZupT enhance S. Typhimurium growth in the inflamed gut by transporting manganese to resist 
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growth inhibition by calprotectin and likely by other antimicrobial proteins that sequester 

manganese in the host. 

  

2.2 Introduction 

To thrive in the inflamed gut, S. Typhimurium must also be resistant to the growth 

inhibition of antimicrobial proteins that are released into the intestinal lumen by neutrophils and 

intestinal epithelial cells. One of the most abundant antimicrobial proteins released during S. 

Typhimurium infection is lipocalin-2 (1), which is part of the host antimicrobial strategy that 

limits the amount of metal nutrients available to pathogens, also known as nutritional immunity 

(2). Specifically, lipocalin-2 limits bacterial access to iron by sequestering a subset of small iron 

chelators termed siderophores, including enterobactin, which is secreted by Enterobacteriaceae 

for iron acquisition in the host (3-5). However, pathogens including S. Typhimurium evade this 

host response by secreting and utilizing a C-glucosylated form of enterobactin, termed 

salmochelin (6), which is too large to be bound by lipocalin-2 (7). Thus iron acquisition via 

salmochelin promotes the growth of S. Typhimurium in the inflamed gut over competing 

microbes that are susceptible to lipocalin-2-mediated iron starvation (1).  

A second antimicrobial protein that is abundant in the intestinal lumen during S. 

Typhimurium infection is calprotectin, a heterodimer of the two EF-hand calcium-binding 

proteins S100A8 and S100A9 (8). Calprotectin antimicrobial activity is dependent on its ability 

to bind both zinc and manganese, which limits the availability of these essential metal nutrients 

to microbes, thereby inhibiting their growth (9-13). As such, it has been demonstrated that 

calprotectin has antimicrobial activity against several bacterial and fungal organisms (9, 13-19). 

Therefore, to successfully colonize the host, pathogens must evolve mechanisms of resistance to 
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calprotectin-dependent zinc and manganese sequestration. Consistent with this notion, we have 

shown that S. Typhimurium utilizes a high affinity zinc transporter (namely, ZnuABC) to 

overcome calprotectin-mediated zinc sequestration and colonize the inflamed gut (12). A similar 

mechanism is also employed by Acinetobacter baumannii to evade zinc sequestration by 

calprotectin in the lung and cause systemic infection (20). In addition to binding zinc, 

calprotectin also binds manganese and limits the availability of this metal ion from pathogens 

(10, 21, 22). Manganese is an important co-factor for a number of bacterial enzymes and 

proteins, but its most notable function is in the detoxification of reactive oxygen species (23, 24). 

Accordingly, manganese sequestration by neutrophil-derived calprotectin was shown to inhibit 

the growth of Staphylococcus aureus in tissue abscesses and to increase the susceptibility of this 

pathogen to oxidative stress (11, 25).  

The importance of manganese during S. Typhimurium infection has been demonstrated 

by studies showing that this pathogen needs specialized manganese transporters for full virulence 

in the host (26-29). S. Typhimurium has two high affinity manganese transporters, MntH and 

SitABCD (30, 31). MntH is a proton-dependent Mn2+ transporter homologous to the Natural 

resistance-associated macrophages protein 1 (NRAMP1) in vertebrates, found in both pathogenic 

and non-pathogenic bacterial species (31-33). In contrast, SitABCD is an ABC-type manganese 

transporter that is mostly found within pathogenic species and in Salmonella is encoded within 

the pathogenicity island 1, in close proximity to the invasion locus (27, 34). In addition, Fang 

and colleagues have recently shown that ZupT, a broad divalent cation transporter of the ZIP 

family (35), also mediates transport of manganese in S. Typhimurium (28). These three 

transporters are required for S. Typhimurium virulence in the typhoid model of infection (26-29), 

in which S. Typhimurium disseminates to the spleen and liver and does not trigger intestinal 
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inflammation (36). Here we set out to determine whether the SitABCD, MntH, and ZupT 

transporters enhance S. Typhimurium colonization of the inflamed intestine, and better define the 

molecular mechanisms that give S. Typhimurium a growth advantage when challenged with 

calprotectin-mediated metal sequestration.  

 

2.3 Results 

S. Typhimurium utilizes manganese transporters for growth under nutrient limiting 

conditions and to evade calprotectin-mediated growth inhibition.  

To determine whether SitABCD, MntH, and ZupT are required for S. Typhimurium 

growth in the inflamed gut, we first constructed S. Typhimurium strains deficient in one or 

multiple manganese transporters (Table 2.1) and monitored their growth in rich media (LB) and 

in minimal media (M9), the latter containing only trace amounts of metal micronutrients. When 

we measured growth by spectrophotometry of S. Typhimurium wild-type (WT) and mutants 

lacking manganese transporters we observed no difference in growth between strains in both rich 

and minimal media (data no shown), confirming previously reported findings under similar 

conditions (26). Rolfe et. al. have shown that S. Typhimurium accumulates Mn during lag phase 

growth in rich media, which correlated with upregulation of sitABCD and mntH transcript levels. 

We therefore reasoned that intracellular stores of Mn in the inoculum might have been sufficient 

to support the growth of Mn transporter mutants to WT levels in minimal media. By decreasing 

the inoculum to ~104 colony forming units (CFUs) per ml and measuring growth by enumerating 

viable bacteria over a period of 16 hours we observed a significant growth defect of the sitA 

mutant (Fig. 2.1A, left panel) but not of the mntH or zupT mutants (Fig. 2.1 D and E) in minimal 

media. Under these conditions, all strains grew to similar levels in rich media (Fig. 2.1, closed 
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shapes). Moreover, when both sitA and mntH were deleted, the resulting double mutant had a 

greater growth defect in M9 than the single sitA mutant  (Fig. 2.1B, left panel), whereas the 

additional inactivation of zupT did not result in further inhibition of growth (Fig. 2.1C, left 

panel). The growth defect of the mutant strains in M9 minimal media was dependent on 

manganese limitation, as supplementation with manganese chloride rescued the growth of each 

mutant to wild-type levels (Fig. 2.1 A-C, middle panels). In addition, complementation in trans 

with a low-copy plasmid encoding for the sitABCD operon was sufficient to restore the growth 

of each mutant to wild-type levels (Fig. 2.1, right panes). Taken together, these data are 

consistent with previous studies and show that SitABCD and MntH cooperate to promote the 

growth of S. Typhimurium in minimal media where low levels of manganese are available.  

 

Figure 2.1. Growth of S. Typhimurium wild-type and mutants under metal rich and metal 
limiting conditions. S. Typhimurium wild-type (WT) and manganese transporter deficient 
strains (sitA, mntH, zupT, sitA mntH, and sitA mntH zupT) were grown in either LB or M9 
minimal media (A-C left panels, D and E), or M9 minimal media supplemented with 5 µM 
MnCl2 (A-C middle panels). The WT S. Typhimurium strain and mutant strains complemented 
with a plasmid expressing the sit operon (sitABCD) were grown in M9 minimal media (A-C, 
right panels). Growth was determined by calculating the colony forming units (CFU) per ml of 
culture from plating dilutions of the cultures on LB at the indicated time points. Data represent 
the mean of 3 replicates ± S.E.M. Some errors are not visible due to a small degree of variation 
between assays. A significant difference in growth between WT and the manganese transporter 
deficient mutants is indicated by * (P value ≤ 0.05) and ** (P value ≤ 0.01). 
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Figure 2.1. Growth of S. Typhimurium wild-type and mutants under metal rich and metal 
limiting conditions. 
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Expression of the antimicrobial protein calprotectin, which binds manganese, is a known 

host strategy to limit manganese availability during infection (9). We thusly investigated whether 

manganese transporters would also be required for optimal growth of S. Typhimurium in rich 

media (LB) supplemented with calprotectin. The mechanisms by which calprotectin binds zinc 

and manganese was recently demonstrated (10, 11, 19, 21, 22). The two subunits of calprotectin, 

S100A8 and S100A9, interact to form two metal binding sites, termed Site I and Site II (see 

schemes in Figure 2.2). Site I requires the coordination of four histidines (H17 and H27 from 

S100A8 and H91 and H95 from S100A9), while Site II involves the coordination of three 

histidines and one aspartic acid (H20 and D30 from S100A9 and H83 and H87 from S100A8) 

(10, 11, 21). When the histidines in Site I are substituted with asparagines, the binding of 

calprotectin to manganese is abolished, while its zinc binding is only reduced (10). When Site II 

is inactivated by amino acid substitution, the binding to both zinc and manganese is reduced. 

Moreover, if both Site I and Site II are mutated, calprotectin looses its capability to sequester 

zinc and manganese (10, 11). 

To determine whether S. Typhimurium evades calprotectin-dependent Mn sequestration, 

we monitored the growth of the WT and Mn transporter deficient S. Typhimurium strains in rich 

media supplemented with either wild-type or mutant calprotectin (Fig. 2.2, 2.3, 2.4). As a control 

for calprotectin-mediated growth inhibition, we also measured the growth of a S. Typhimurium 

mutant lacking the high-affinity zinc transporter ZnuABC (znuA mutant), which is inhibited by 

wild-type calprotectin at concentrations similar to those found in the inflamed gut (12). As we 

previously observed (12), S. Typhimurium WT was only minimally inhibited by 125 µg/ml of 

calprotectin, while the growth of the znuA mutant was significantly impaired (Fig. 2.2A, 2.3A). 

Similarly, the growth of the sitA mntH mutant was only minimally attenuated by calprotectin 
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(Fig. 2.4A), suggesting that other metal transporters such as ZupT could contribute to evade 

calprotectin-mediated manganese sequestration, as previously shown in metal-chelated medium 

(28). Consistent with this prediction, growth of the sitA mntH zupT mutant was so markedly 

inhibited at ≥250 µg of calprotectin per ml that not a single viable mutant was recovered after 16 

hours of incubation (Fig. 2.2A, 2.3A). Our finding that ZupT contributes to the growth resilience 

of S. Typhimurium in media supplemented with calprotectin was also striking in light of the fact 

that the zupT mutant is not susceptible to growth inhibition by calprotectin (Fig. 2.4B). 

Nonetheless, the finding that the sitA mntH zupT mutant grew to WT levels in media containing 

125 µg/ml of calprotectin indicates that the concentrations of calprotectin needed to effectively 

sequester manganese from S. Typhimurium are higher than those needed for zinc sequestration.  

To determine if growth inhibition of the sitA mntH zupT mutant was in fact due to 

manganese sequestration by calprotectin, we tested whether we could rescue the growth defect of 

the sitA mntH zupT mutant in media supplemented with the calprotectin Site I mutant, which 

does not bind manganese (10). As predicted, Site I mutant calprotectin did not inhibit the growth 

of the sitA mntH zupT mutant but still hindered growth of the znuA mutant, although higher 

concentrations were needed (250-500 µg/ml of Site I mutant calprotectin, versus 125 µg/ml of 

wild-type calprotectin) (Fig. 2.2B, 2.3B, 2.4C). In contrast, a calprotectin Site II mutant, which 

has reduced ability to bind zinc and manganese (10), impaired the growth of both the znuA and 

the sitA mntH zupT mutant at higher concentrations (250-500 µg/ml)  (Fig. 2.2C, 2.3C, 2.4D). 

The importance of intact metal binding sites for the antimicrobial activity of calprotectin was 

further demonstrated when no growth inhibition of S. Typhimurium strains was observed in 

media supplemented with the Site I/Site II double mutant calprotectin (Fig. 2.2D, 2.3D). Overall, 
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these results demonstrate that the SitABCD, MntH and ZupT transporters help S. Typhimurium 

to overcome growth inhibition by calprotectin-mediated manganese sequestration. 

 

Figure 2.2. S. Typhimurium utilizes manganese transporters to evade calprotectin-
mediated growth inhibition in vitro. S. Typhimurium wild-type (WT), the znuA mutant and the 
sitA mntH zupT mutant were grown in LB supplemented with either (A) wild-type calprotectin 
(CP), (B) a Site I CP mutant, (C) a Site II CP mutant, or (D) a Site I/Site II CP double mutant at 
the indicated CP concentrations. Growth was determined by calculating the colony forming units 
(CFU) per ml of culture from plating dilutions of the culture on selective media at the indicated 
incubation times. A significant difference in growth between the WT and the znuA strain or the 
WT and the sitA mntH zupT strain is indicated by * (P value ≤ 0.05) and ** (P value ≤ 0.01). ND 
(not detected) indicates that viable bacteria were below the limit of detection (dashed line). 
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Figure 2.2. S. Typhimurium utilizes manganese transporters to evade calprotectin-
mediated growth inhibition in vitro. 
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Figure 2.3. (Related to Fig. 2.2) S. Typhimurium utilizes manganese transporters to evade 
calprotectin-mediated growth inhibition in vitro. S. Typhimurium WT, the znuA mutant and 
sitA mntH zupT mutant were grown in LB supplemented with either (A) wild-type calprotectin 
(CP), (B) a Site I CP mutant, (C) a Site II CP mutant, or (D) a Site I/Site II CP double mutant at 
the indicated CP concentrations. Growth was determined by calculating the CFUs per ml of 
culture from plating dilutions of the supplemented cultures on LB at 2, 5, 8, and 16 hours of 
incubation. A significant difference in growth between the WT and mutant strains is indicated by 
* (P value ≤ 0.05) or ** (P value ≤ 0.01). ND (not detected) indicates that viable bacteria were 
below the limit of detection (dashed line). 
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Figure 2.3. (Related to Fig. 2.2) S. Typhimurium utilizes manganese transporters to evade 
calprotectin-mediated growth inhibition in vitro. 
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Figure 2.4. (Related to Fig. 2.2 ) Growth of related manganese transporter mutants in LB 
media supplemented with calprotectin and LB media supplemented with high 
concentrations calprotectin mutants. S. Typhimurium WT, (A) sitA mntH, and (B) the zupT 
mutants were grown in LB or LB supplemented with wild-type calprotectin (CP) at the indicated 
concentrations. S. Typhimurium WT, znuA, and the sitA mntH zupT mutants where grown in LB 
or LB supplemented with either (C) 500 µg of the site I CP mutant per ml or (D) 500 µg of the 
site II CP mutant per ml. 
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Figure 2.4. (Related to Fig. 2.2 ) Growth of related manganese transporter mutants in LB 
media supplemented with calprotectin and LB media supplemented with high 
concentrations calprotectin mutants. 
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Manganese transporters help S. Typhimurium outgrow transporter deficient Salmonella 

mutants and commensal Escherichia coli in the inflamed gut.  

Once we established that the SitABCD, MntH and ZupT transporters cooperate to 

overcome calprotectin-mediated manganese sequestration, we set out to determine whether the 

levels of this metal were reduced in the gut upon S. Typhimurium infection. To this end, we 

employed the streptomycin-treated mouse colitis model of S. Typhimurium infection (37), in 

which mice develop intestinal inflammation characterized by influx of neutrophils and high 

levels of fecal calprotectin (12). As we previously observed for zinc (12) and iron (38), we also 

found that the concentration of fecal manganese was significantly reduced upon S. Typhimurium 

infection, dropping to approximately 57 mg/kg from 378 mg/kg in uninfected mice (Fig. 2.5C). 

The finding that manganese is limited in the inflamed gut prompted us to investigate whether 

manganese transporters would enhance S. Typhimurium colonization in this environment, as we 

had previously shown for iron and zinc transporters (1, 12, 38). To this end, we first compared 

the bacterial burden in the cecum of mice infected with either wild-type S. Typhimurium or 

mutants lacking one or multiple manganese transporters. We found that all of the mutants 

induced inflammation in the gut similar to wild-type levels (Fig. 2.6B), indicating that these 

strains retained virulence. Furthermore, all mutant strains colonized the inflamed gut to levels 

similar to wild-type (Fig. 2.6A), suggesting possible compensatory effects by the expression of 

other metal transporters. Nonetheless, when mice were infected with an equal mixture of S. 

Typhimurium wild-type and each of the manganese transporter mutants, the wild-type strain 

significantly outcompeted each mutant in the cecal content at every time point analyzed (Fig. 

2.5A). Moreover, the colonization advantage of S. Typhimurium wild-type was greater in 

competition with mutants where multiple manganese transporters were inactivated; as such, 
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wild-type S. Typhimurium outcompeted the sitA mntH zupT mutant up to 500 fold (Fig. 2.5A and 

2.5B). We confirmed that this was not due to changes in inflammatory status as these mice 

exhibited levels of inflammatory pathology comparable to mice infected with a single strain of S. 

Typhimurium (Fig. 2.6C). Furthermore, in the absence of streptomycin pre-treatment and thus of 

intestinal inflammation, the competitive advantage of wild-type was dramatically reduced and 

did not reach statistical significance at 48 and 96 hours p.i. (Fig. 2.6E). 

S. Typhimurium is not the only bacteria that can thrive in the inflamed intestinal 

environment. Related bacteria in the Enterobacteriaceae family can grow to high numbers during 

inflammation (39, 40). Like S. Typhimurium, host inflammatory byproducts also promote the 

growth of Escherichia coli (E. coli) during inflammation (41, 42). In addition, E. coli and S. 

Typhimurium share fitness determinants and of particular interest to this study they both encode 

the MntH transporter (31). Since growth of commensal E. coli has the potential to bloom under 

S. Typhimurium induced gastroenteritis, we sought to determine whether specialized manganese 

transporters gave S. Typhimurium a competitive advantage over commensal E. coli. We found 

that the competitive advantage of S. Typhimurium over E. coli was significantly decreased at 48 

and 96 h p.i. in a S. Typhimurium mutant lacking sitA mntH and zupT (Fig. 2.5D). This decrease 

in the competitive index was attributed to greater E. coli growth as well as a significant decrease 

in growth of the sitA mntH zupT S. Typhimurium mutant (Fig. 2.5E) suggesting that S. 

Typhimurium competition for manganese facilitates growth suppression of commensal E. coli 

while promoting S. Typhimurium growth. Taken together, our results show that the SitABCD, 

MntH and ZupT transporters provide a S. Typhimurium a growth advantage over bacterial 

competitors in the inflamed gut. 
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Figure 2.5. Manganese transporters help S. Typhimurium outgrow transporter deficient 
Salmonella mutants and commensal Escherichia coli in the inflamed gut. (A) C57BL/6 Mice 
were co-infected with an equal mixture of S. Typhimurium WT and a manganese transporter 
deficient strain, as indicated (n ≥ 7/group). Salmonella recovered from colon contents collected 
48-96 hours post-infection (p.i.) were used to calculate the competitive index (C.I.) by dividing 
the output ratio (CFU of the WT / CFU of the mutant) by the input ratio (CFU of the WT / CFU 
of the mutant). Bars represent the mean C.I. ± S.E.M. (B) Each circle represents the burden of S. 
Typhimurium WT (closed) and the sitA mntH zupT mutant (open) in colon contents of individual 
mice at 96 hours p.i. The bars are the geometric mean of the group, a significant difference is 
indicated by ** (P value ≤ 0.01). (C) Fecal manganese levels were determined by ICP-MS in 
samples collected from mock-infected (n = 4) or S. Typhimurium-infected (n = 4) mice 96 hours 
p.i. Bars represent the geometric mean ± S.D. A significant difference is indicated by ** (P value 
≤ 0.01). (D) Mice were co-infected with either an equal mixture of S. Typhimurium WT and 
commensal Escherichia coli (E. coli) or an equal mixture of S. Typhimurium sitA mntH zupT and 
E. coli. Bars represent the mean C.I. (STM / E. coli) ± S.E.M and a significant difference is 
indicated by ** (P value ≤ 0.01). (E) Each circle represents the burden of the S. Typhimurium 
strain (closed) and E. coli (open) in colon contents of individual mice at 96 hours p.i., a 
significant difference is indicated by * (P value ≤ 0.05) or ** (P value ≤ 0.01). 
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Figure 2.6. (Related to Figure 2.5) Single infections, histopathology of the cecum and 
colonization of the gut in the absence of intestinal inflammation. (A) C57BL/6 mice were 
infected with 109 bacteria of either the WT or a manganese transporter deficient strain of S. 
Typhimurium. Circles represent the bacterial burden in colon contents of individual mice 96 
hours post-infection (p.i.) and bars are the geometric mean of the group. Left panel is 
representative data from 2-3 experimental replicates (n = 5 mice per group per experiment). 
Right panel is data combined from 2 experiments (n = 10 mice infected with WT S. 
Typhimurium and n = 9 mice infected with the sitA mntH zupT infected mutant). (B-D) Blinded 
histopathology scores of the cecum of infected animals represented in Figures S4A, 2A, and 2D, 
respectively; each column represents an individual mouse, the gray quadrant includes scores 
indicative of moderate to severe inflammation. (E) Mice were co-infected with an equal mixture 
of WT S. Typhimurium and the sitA mntH zupT mutant (n = 5) in the absence of streptomycin 
pre-treatment. Colon contents were collected 48-96 hours p.i. and the competitive index (C.I.) 
was calculated by dividing the output ratio (CFU of the WT / CFU of the mutant) by the input 
ratio (CFU of the WT / CFU of the mutant). Bars represent the mean C.I. ± S.E.M. A significant 
difference in the competitive advantage of the WT strain over the sitA mntH zupT mutant strain 
is indicated by ** (P value ≤ 0.01). 
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Figure 2.6. (Related to Figure 2.5) Single infections, histopathology of the cecum and 
colonization of the gut in the absence of intestinal inflammation.  
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Manganese transporters contribute to S. Typhimurium resistance to calprotectin as well as 

to IL-22-dependent antimicrobial mechanisms.  

As manganese acquisition favors the growth of S. Typhimurium in the inflamed gut, we 

set out to determine whether the colonization defect of the mutants in manganese transporters 

could be rescued in mice that do not express calprotectin. To assess this, we employed S100a9-/- 

mice, which lack expression of both S100A8 and S100A9 due to decreased stability of the 

S100A8 protein without its binding partner (12, 43). When the S100a9-/- mice were infected with 

equal numbers of wild-type S. Typhimurium and of the sitA mutant, we observed a partial rescue 

in the cecal colonization of the sitA mutant at 48 hours but not at 72 or 96 hours after infection 

(Fig. 2.7A). Moreover, mutants lacking two (sitA mntH) or three (sitA mntH zupT) manganese 

transporters were similarly outcompeted by wild-type S. Typhimurium in both S100a9+/+ mice 

and S100a9-/- mice (Fig. 2.7B and 2.7C). We confirmed that both S100a9+/+ mice and S100a9-/- 

mice had similar induction of pro-inflammatory cytokines such as IL-17a and IL-22, as well as 

of the neutrophil chemoattractant Cxcl-1 (Fig. 2.7E). As expected, the expression of both 

subunits of calprotectin were highly induced in S100a9+/+ mice but not in S100a9-/- mice upon S. 

Typhimurium infection despite similar levels of neutrophil recruitment, indicated by the 

detection of myeloperoxidase (Fig. 2.7G and 2.8E) and by the histopathology (Fig. 2.8A-C). 

Taken together, these results suggest that other host factors may cooperate with calprotectin to 

sequester manganese from pathogens. While these host factors are unknown, we hypothesized 

that their expression may also increase during infection and may be induced by similar 

mechanisms as calprotectin.  

 We have previously found that both neutrophils and intestinal epithelial cells are a source 

of calprotectin during S. Typhimurium infection (12, 44). Whereas intestinal epithelial cells 
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normally express low levels of both S100A8 and S100A9, upregulation of IL-22 during S. 

Typhimurium infection induces the expression of both S100A8 and S100A9, as well as of other 

antimicrobial proteins including lipocalin-2 (44). Conversely, in mice that lack expression of IL-

22 (Il22-/- mice), the induction of antimicrobial proteins by epithelial cells is significantly 

reduced upon infection (44). As a result, we found that an S. Typhimurium strain susceptible to 

lipocalin-2 (iroN mutant) is outcompeted by wild-type S. Typhimurium in Il22+/+ mice, whereas 

it is rescued in Il22-/- mice, in which lipocalin-2 expression is low (44). Similarly, the 

colonization defect of the znuA mutant, which is susceptible to calprotectin, is partly rescued in 

Il22-/- mice, in which calprotectin expression levels are reduced (44). Because IL-22 induces the 

expression of known metal-binding proteins such as lipocalin-2 and calprotectin and thus it 

appears to be one of the regulators of nutritional immunity (44), we hypothesized that this 

cytokine may also induce the expression of other unknown antimicrobial proteins that may 

cooperate with calprotectin to sequester manganese in the host. In agreement with this 

hypothesis, we were able to partly rescue the sitA mntH zupT mutant in Il22-/- mice (Fig. 2.7D). 

Specifically, we recovered an average of 88 wild-type S. Typhimurium for each sitA mntH zupT 

mutant at 48 hours post-infection in Il22+/+ mice, but only 5 wild-types for each mutant in Il22-/- 

mice. Similarly, at 96 hours post-infection we recovered an average of 505 wild-type for each 

mutant in Il22+/+ mice, but only 35 wild-type for each mutant in Il22-/- mice. We also observed 

similar levels of upregulation of pro-inflammatory genes and degree of inflammation at the 

histopathology in both Il22+/+ mice and Il22-/- mice upon infection (Fig. 2.7F and 2.8D), as we 

did in our previous study (44). Nonetheless, the expression of both subunits of calprotectin was 

not lower in Il22-/- mice (Fig. 2.7H and 2.8F) 96 h p.i. Altogether, these results point to a role of 

IL-22 in inducing the expression of unknown host factor(s) that cooperate with calprotectin to 
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sequester manganese, and further support the notion that metal transporters help S. Typhimurium 

compete for a niche in the inflamed gut by allowing the pathogen to evade host nutritional 

immune responses.     

 

Figure 2.7. Manganese Transporters contribute to S. Typhimurium resistance to 
calprotectin as well as to IL-22-dependent antimicrobial mechanisms. S100a9+/+ (white bars) 
or S100a9-/- (black bars) C57BL/6 mice were co-infected with an equal mixture of S. 
Typhimurium WT and either (A) the sitA mutant (n ≥ 6/group), (B) the sitA mntH mutant (n ≥ 
5/group), or (C) the sitA mntH zupT mutant (n ≥ 7/group). Bars represent the mean C.I. (STM 
WT / STM manganese transporter mutant) ± S.E.M. (D) Il-22+/+ (white bars) or IL-22-/- (grey 
bars) C57BL/6 mice were co-infected with an equal mixture of S. Typhimurium WT and the sitA 
mntH zupT mutant (n ≥ 7/group). Bars represent the mean C.I. (STM WT / STM sitA mntH zupT) 
± S.E.M. A significant difference between the C.I. in S100a9+/+ mice and the C.I. in S100a9-/- 

mice or between the C.I. in Il22+/+ mice and the C.I. in Il22-/- mice is indicated by * (P value ≤ 
0.05). (E and F) Transcript levels of Il17a, Il22, and Cxcl1 were determined in wild-type 
littermates (white bars), S100a9-/- mice (black bars) and Il22-/- mice (grey bars) relative to 
uninfected wild-type littermates. Bars represent the mean of at least four replicates ± S.E.M., ND 
= not detected. (G and H) S100A8, S100A9, myeloperoxidase (MPO), and tubulin were detected 
by immunoblot in the cecum of S. Typhimurium co-infected mice. Mouse genotypes are 
indicated. 

 



57 	  

 

Figure 2.7. Manganese Transporters contribute to S. Typhimurium resistance to 
calprotectin as well as to IL-22-dependent antimicrobial mechanisms. 
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Figure 2.8. (Related to Figure 2.7) Histopathology of the cecum and quantification of 
immunoblot. (A-D) Blinded histopathology scores of the cecum of S100a9+/+, S100a9-/-, Il22+/+, 
and Il22-/- infected animals, represented in Figures 3A, 3B, 3C, and 3D; each column represents 
an individual mouse, the gray quadrant includes scores indicative of moderate to severe 
inflammation. (E and F) Intensities of bands on immunoblots in Figure 3G and 3H were 
quantified using the Fuji ImageGauge/MultiGauge software (Fujifilm). Relative arbitrary units 
were calculated for S100A8, S100A9 and MPO by dividing the protein:tubulin band intensity 
ratio of infected animals by the protein:tubulin band intensity ratio of mock infected animals. 
Bars represent the mean relative arbitrary units ± S.E.M. 
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Figure 2.8. (Related to Figure 2.7) Histopathology of the cecum and quantification of 
immunoblot. 
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2.4 Discussion 

 To successfully colonize a host, pathogens must acquire key metal micronutrients like 

iron, zinc and manganese (45). In response to infection, humans and other mammals restrict 

access to essential metals in a process termed nutritional immunity (46). Infection by S. 

Typhimurium leads to a strong intestinal inflammatory response that includes the induction of 

metal withholding antimicrobial proteins like lipocalin-2 and calprotectin in enterocytes (47). 

Lipocalin-2 and calprotectin are also highly expressed in neutrophils that infiltrate the site of 

infection in large numbers (45). Despite the iron-withholding capacity of lipocalin-2 and zinc 

sequestration by calprotectin, S. Typhimurium successfully competes for iron and zinc through 

specialized mechanisms of metal acquisition, features that have also been shown to promote the 

growth of Salmonella in the inflamed gut (1, 12, 44). Calprotectin also binds strongly to 

manganese but it was not known if S. Typhimurium overcomes manganese sequestration in the 

inflamed gut. The goal of this study was to determine if the manganese transporters of S. 

Typhimurium help the pathogen overcome calprotectin-mediated manganese sequestration, and 

if by doing so, these transporters contribute to the growth advantage of S. Typhimurium in the 

inflamed gut. 

Here we report the S. Typhimurium uses the SitABCD, MntH and ZupT transporters to 

grow under manganese limiting condition. We found that growth of the sitA mutant was 

attenuated in M9 minimal media but the growth of the mntH or zupT mutants was not affected 

under similar conditions (Fig 2.1). Thus, it appeared that SitABCD is the major contributor to 

manganese uptake in S. Typhimurium and that MntH and ZupT play a redundant role under the 

conditions tested. The larger growth defected observed with the sitA mntH mutant further 

demonstrated that in the absence of SitABCD, the MntH transporter contributes to the growth of 
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S. Typhimurium. We were not able to determine whether ZupT promotes the growth of S. 

Typhimurium in M9 media because deletion of zupT in the sitA mntH mutant background did not 

appear to enhance the growth defect of the sitA mntH mutant. Although some divalent cation 

transporters are highly specialized under optimal conditions to transport only a small range of 

specific metal ions, or a unique metal ion, many of these transporters can allow passage of a 

broader range of metals under suboptimal conditions (i.e., high metal concentration or changes in 

pH) (48). It is possible that metal uptake by ZupT contributes to the growth of S. Typhimurium 

but other metal transporters expressed in the sitA mntH zupT mutant may be masking this 

contribution. 

In contrast to M9 media, when we monitored the growth of S. Typhimurium wild-type 

and manganese transporter mutants in media supplemented with calprotectin, we found that 

SitABCD, MntH and ZupT were all important in helping S. Typhimurium overcome 

calprotectin-mediated growth inhibition (Fig 2.2-2.4). Using calprotectin mutants defective in 

either zinc or manganese binding, in combination with S. Typhimurium mutants that lack either 

zinc or manganese transporters, we found that S. Typhimurium uses manganese transporters to 

specifically compete with calprotectin for manganese and not zinc. This is consistent with studies 

in Staphylococcus aureus that demonstrated this pathogen expresses manganese transporters to 

evade calprotectin-mediated manganese withholding (25). Although we have shown that S. 

Typhimurium can overcome calprotectin-mediated manganese sequestration with a genetic 

approach (i.e., by mutations in Salmonella and in the S100a9 and S100a8 subunits of 

calprotectin), our findings could be further extended by the addition of metal ions to our assays. 

We could add manganese, or other metals like zinc or iron, to our calprotectin assay to test 

whether we can rescue growth inhibition of the sitA mntH zupT mutant by calprotectin. This 
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assay can help us to determine if it is truly manganese acquisition, and not the capture of other 

metals, that aids S. Typhimurium in resisting calprotectin-mediated growth inhibition. 

In addition to being important for promoting S. Typhimurium growth in media 

supplemented with calprotectin, we also demonstrated that the manganese transporters contribute 

to the growth of S. Typhimurium in the inflamed gut. This contribution to S. Typhimurium 

growth was observed only in the presence of a competitor, be it an isogenic strain of S. 

Typhimurium or a closely related commensal Escherichia coli. In the absence of a competitor, 

when mice were infected with a single strain of S. Typhimurium, lacking one or multiple 

manganese transporters, the manganese transporter deficient mutants grew to wild-type levels in 

the inflamed gut. However, when mice were co-infected using either wild-type S. Typhimurium 

or manganese transporter deficient mutants to compete with commensal E. coli, we found that 

Salmonella that expressed SitABCD, MntH and ZupT had a competitive advantage over E. coli. 

The requirement for the presence of a competitor to observe the manganese transporter 

contribution to intestinal colonization suggests that the pool of free manganese in the inflamed 

gut may not be manganese-limiting and only becomes so in the presence of high numbers of 

other microbial colonizers that also grow in this environment and compete for metal resources 

(49). Even though we observed lower levels of manganese in the feces of S. Typhimurium 

infected mice compared to uninfected mice, suggesting an overall lower manganese 

concentration in the gut of infected animals, it is possible that Salmonella acquires manganese 

through mechanisms other than SitABCD, MntH and ZupT. Consistent with this idea, it is 

possible for siderophores that microorganisms use for iron uptake to complex with manganese 

instead of iron (50). Future studies that examine alternative pathways for manganese uptake in S. 
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Typhimurium could helps us understand why manganese transporters deficient Salmonella 

thrives in the inflamed gut in the absence of a competitor. 

 Given that manganese transporters provide S. Typhimurium a competitive advantage at 

colonizing the inflamed gut, we sought to determine if this was dependent on calprotectin 

expression. We found that the growth defect of the manganese transporter deficient mutants was 

not rescued in calprotectin (S100a9-/-) deficient mice. We reasoned that the growth defect of the 

manganese transporter mutant in S100a9-/- mice could be a consequence of manganese 

sequestration through a calprotectin-independent mechanism. The cytokine IL-22 is highly 

expressed during S. Typhimurium gastroenteritis and contributes to the induction of several 

antimicrobial proteins, including those that mediate nutritional immunity like lipocalin-2 and 

calprotectin (44). Therefore, we reasoned that IL-22 could possibly promote the induction of 

unknown manganese-binding antimicrobial proteins, which could contribute to manganese 

sequestration in the absence of calprotectin. Indeed, by using Il22-/- mice we observed a partial 

rescue in the growth defect of the sitA mntH zupT mutant, indicating that S. Typhimurium uses 

manganese transporters to overcome IL-22-mediated responses to grow in the inflamed gut. The 

fact that manganese transporters were important for S. Typhimurium resistance to IL-22-

mediated responses, along with our observation that levels of S100A8 and S100A9 were 

comparable in Il22-/- mice to wild-type littermates, supports the notion that there may be IL-22-

dependent, calprotectin-independent mechanisms of manganese sequestration in the inflamed 

gut. IL-22 also promotes the expression of dual oxidase 2 (Duox2) on the apical surface, a 

flavoprotein that generates the ROS hydrogen peroxide (H2O2) in the intestinal lumen (51). 

Therefore, an alternative explanation for our observations in Il22-/- mice could be that the growth 

rescue of the sitA mntH zupT mutant is a result of diminished levels of reactive oxygen species in 
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Il22-/- mice. The susceptibility of the sitA mntH zupT mutant to reactive oxygen species and the 

role of manganese transporters in mitigating oxidative stress is examined in the following 

chapter. 

 

2.5 Materials and Methods 

Bacterial Strains and Culture Conditions 

IR715 is a fully virulent, nalidixic acid-resistant derivative of S. Typhimurium wild-type 

isolate ATCC 14028 (52). Construction of S. Typhimurium derivatives carrying mutations in 

sitA, mntH, and zupT are described below. A complete list of strains, plasmids, and primers used 

in all experiments is provided in Tables 2.1, 2.2 and 2.3. All cultures of S. Typhimurium and 

Escherichia coli were incubated aerobically at 37°C in Luria-Bertani (LB) broth (per liter: 10 g 

tryptone, 5 g yeast extract, 10 g NaCl) or on LB agar plates (1.5% Difco agar) unless otherwise 

noted. Antibiotics and other chemicals were added at the following concentrations (mg/l) as 

needed: carbenicillin (Carb), 100; chloramphenicol (Cm), 30; kanamycin (Km), 100; nalidixic 

acid (Nal), 50; 5-bromo-4-choloro-3-indoyl-B-D-galactopyranoside (Xgal), 40. 

Construction of mutants in S. Typhimurium  

To construct S. Typhimurium mutant strains carrying a deletion of sitA, mntH and zupT, 

DNA regions flanking the gene of interest (5’ flanking region, FR1; 3’ flanking region, FR2) of 

approximately 1000 bp in length were amplified by PCR with primers listed in Table S2. A 

BamHI restriction site was added to the 5’ end of the external primers and a XbaI restriction site 

was added to the 5’ end of the internal primers. To facilitate amplifying FR1 and FR2 in tandem 
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by nested PCR six complementary nucleotides were added on the internal primers upstream and 

downstream the XbaI site. For nested PCR, FR1 and FR2 were PCR amplified in separate 

reactions. The PCR products were diluted 10-fold and used in a second round of PCR containing 

the external primers to amplify FR1 and FR2 in tandem (FR1-FR2). A PCR product of the 

predicted size was gel purified and ligated to the pCR2.1 vector (TOPO TA Cloning Kit, 

Invitrogen). The recombinant vector reaction was used to transform E. coli TOP10 cells and 

transformants were plated on LB+Carb+Xgal agar. Plasmid DNA was purified from white 

colonies (QIAPrep Spin Miniprep Kit, QIAGEN) and digested with EcoRI to screen for the 

correct linearized plasmid and insert fragment sizes. Positive clones were confirmed by 

sequencing the insert with M13 forward and reverse universal primers. The correct plasmids 

were digested with BamHI and the FR1-FR2 fragment were gel purified and ligated to BamHI 

digested suicide vector pRDH10. E. coli CC118 λpir cells were transformed with the ligation and 

transformants were plated on LB+Cm agar to select for the Cm resistance encoded by pRDH10. 

The pBS34 plasmid containing a genetic cassette for Kanamycin resistance (KSAC) was 

digested with XbaI and the resistance cassette was ligated into the suicide vectors digested with 

XbaI. E. coli S17-1 λpir cells were transformed with the resulting plasmids and transformants 

were plated on LB+Kan agar for selection. The resulting suicide vectors were then introduced 

into S. Typhimurium IR715 cells by conjugation. S. Typhimurium transconjugants were 

positively selected using LB+Nal+Kan, and colonies with double cross-over events were 

screened for by loss of Cm resistance. Mutants were then further confirmed by Southern blot 

analysis.  

To generate an S. Typhimurium mutant with deletions in both sitA and mntH sucrose 

selection was first used to produce a mutant with a clean deletion in mntH (ΔmntH). This strain 
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was termed VDO31 after the clean deletion was confirmed by Southern blot analysis. To 

generate a deletion of sitA, plasmid pVO11 was introduced into VDO31 cells by conjugation. 

The strain was termed VDO32 after the ΔmntH and sitA(+1 to +913)::KSAC mutations were 

confirmed by Southern blot analysis. 

To generate an S. Typhimurium mutant with deletions in sitA, mntH and zupT, a tetRA 

cassette was inserted in the suicide vector between the flanking regions of the sitA gene to give 

rise to the plasmid pVO3, which was then conjugated into strain VDO31. The resulting mutant 

strain was termed VDO40 after the ΔmntH and sitA(+1 to +913)::tetRA mutations were 

confirmed by Southern blot analysis. To generate a deletion of zupT, plasmid pAP7 was 

introduced into VDO40 cells by conjugation. The strain was termed VDO43 after the ΔmntH, 

sitA(+1 to +913)::tetRA, and zupT(+29 to +733)::KSAC mutations were confirmed by Southern 

blot analysis. 

Genetic Complementation of the Manganese Transporter Deficient Strains 

To complement the manganese transporter deficient strains, the sitABCD operon, 

including the promoter region, was amplified by PCR using primers 17 and 18 (Table S2) and 

ligated to the pCR2.1 vector (TOPO TA Cloning Kit, Invitrogen) to generate pVO5. The region 

containing the sitABCD operon was then subcloned into the low-copy vector pWSK30 to 

generate pVO6, S. Typhimurium mutant strains were transformed with pVO6 by electroporation 

for complementation in trans. 

Bacterial Growth Assays in LB and M9 Minimal Media 

S. Typhimurium wild-type or mutants were tested for their ability to grow under nutrient 

rich (LB) and nutrient limiting conditions (M9 minimal media per liter; 7.5g Na2HPO4, 3g 
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KH2PO4, 0.5g NaCl, 1g NH4Cl, 0.1mM CaCl2, 0.5mM MgSO4, 0.2% glucose). Inocula were 

prepared from overnight cultures of the strains grown aerobically in LB at 37 ºC with agitation. 

Absorbance (λ=600nm) of the overnight cultures was determined by spectrophotometry and used 

to calculate the volume required to obtain 109 cells. To prepare LB inoculum, 109 cells were 

harvested by centrifugation, resuspended in 1 ml of LB, and serially diluted. To prepare M9 

minimal media inoculum, 109 cells were washed twice in M9, resuspended in 1 ml of M9, and 

serially diluted. LB or M9 minimal media was inoculated with a starting culture of 

approximately 104 cells/ml. Growth was monitored by determining the number of colony 

forming units (CFUs) per ml of culture at 0, 2, 5, 8, and 16 hours of incubation at 37 ºC with 

agitation. When indicated, M9 was also supplemented with 5 µM MnCl2. Each experiment was 

repeated a minimum of three times. 

Bacterial Growth Assays in LB Supplemented with Calprotectin 

S. Typhimurium wild-type or mutants were tested for their ability to grow in LB 

supplemented with wild-type and mutant calprotectin (CP). To prepare inoculums, all strains 

were grown in M9 minimal media at 37 ºC for 20 hours with agitation. Absorbance (λ=600nm) 

of the overnight cultures was determined by spectrophotometry and used to calculate the volume 

required to obtain 109 cells. Resuspended cells were serially diluted 10,000 fold in M9 minimal 

media and 10 µl were the used to inoculate the wells of a 96-well Nunclon Surface plate (Nunc). 

Each well contained 100 µl of a 10:28:62 ratio of inoculum to LB media to CP buffer (20 mM 

Trish pH 7.5, 100 mM β-mercaptoethanol, 3 mM CaCl2). Recombinant wild-type and mutant CP 

were produced as described elsewhere (10). Wild-type and mutant CP was added to the media to 

final concentrations of 0, 62.5, 125, 250, and 500 µg of the protein per ml prior to inoculation. 

The 96-well plate was incubated at 37 ºC with 5% CO2. Growth of the wild-type and mutant S. 
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Typhimurium strains was monitored by determining the CFUs per ml of culture at 2, 5, 8, and 16 

hours of incubation. For growth under anaerobic conditions (3% hydrogen, 5% carbon dioxide, 

and 92% nitrogen), inocula were prepared inside a Bactron II Anaerobic Chamber (Shell Lab). 

Strains were grown under anaerobic conditions in M9 minimal media at 37 ºC for 24 hours and 

no agitation. Wild-type CP was added to LB media to final concentrations of 0, 125, and 250 µg 

of the protein per ml prior to inoculation. The 96-well plate was placed in a moist chamber and 

incubated in anaerobic conditions at 37 ºC. Growth of the wild-type and mutant S. Typhimurium 

strains was monitored by determining the CFUs per ml of culture at 2 and 16 hours of 

incubation. Each experiment was repeated a minimum of three times. 

Measurement of Manganese in Fecal Samples by ICP-MS 

C57BL/6 mice were treated with streptomycin and mock infected or infected with the 

wild-type strain of S. Typhimurium as described. At 96 hours post-infection, fecal pellets were 

collected with plastic forceps and placed in glass containers that were previously cleaned with 

nitric acid to remove metal contamination. The fecal pellets were then autoclaved to kill all 

bacteria. Sample analysis was performed by Applied Speciation (Bothell, WA) as described by 

(9). Briefly, the fecal samples from 4 infected and 4 mock-infected mice were digested by 

boiling in nitric acid and hydrochloric acid. The samples were then resuspended in water and 

analyzed by inductively coupled plasma dynamic reaction cell mass spectrometry (ICP-DRC-

MS). Aliquots of each sample are introduced into a radio frequency (RF) plasma where energy 

transfer process causes desolvation, atomization, and ionization. The ions were extracted from 

the plasma through a differentially-pumped vacuum interface and traveled through a pressurized 

chamber (DRC) containing a specific reactive gas, which preferentially reacts with interfering 

ions of the same target mass to charge ratios (m/z). A solid-state detector detected ions 
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transmitted through the mass analyzer, on the basis of their mass-to-charge ratio (m/z), and the 

resulting current was processed by a data handling system. The results were reported as 

manganese per kg of dry weight. 

Animal Infections 

C57BL/6 mice, S100a9-/- mice, and Il22-/- mice were used in our study. C57BL/6 mice 

were purchased from Taconic Farms. S100a9-/- mice were generated as described by (43), and 

Il22-/- mice were generated as described by (53).  S100a9-/- mice and Il22-/- mice were bred at the 

University of California, Irvine and wild-type littermates were used in the experiments. One day 

prior to infection, mice were given streptomycin (1 mg per gram of mouse) by oral gavage. 

Twenty-four hours after streptomycin treatment, mice were infected with either 1x109 CFU of a 

single S. Typhimurium strain or co-infected with 1x109 CFU of a mixture of two S. 

Typhimurium strains at a 1:1 ratio. Colon contents were collected 48-96 hours post-infection 

(p.i.), serially diluted, and plated on selective media to determine the CFUs of each strain of S. 

Typhimurium used in the infection. The cecum was also harvested 96 hours p.i. for mRNA, 

protein, and histopathology. In mice co-infected with two strains of S. Typhimurium the 

competitive index was calculated by dividing the output ratio (CFU of the wild-type divided by 

CFU of the mutant) by the input ratio (CFU of the wild-type divided by CFU of the mutant). 

Western Blotting 

Total protein was extracted from mouse cecum tissue using Tri-Reagent (Molecular 

Research Center). Protein concentration was determined by colorimetric spectrophotometry 

using the Micro BCA Protein Assay Kit (Thermo Fischer) and 15 µg of total protein was 

separated by SDS-15% PAGE. The protein was electroblotted to PVDF membranes, blocked 
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with 2% non-fat dried milk and incubated overnight at 4 °C with polyclonal goat anti-mouse 

S100A8, polyclonal goat anti-mouse S100A9 (R&D Systems), polyclonal goat anti-human and 

mouse myeloperoxidase (R&D Systems), or polyclonal rabbit anti-mouse α/β-tubulin (Cell 

Signaling Technology). The following day blots were washed followed by incubation for 1 hour 

with horseradish peroxidase conjugated anti-rabbit or anti-goat secondary antibodies (Jackson 

Immuno Research). The blots were washed then developed using the Immobilon Western 

Luminol Reagent and Peroxide Solution (Millipore) as per manufacture’s instructions. Digital 

images of the blots were captured using the Fujifilm LAS 400. 

Quantitative Real-Time PCR 

Total RNA was extracted from mouse cecal tissue using Tri-Reagent (Molecular 

Research Center). Reverse transcription of 1 µg of total RNA was performed using the 

Transcription First Strand cDNA synthesis kit (Roche). Quantitative real-time PCR (qRT-PCR) 

for the expression of ActB, Il17a, Il22, S100a8, S100a9, and Cxcl1 (supplementary table 3) were 

performed using the LightCycler 480 SYBR Green Master on the LightCycler 480 II (Roche). 

Conditions for qRT-PCR were 95 °C for 5 minutes followed by 45 cycles of 95 °C for 10 

seconds followed, 60 °C for 10 seconds, and 72 °C for 15 seconds. Gene expression was graphed 

as fold-changes in expression relative to uninfected controls as calculated by the ΔΔ Ct method 

after normalizing to β-actin expression. 

Histopathology 

Tissue samples were fixed in formalin, processed according to standard procedures for 

paraffin embedding, sectioned at 5 µm, and stained with hematoxylin and eosin. The pathology 

score of cecal samples was determined by blinded examinations of cecal sections from a board-
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certified pathologist using previously published methods (1, 37). Each section was evaluated for 

the presence of neutrophils, mononuclear infiltrate, submucosal edema, surface erosion, 

inflammatory exudates, and cryptitis. Inflammatory changes were scored from 0 to 4 according 

to the following scale: 0 = none; 1 = low; 2 = moderate; 3 = high; 4 = extreme. The inflammation 

score was calculated by adding up all the scores obtained for each parameter and interpreted as 

follows: 0-2 = within normal limit; 3-5 = mild; 6-8 = moderate; 8+ = severe. 

Statistical Analysis 

Differences between treatment groups were analyzed by ANOVA followed by Student’s t 

test. A P value equal or below 0.05 was considered statistically significant. 
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Table 2.1. Bacterial strains this study. 

Designation Genotype Source or Reference 

Escherichia coli strains  

CC118 λpir 

 

F- araD139 Δ(ara, leu)7697 ΔlacX74 phoAΔ20 galE 
galK thi rpsE rpoB argEam recA1 λpir 

 

(54) 

DH5α MCR 

 

F- mcrA Δ (mrr-hsdRMS-mcrBC) F80dlacZM15 
(lacZYA-argF)U169 deoR recA1 endA1 phoA 

supE44l- thi-1 gyrA96 relA1 

 

Gibco BRL 

S17-1 λpir 
F- recA thi pro rK- mK+ RP4:2-Tc::MuKm Tn7 λpir 

 
(54) 

Salmonella enterica serovar Typhimurium strains  
IR715 ATCC 14028, NalR derivative (52) 

VDO25 IR715, ΔsitA (+1 to +913)::KSAC This study 

VDO29 IR715, ΔmntH (-120 to +1117)::KSAC This study 
VDO31 IR715, ΔmntH (-120 to +1117)::scar This study 

VDO32 
IR715, ΔmntH (-120 to +1117)::scar ΔsitA (+1 to 
+913)::KSAC This study 

VDO43 
IR715, ΔmntH (-120 to +1117)::scar ΔsitA (+1 to 
+913)::tetRA ΔzupT (+29 to +733)::KSAC This study 

VDO38 IR715, ΔsodA (-98 to +583)::kan This study 

VDO39 IR715, ΔkatN (+48 to +829)::kan This study 

DL2 
IR715, ΔsodA (-98 to +583)::scar ΔkatN (+48 to 
+829)::kan This study 

JZL3 IR715, ΔznuA::Cm (12) 

AP3 IR715, ΔzupT (+29 to +733)::KSAC (55) 
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Table 2.2. Plasmids used in this study. 

Designation Genotype Source or Reference 

pCR2.1 TOPO Cloning Vector (CarbR, KanR) 
Invitrogen 

pBS34 pBluescript II KS (+), (CarbR, KanR, KSAC cassette) 
 

pSPN23 pBluescript II KS (+), (CarbR, TcR, tetRA cassette) (1) 

pBKS pBluescript II KS (-), CarbR, lacZα  

pRDH10 oriR6K, CmR, TCR, sacRB (56) 
pHP45Ω StrepR, CarbR (57) 

pACYΩ StrepR, CmR Takeshi Haneda and 
Andreas Bäumler 

pWKS30 pSC101 ori, CarbR, lacZα (58) 

pVO1 pCR2.1::FR1::FR2 sitA 
This study 

pVO2 pRDH10::FR1::FR2 sitA 
This study 

pVO3 pVO2::TetRA 
This study 

pVO4 pCR2.1::FR1 sitA probe 
This study 

pVO5 pCR2.1::sitABCD 
This study 

pVO6 pWSK30::sitABCD 
This study 

pVO7 pCR2.1::FR1::FR2 mntH 
This study 

pVO8 pRDH10::FR1::FR2 mntH 
This study 

pVO10 pCR2.1::FR1 mntH probe 
This study 

pVO11 pVO2::KSAC 
This study 

pVO12 pVO8::KSAC 
This study 

pAP4 pRDH10::FR1::FR2 zupT 
(55) 

pAP7 pAP4::KSAC 
(55) 

pKD4 pANTSγ, (KanR) (59) 
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Table 2.3. Primers used in this study. 

Designation Purpose Sequence (5’ to 3’) 

1 5' flanking region of sitA 
construct 

ATATGGATCCGGCGTAATATCGACAGCA 

2 5' flanking region of sitA 
construct 

ACTCATTCTAGAAGTATCCCTCGCAACAAT
GTG 

3 3' flanking region of sitA 
construct 

GATACTTCTAGAATGAGTCAATCTGCGATT
ACC 

4 3' flanking region of sitA 
construct 

TATAGGATCCGACGCCAGGCACAATAGAGT
G 

5 5' flanking region of mntH 
construct 

TAATGGATCCTTTACCGTGGCGTGATGAA 

6 5' flanking region of mntH 
construct 

CATCGTTCTAGATTGTCGTGCTGGTCGTC 

7 3' flanking region of mntH 
construct 

CGACAATCTAGAACGATGACGACCTGTATC
AG 

8 3' flanking region of mntH 
construct 

TAATGGATCCGAGATGCTGTAGCCGAACC 

9 5' flanking region of zupT 
construct 

GCCATAGGATCCCGAGATGTTTTCCACC 

10 5' flanking region of zupT 
construct 

CTTCAGTCTAGAGTAAGGTCAGAATAAGTG 

11 3' flanking region of zupT 
construct 

TTTCTTTCTAGAGGCTCAGTCTCGTCAT 

12 3' flanking region of zupT 
construct 

ATTCTTGGATCCTGCCGTCTTCTTTGCG 

13 confirming sitA deletion by 
Southern blot analysis 

CGCTTCCCCTTCACTTCTTG 

14 confirming mntH deletion by 
Southern blot analysis 

GGAGAGAAAGTATGTTCAGG 

15 confirming zupT deletion by 
Southern blot analysis 

CCCACGCTTCTTTATCG 

16 confirming zupT deletion by 
Southern blot analysis 

ACTGACATCCATTACTC 

17 sitABCD expression vector 

 

ACTTGGATCCCGTGCTCTCTCCGAACATTA 

18 sitABCD expression vector 

 

TAACGAATTCATAAGGTTGCCTGCCAGA 

19 confirming sodA deletion by 
PCR 

AACAGGCGGTTTCGGTTGGA 

20 confirming sodA deletion by 
PCR 

TGCATCTGCTGCTCCTTACG 
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Designation Purpose Sequence (5’ to 3’) 

oli228 sodA H1+P1, one step 
inactivation 

GCGGATGCCGTAACGTTTATAACCCTGGAA
AAAGTACGGCTGTAGGCTGGAGCTGCTTCG 

oli229 sodA H2+P2, one step 
inactivation 

AATTATTTTTTAGCGGCGAAACGCGCTGCT
GCTTCGTCCCCATATGAATATCCTCCTTAG 

oli230 sodA K1 primer pair 

 

CGGTTGGAGGCGTAAAAAAC 

K1 antibiotic resistance cassette, 
internal primer 

CAGTCATAGCCGAATAGCCT 

K2 antibiotic resistance cassette, 
internal primer 

CGGTGCCCTGAATGAACTGC 

M13 Fw sequencing 

 

TGTAAAACGACGGCCAGT 

M13 Rv sequencing 

 

CAGGAAACAGCTATGACC 

 

Table 2.4 Quantitative real-time PCR primers. 

Species Target Primer Pairs 

Mus musculus Il22 5’- GGCCAGCCTTGCAGATAACA -3’  
5’- GCTGATGTGACAGGAGCTGA -3’ 

Mus musculus Il17a 5’-GCTCCAGAAGGCCCTCAGA-3’  
5’-AGCTTTCCCTCCGCATTGA-3’ 

Mus musculus Cxcl-1 5’-TGCACCCAAACCGAAGTCAT-3’  
5’-TTGTCAGAAGCCAGCGTTCAC-3’ 

Mus musculus ActB 5’-GGCTGTATTCCCCTCCATCG-3’ 
5’-CCAGTTGGTAACAATGCCATGT-3’ 
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CHAPTER 3 

 

Mn2+ Acquisition in the Inflamed Gut Helps Salmonella Mitigate Oxidative Stress 

 

3.1 Summary 

Salmonella Typhimurium is a pathogen that elicits an acute intestinal inflammatory 

response upon infection. This inflammatory response is hostile to bacterial growth in part 

because of the induction of host antimicrobial proteins that sequester essential metal nutrients 

like manganese but also because of the production of reactive oxygen and nitrogen species that 

cause cellular damage (1). Nevertheless, S. Typhimurium thrives in the inflamed gut by 

overcoming iron and zinc starvation (2, 3), and as we showed in the previous chapter, manganese 

starvation as well. Here we expand on our studies detailed in Chapter 2 to demonstrate that, 

under anaerobic conditions, calprotectin (CP) lacked antimicrobial activity against the sitA mntH 

zupT mutant, suggesting that S. Typhimurium may need to acquire Mn2+ to mitigate oxidative 

stress. Two Mn2+-dependent enzymes that S. Typhimurium utilizes to neutralize reactive oxygen 

species are the superoxide dismutase SodA and the catalase KatN. Here we show that CP inhibits 

the growth of a S. Typhimurium mutant lacking SodA but had no effect on the growth of a 

mutant lacking KatN. However, both SodA and KatN were important for the growth of S. 

Typhimurium in the inflamed gut, as the wild-type strain outcompeted the sodA, katN, and sodA 

katN mutants. To determine if manganese-dependent antioxidant activity relied on the expression 

of manganese transporters in the inflamed gut, we co-infected mice with equal numbers of the 

sodA katN and sitA mntH zupT mutants. We recovered the sodA katN and sitA mntH zupT mutant 

strains from the colon content of mice in equal numbers suggesting that expression of manganese 
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transporters is indeed crucial for SodA and KatN activity. We also found that we could partially 

rescue the growth defect of the sitA mntH zupT and sodA mutants in Cybb-/- mice, which have a 

defect in the oxidative burst, or alternatively by depleting neutrophils in wild-type C57BL/6 

mice. These findings demonstrate that S. Typhimurium uses manganese transporters and SodA to 

grow amidst the host oxidative burst, which is largely mediated through massive neutrophil 

infiltration. Further rescue of the growth defect of the sitA mntH zupT mutant was accomplished 

in Cybb-/- S100a9-/- double deficient mice, presumably because they lack some ability to enhance 

oxidative stress through calprotectin-mediated manganese sequestration. Altogether, these data 

suggest that S. Typhimurium growth in the hostile environment of the inflamed gut is possible, in 

part because they expresses SitABCD, MntH and ZupT to acquire manganese, a necessary co-

factor for the activity of SodA and KatN, two enzymes that mitigate the host oxidative burst. 

  

3.2 Introduction 

 During S. Typhimurium induced gastroenteritis, intestinal epithelial cells, activated 

macrophages, and neutrophils produce reactive oxygen species (ROS) in a concerted effort by 

host cells to kill the invading pathogen (1). Though there are several cellular sources of ROS we 

first focus on the most prominent source, neutrophils, during S. Typhimurium induced 

gastroenteritis. In general, the role of phagocytic cells in producing ROS to kill microorganisms 

has long been recognized (4-6). Upon activation, macrophages and neutrophils assemble the 

NADPH-dependent oxidase complex on phagosomal membranes (7, 8).  In the lumen of the 

phagosome the NADPH oxidase complex reduces molecular oxygen (O2) to superoxide (O2
−), 

which can then undergo spontaneous or enzymatic dismutation to H2O2 (9). H2O2 diffuses freely 

across membranes, easily penetrating the cell membrane(s) of microbes within the phagosome, 
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but this also leads to the escape of H2O2 from the cell (10). By oxidizing ferrous iron (II) through 

Fenton chemistry (11), H2O2 can form highly reactive hydroxyl radicals (OH·)  that are 

extremely cytotoxic. Both O2
− and H2O2 can also mobilize iron from iron-sulfur clusters, thereby 

increasing the availability of free iron to participate in Fenton-mediated damage (12-14). In 

addition, neutrophils express myeloperoxidase which forms hypochlorous acid (HOCl), also 

known as bleach, from H2O2 and chloride (Cl−) (8).  The massive neutrophils influx to the 

intestinal mucosa during S. Typhimurium induced gastroenteritis (15) suggests that neutrophils 

are likely the major source of ROS in the inflamed gut. The importance of NADPH oxidase in 

response to infection is highlighted by the fact that individuals with inherited deficiencies in 

components of this complex, a condition known as chronic granulomatous disease, have 

enhanced susceptibility to infection (16). Thus, production of superoxide by NADPH oxidase 

can lead to the generation of several cytotoxic ROS that S. Typhimurium must neutralize to 

effectively colonize the host. 

Another source of ROS are enterocytes of the mucosal epithelia, in particular those of the 

cecum and colon, who express dual oxidase 2 (DUOX2), a flavoprotein that generates the ROS 

hydrogen peroxide (H2O2) in the intestinal lumen, on their apical surface (17). However, the 

contribution of DUOX2 to limiting microbial growth in the intestine is not well understood. 

Chinese hamster ovary (CHO) cells transfected to express DUOX2 produced a mild amount of 

H2O2 that was not microbicidal, but appeared to reduce Salmonella invasion by functioning as a 

chemorepellent that reduced adhesion of the bacteria to cells (18). These findings suggests that 

DUOX2-derived H2O2 could be important to establishing a barrier between the intestinal 

epithelium and the microbiota under homeostatic conditions, whereas microbicidal levels of 

H2O2 may be generated by upregulating Duox2 expression during an infection. Consistent with 
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this premise, Duox2 transcript levels where upregulated in the cecum of mice infected with S. 

Typhimurium, and the cytokine IL-22 was found to be and important mediator of this induction 

(19). However, IL-22 was also found to contribute to the growth of S. Typhimurium over 

commensal Enterobacteriaceae by enhancing the expression of antimicrobial proteins, such as 

lipocalin-2 and calprotectin, which have a deleterious affect on the growth of commensal E. coli 

but not of S. Typhimurium. Similarly, S. Typhimurium may resist growth inhibition by DUOX2- 

derived H2O2 in the inflamed gut, but investigation of the role of DUOX2 in vivo is complicated 

because mice lacking DUOX2 are not readily available. 

 The impact of ROS on S. Typhimurium, and the mechanisms the pathogen deploys to 

mitigate oxidative stress, have been best characterized for Salmonella inside macrophages (9). 

However, the survival strategies deployed by the pathogen may also be relevant for Salmonella 

growth in the extracellular environment of the intestinal lumen. Salmonella encode several 

enzymes that can neutralize ROS, which include three catalases (KatE, KatG, KatN), three 

peroxiredoxins (AhpC, TsaA, Tpx), and four superoxide dismutases (SODs) (SodA, SodB, 

SodCI, and SodCII) (20-26). SODs can dismutate O2
− to H2O2, whereas catalases and 

peroxiredoxins convert H2O2 to water and molecular oxygen. The presence of multiple SODs, 

catalases and peroxiredoxins in the Salmonella genome is not equivalent to functional 

redundancy. Several of these antioxidant enzymes use different metal-cofactors, some are 

regulated differentially, and only some mutants lacking a single enzyme have greater 

susceptibility to ROS. To add to this complexity, several experimental variables can impact 

observations of ROS-dependent antimicrobial actions in vitro, in cell cultures and in animal 

models (discussed in (9)). For example, the manganese-dependent SodA was found to contribute 

to S. Typhimurium survival within cultured macrophages, but it was dispensable in the typhoid 
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model of infection (26). The explanation for this discrepancy is likely to be multifactorial, 

involving possible nuances in ROS concentration, method of cellular activation, and mouse 

strain among other variables. For these reasons, it can be difficult to discern the relative 

contribution of any antioxidant enzyme to the growth or survival S. Typhimurium in the host or 

in host cells. 

On the other hand, our findings (Chapter 2) that expression of manganese transporters 

promotes the growth of S. Typhimurium in the inflamed gut indicates that manganese is an 

important metal that S. Typhimurium specifically uses to escape components of the host 

antimicrobial response. Given that large numbers of neutrophils that extravasate to the intestinal 

lumen, which express large quantities of calprotectin and produce several ROS, we hypothesized 

that manganese acquisition is important for S. Typhimurium to mitigate oxidative stress via the 

manganese-dependent superoxide dismutase (SodA) and catalase (KatN). Here we set-out to test 

this hypothesis by evaluating the role of manganese transporters as well as SodA and KatN under 

conditions, in vitro and in vivo, in which oxidative stress was reduced.   

 

3.3 Results  

Calprotectin antimicrobial activity is less effective in anaerobiosis.  

In the healthy, non-inflamed gut, the anaerobic environment facilitates the growth of 

anaerobes like Bacteroidetes and Firmicutes. However, if the intestine is inflamed because of 

infectious and non-infectious causes, the generation of reactive oxygen and reactive nitrogen 

species enhances the growth of facultative anaerobes like Proteobacteria, including Salmonella 

and Escherichia coli (27).  Because manganese is involved in free radical detoxification in 

bacteria, we next tested whether manganese acquisition was necessary to overcome growth 
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inhibition by calprotectin in both an aerobic and an anaerobic environment. To this end, we 

analyzed the growth of S. Typhimurium wild-type, the znuA mutant, and the sitA mntH zupT 

mutant in rich media supplemented with calprotectin in anaerobic conditions, and compared it to 

the growth in aerobic conditions (i.e., standard growth conditions as shown in Fig 2.2A). In the 

absence of calprotectin, all S. Typhimurium strains grew equally well both aerobically and 

anaerobically (Fig. 3.1A). The growth of the znuA mutant was still impaired in anaerobiosis, 

although only by higher concentrations of calprotectin (250 µg/ml) (Fig. 3.1B and 3.1C). In stark 

contrast to growth in aerobiosis, where no CFUs of the sitA mntH zupT mutant were recovered, 

calprotectin only minimally hindered the growth of the sitA mntH zupT mutant in anaerobiosis, 

as this strain was recovered to near similar levels to wild-type S. Typhimurium (Fig. 3.1C). 

These results demonstrate that the antimicrobial activity of calprotectin is more effective in 

aerobic conditions and, consistent with an earlier study (28), suggests that calprotectin may 

exacerbate the oxidative stress encountered by bacteria in harsh host environments such as the 

inflamed gut.  
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Figure 3.1. Calprotectin antimicrobial activity is less effective in anaerobiosis.  The WT, 
znuA, and sitA mntH zupT mutants of S. Typhimurium were grown under anaerobic conditions in 
either (A) LB, (B) LB supplemented with 125 µg of calprotectin (CP) per ml, or (C) LB 
supplemented with 250 µg of CP per ml (right panel). Growth in aerobic conditions, as in Fig. 
1A, is shown as a comparison. A significant difference in growth of a mutant relative to growth 
of the WT is indicated by ** (P value ≤ 0.01). ND (not detected) indicates that viable bacteria 
were below the limit of detection (dashed line). 
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S. Typhimurium mitigates enhancement of oxidative stress by calprotectin through the 

manganese-dependent superoxide dismutase SodA. 

One of the mechanisms by which manganese acquisition may provide S. Typhimurium 

resistance to oxidative stress may depend on the role of manganese as an essential co-factor for 

enzymes like the superoxide dismutase A (SodA) and catalase N (KatN) (29, 30), which detoxify 

superoxide and hydrogen peroxide respectively (Fig. 3.2, top schematic).  We therefore sought to 

determine whether SodA and KatN contribute to S. Typhimurium resistance to calprotectin-

mediated growth inhibition. As shown in Figure 3.2B and 3.2C, the growth of the sodA and sodA 

katN mutants was significantly hindered by ≥250 µg of calprotectin per ml, to the extent that 

after 16 h only a few CFUs were recovered. The growth phenotype of the sodA and sodA katN 

mutants in media supplemented with calprotectin was strikingly similar to the sitA mntH zupT 

mutant (Fig. 3.2B and 3.2C), suggesting that both strains were affected by calprotectin-mediated 

growth inhibition alike. In fact, growth inhibition by 125 and 250 µg of calprotectin per ml of an 

S. Typhimurium mutant lacking manganese transporters and SodA (sitA mntH zupT sodA) was 

equal to that of the mutant lacking only the manganese transporters (Fig. 3.3). This finding 

suggests that expression of SitABCD MntH and ZupT may be epistatic to SodA activity under 

manganese limiting conditions. Unlike S. Typhimurium mutants lacking sodA, growth of the 

katN deficient mutant was not inhibited by calprotectin (Fig. 3.2B and 3.2C). Because SodA is 

capable of dismutating superoxide to molecular oxygen without producing hydrogen peroxide, it 

is possible that under our growth conditions production of hydrogen peroxide is limited, and 

therefore katN expression is dispensable. Nevertheless, because SodA helped S. Typhimurium to 

overcome growth inhibition in calprotectin supplemented media we sought to determine whether 

growth inhibition of the sodA and sodA katN mutants was mediated through manganese binding 
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by calprotectin. To test this, we grew the sodA and sodA katN mutants in media supplemented 

with the calprotectin mutant deficient in manganese binding (SI mutant). While the SI 

calprotectin mutant retained antimicrobial activity against the znuA mutant that is sensitive to 

zinc sequestration, growth inhibition of the sodA and sodA katN mutants was abolished (Fig. 

3.2E and 3.2F).  Taken together our findings suggest that it is the ability of calprotectin to bind 

manganese that allows it to enhance oxidative stress under aerobic conditions and to inhibit 

bacterial growth. S. Typhimurium counteracts this antimicrobial mechanism by mitigating 

oxidative stress through SodA activity, which is dependent on the expression of specialized 

transporters under manganese limiting conditions.  
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Figure 3.2. S. Typhimurium mitigates enhancement of oxidative stress by calprotectin 
through the manganese-dependent superoxide dismutase SodA. Manganese-dependent 
enzymes neutralize superoxide anion in the S. Typhimurium cytosol. The WT, sitA mntH zupT, 
sodA, katN, and sodA katN mutants of S. Typhimurium were grown under aerobic conditions in 
(A) LB, (B) LB supplemented with 250 µg of CP per ml, or (C) LB supplemented with 500 µg of 
CP per ml. The WT, znuA, sodA, and sodA katN mutants of S. Typhimurium were grown under 
aerobic conditions in (D) LB, (E) LB supplemented with 250 µg of the site I CP mutant per ml, 
or (F) LB supplemented with 500 µg of the site I CP mutant per ml. Bars represent the mean 
CFU per ml of culture ± S.E.M. calculated from plating dilutions of the cultures on LB media at 
the indicated time points. A significant difference in growth of a mutant relative to growth of the 
WT is indicated by * (P value ≤ 0.05) or ** (P value ≤ 0.01). ND (not present) indicates that 
viable bacteria were below the limit of detection (dashed line). 
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Figure 3.3 Susceptibility of the sitA mntH zupT sodA mutant to calprotectin-mediated 
growth inhibition. S. Typhimurium WT, sitA mntH zupT, and the sitA mntH zupT sodA mutants 
were grown in LB (data not shown) or LB supplemented with either (A) 125 µg of wild-type CP 
per ml or (B) 250 µg of wild-type CP per ml (bottom panel). Growth was determined as 
previously described for the indicated incubation times. A significant difference in growth 
between the WT and mutant strains is indicated by * (P value ≤ 0.05) or ** (P value ≤ 0.01). ND 
(not detected) indicates that viable bacteria were below the limit of detection (dashed line). 
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Contribution by SodA with KatN to S. Typhimurium growth in the inflamed gut is equal to 

the contribution made by manganese transporters. 

Our in vitro data thus suggested that manganese acquisition may provide a competitive 

advantage to S. Typhimurium in the inflamed gut through the activity of manganese-dependent 

enzymes that mitigate oxidative stress, such as SodA and KatN (29, 30). SodA was shown to 

contribute to S. Typhimurium persistence in cultured macrophages, however it appeared to be 

dispensable for S. Typhimurium virulence in the typhoid model (26). It has also been shown that 

redundant hydrogen peroxide scavengers, including KatN, contributes to Salmonella virulence 

and oxidative stress resistance (23), but the role of KatN alone in vivo remains unknown. We 

therefore sought to determine whether the absence of SodA and/or KatN would be detrimental to 

S. Typhimurium growth in the colitis model. When streptomycin-treated mice were infected with 

equal numbers of wild-type S. Typhimurium and either the sodA, katN, or sodA katN mutants, 

the wild-type outcompeted these mutants in the inflamed gut throughout the course of infection 

(Fig. 3.4A). The fact that the growth defect of the sodA, katN, and sodA katN mutants was 

relatively equal (Fig. 3.4B) suggested that a common virulence pathway links the mechanisms by 

which SodA and KatN contribute to the growth of S. Typhimurium. 

Our previous observation that mechanisms of manganese acquisition promote S. 

Typhimurium growth in the inflamed gut lead us to hypothesize that the growth defect of the sitA 

mntH zupT mutant in the inflamed gut could be a consequence of the loss in enzymatic function 

of either SodA or KatN, or perhaps both enzymes. Therefore, we reasoned that either the sodA, 

katN or sodA katN mutants would colonize to a similar level as the manganese transporter mutant 

in the inflamed gut. However, when streptomycin-treated mice were infected with equal numbers 

of the sodA and sitA mntH zupT S. Typhimurium mutants, the sodA mutant outcompeted the 
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manganese transporter mutant (Fig. 3.4C, white bars and 3.4D, left section), indicating that loss 

of SodA activity alone does not explain the growth defect of the manganese transporter mutant. 

To our surprise, in a similar co-infection we found that the manganese transporter mutant had a 

competitive advantage over the katN mutant (Fig. 3.4C, grey bars and 3.4D, middle section). The 

growth defect of the katN mutant relative to that of the sitA mntH zupT mutant could be due to 

excessive intracellular accumulation of hydrogen peroxide in the katN mutant. Both the sitA 

mntH zupT and katN mutants presumably lack KatN activity, but only the katN mutant has a 

functional SodA. The combination of SodA dismutation of superoxide and generation of 

hydrogen peroxide in the absence of KatN could lead to the accumulation of cytotoxic levels of 

hydrogen peroxide in the katN mutant. Consistent with this prediction, it was only when the sodA 

katN mutant was competed with the sitA mntH zupT strain that we recovered equal numbers of 

each mutant during the co-infection (Fig. 3.4C, black bars and 3.4D, right section), 

demonstrating that the loss of sodA and katN results in a phenocopy of the growth susceptibility 

of the sitA mntH zupT mutant in the inflamed gut. Altogether, our results indicate that SitABCD, 

MntH and ZupT enhance S. Typhimurium growth by transporting manganese, a necessary co-

factor for SodA and KatN, allowing the pathogen to overcome oxidative stress in the inflamed 

gut.  
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Figure 3.4. Contribution by SodA with KatN to S. Typhimurium growth in the inflamed 
gut is equal to the contribution made by manganese transporters. (A) Mice were co-infected 
with an equal mixture of S. Typhimurium WT and either the sodA mutant (white bars, n = 7), or 
the katN mutant (grey bars, n = 5), or the sodA katN mutant (black bars, n = 5). Bars represent 
the mean C.I. (STM WT / STM mutant) ± S.E.M. (B) Each circle represents the burden of S. 
Typhimurium WT (closed) or mutant (as indicated, open) in colon contents of individual mice at 
96 hours p.i. The bars are the geometric mean of the group. (C) Mice were co-infected with an 
equal mixture of the S. Typhimurium sitA mntH zupT mutant and either the sodA mutant (white 
bars, n = 7), or the katN mutant (grey bars, n = 10), or the sodA katN mutant (black bars, n = 5). 
Bars represent the mean C.I. (ROS defense mutants / STM sitA mntH zupT) ± S.E.M. (D) Each 
circle represents the burden of the S. Typhimurium mutants in reactive oxygen species (ROS) 
defense (as indicated, closed) or the sitA mntH zupT mutant (open) in colon contents of 
individual mice at 96 hours p.i. The bars are the geometric mean of the group.  A significant 
difference is indicated by * (P value ≤ 0.01) or ** (P value ≤ 0.01). 
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Manganese transporters and SodA provide S. Typhimurium a competitive advantage 

during neutrophil infiltration, ROS production, and calprotectin expression. 

The host response to S. Typhimurium infection is marked by a strong inflammatory 

response that includes the induction of genes involved in generating reactive oxygen species as 

well as the massive recruitment of neutrophils that greatly enhance the host oxidative burst (8, 

19, 31, 32). S. Typhimurium can outgrow the commensal microbiota under these conditions in 

part because reactive oxygen species oxidize thiosulfates to form the electron acceptor 

tetrathionate, which S. Typhimurium utilizes to respire ethanolamine and support anaerobic 

growth (33, 34). In spite of the benefit that S. Typhimurium gains form host production of 

reactive oxygen species, the pathogen must deal with excess oxidative stress that can suppress 

bacterial growth. Our finding that SodA and KatN promote S. Typhimurium growth suggested 

that manganese acquisition and utilization is a means for S. Typhimurium to mitigate the host 

oxidative burst. To test this hypothesis further, we infected Cybb-/- mice, which have a defect in 

the production of superoxide as a result of a loss of function mutation in NADPH oxidase (35). 

Consistent with our prediction, in Cybb-/- mice infected with equal numbers of wild-type S. 

Typhimurium and either the sitA mntH zupT mutant or the sodA mutant we observed a 

significant reduction in the competitive advantage of the wild-type strain over these mutants at 

72 h p.i. (Fig. 3.5A). The reduction in the competitive index was due to greater growth of the 

sitA mntH zupT and sodA mutants in Cybb-/- mice (Fig. 3.5B), indicating that S. Typhimurium 

evades the host oxidative burst through mechanisms of manganese uptake and SodA dismutase 

activity. We also found that the slightly higher expression of the two calprotectin subunits in 

Cybb-/- mice may be due to a slightly higher neutrophil infiltrate, as indicated by immunoblot 

detection of myeloperoxidase (Fig. 3.5E) and quantification of the blot (Fig. 3.6C). This slight 
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increase in neutrophil infiltrate is consistent with a previous finding showing an exaggerated 

influx of Ly6G+ cells to the mouse peritoneum after Zymosan administration in Cybb-/- mice 

(36).  

To address whether S. Typhimurium uses manganese transporters and SodA activity to 

overcome both calprotectin and superoxide produced specifically by neutrophils, we infected 

mice depleted of neutrophils with an α-Ly6G antibody (Fig. 3.6A and 3.6B). Immunoblot 

detection and quantification of S100A8, S100A9 and myeloperoxidase in α-Ly6G-treated mice 

confirmed that neutrophil depletion was successful (Fig. 3.5F and 3.6D). In α-Ly6G-treated mice 

infected with equal numbers of wild-type S. Typhimurium and either the sitA mntH zupT mutant 

or the sodA mutant, we observed a significant reduction in the competitive advantage of the wild-

type strain over the mutants at 48 h p.i. (Fig. 3.5C). Like we observed in Cybb-/- mice, the 

reduction in the competitive index was also due to greater growth of the sitA mntH zupT and 

sodA mutants in α-Ly6G treated mice (Fig. 3.5D), indicating that S. Typhimurium overcomes the 

antimicrobial mechanisms brought on by neutrophil infiltration through manganese uptake and 

SodA activity. Taken together, these data demonstrate that manganese transporters and SodA 

contribute to S. Typhimurium growth when neutrophils are recruited to the gut, and help to evade 

the host oxidative burst that is enhanced by a large neutrophil influx to the inflamed gut. 

As it has been suggested earlier, coupling of manganese sequestration to production of 

ROS can enhance host killing of bacteria by inhibiting bacterial superoxide defense, which is 

dependent on zinc and manganese as co-factors for activity. Consistent with this hypothesis it 

has been shown that by sequestering manganese, calprotectin disrupts Staphylococcus aureus (S. 

aureus) superoxide activity and renders this pathogen susceptible to killing by neutrophils (28). 

Furthermore, S. aureus can compete with calprotectin for manganese through its cognate 



97 	  

manganese transporters (i.e., MntABC and Mnt) to effectively colonize the liver (37). These 

data, along with our current findings (Fig 2.2 and 3.5), lead us to hypothesize that calprotectin 

can enhance oxidative killing in the inflamed gut. To test this, we generated mice that lack 

calprotectin and that are also deficient in superoxide production, namely S100a9-/- Cybb-/- mice. 

We then co-infected S100a9-/- Cybb-/- mice, as well as their wild-type and Cybb-/- littermates with 

equal numbers of wild-type S. Typhimurium and the sitA mntH zupT mutant. At 48 h p.i. we 

observed a decrease in the competitive advantage of the wild-type strain in the double-deficient 

S100a9-/- Cybb-/- mice relative to Cybb-/- mice (Fig. 3.7A), suggesting that calprotectin expression 

early in infection can enhance oxidative stress, but that S. Typhimurium mitigates this 

antimicrobial response through manganese transporters. Moreover, we saw a marginal increase 

in the CFUs of the sitA mntH zupT mutant in the cecal content of Cybb-/- and S100a9-/- Cybb-/- 

mice, as well as a decrease in the statistical significance of the difference between wild-type and 

mutant CFUs (Fig 3.7B). Taken together, our data demonstrate that S. Typhimurium overcomes 

calprotectin enhancement of oxidative killing through mechanisms of manganese uptake that are 

necessary for effective SodA and KatN ROS-neutralizing activity.    
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Figure 3.5. Neutrophil depletion and a reduction in the production of superoxide partially 
rescues the growth defect of the sitA mntH zupT and sodA mutants. (A) C57BL/6 Cybb+/+ 
mice (white bars), Cybb-/- mice (grey bars) were co-infected with an equal mixture of S. 
Typhimurium WT and either the sitA mntH zupT mutant (left panel) or the sodA mutant (right 
panel). Bars represent the mean C.I. (STM WT / STM mutant) ± S.E.M. at 72 h p.i.. (B) Each 
circle represents the burden of S. Typhimurium WT (closed), the sitA mntH zupT mutant (open), 
or the sodA mutant (grey) in colon contents of individual mice at 72 h p.i.. (C) C57BL/6 treated 
with α-Ly6G antibody to depleted neutrophils were co-infected with an equal mixture of S. 
Typhimurium WT and either the sitA mntH zupT mutant (left panel) or the sodA mutant (right 
panel). Bars represent the mean C.I. (STM WT / STM mutant) ± S.E.M. at 48 h p.i.. (D) Each 
circle represents the burden of S. Typhimurium WT (closed), the sitA mntH zupT mutant (open), 
or the sodA mutant (grey) in colon contents of individual mice at 48 h p.i.. (E-F) Levels of 
S100A8, S100A9, myeloperoxidase (MPO), and tubulin in the cecum of mock infected and S. 
Typhimurium co-infected mice were detected by immunoblot. Mouse genotypes are indicated. A 
significant difference is indicated by * (P value ≤ 0.01) or ** (P value ≤ 0.01).  

 

 

 



99 	  

 

Figure 3.5. Neutrophil depletion and a reduction in the production of superoxide partially 
rescues the growth defect of the sitA mntH zupT and sodA mutants. 
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Figure 3.6 (Related to Fig 3.5) Quantification of total gut neutrophils and immunoblots. (A) 
Representative contour plots of intestinal neutrophils in untreated and α-Ly6G treated animals 
identified through successive gating for singlets, live cells, CD11c- CD49b- F4/80-, Gr1+, and 
CD11b+ S100A9+. (B) Total gut neutrophils from untreated (white bar, n = 2), α-Ly6G treated 
animals co-infected with equal numbers of S. Typhimurium WT and the sitA mntH zupT mutant 
(grey bar, n = 4), and α-Lys6G treated animals co-infected with equal numbers of S. 
Typhimurium WT and the sodA mutant (black bar, n = 4). Bars represent the mean intestinal 
neutrophil count ± S.E.M. (C-D) Immunoblots in Fig 3.5 were quantified using the Fuji 
ImageGauge/MultiGauge software (Fujifilm). Relative arbitrary units were calculated for 
S100A8, S100A9 and MPO by dividing the protein:tubulin band intensity ratio of infected 
animals by the protein:tubulin band intensity ratio of mock infected animals. Bars represent the 
mean of relative arbitrary units ± S.E.M. 
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Figure 3.7. Reduction in the production of superoxide in calprotectin deficient mice 
significantly rescues the growth defect of the sitA mntH zupT mutant. (A) C57BL/6 wild-
type mice (white bars), Cybb-/- mice (grey bars), and S100a9-/- Cybb-/- mice (black bars) were co-
infected with an equal mixture of S. Typhimurium WT and the sitA mntH zupT mutant. Bars 
represent the mean C.I. (STM WT / STM mutant) ± S.E.M. at 48 h p.i. (B) Each circle represents 
the burden of S. Typhimurium WT (closed) or the sitA mntH zupT mutant (open) in colon 
contents of individual mice at 48 h p.i.. Mouse genotypes are indicated. A significant difference 
is indicated by * (P value ≤ 0.01) or ** (P value ≤ 0.01).  
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3.4 Discussion 
 

Manganese is an important co-factor for enzymes that neutralize reactive oxygen species 

(38). After determining that manganese transporters promote Salmonella growth in the inflamed 

gut, we wondered whether manganese uptake was important for S. Typhimurium to mitigate 

oxidative stress. Our initial observation that calprotectin-mediated growth inhibition of the sitA 

mntH zupT mutant was absent under anaerobic conditions suggested that manganese uptake 

helped the S. Typhimurium overcome calprotectin enhanced oxidative stress. The mechanisms 

by which calprotectin enhances oxidative stress is not fully understood but this phenomenon has 

also been observed in studies with the pathogen S. aureus (28). Kehl-Fie et. al. (2011), report 

that through sequestration of manganese, calprotectin disrupts staphylococcal superoxide 

defenses, thus rendering S. aureus more susceptible to oxidative stress.  Consistent with these 

findings, we observed that calprotectin enhanced oxidative stress through manganese 

sequestration by using the ROS-sensitive S. Typhimurium mutant sodA. Here we report that 

calprotectin-mediated growth inhibition of the sodA mutant was dependent only on manganese 

sequestration, as the growth defect of the sodA mutant was completely rescued in media 

supplemented with mutant calprotectin defective in manganese binding (Fig 3.2). To our 

surprise, calprotectin did not inhibit the growth of an S. Typhimurium mutant lacking the 

manganese-dependent catalase KatN. Since our calprotectin supplemented media did not include 

any exogenous sources of ROS, the growth inhibition we observed of the sodA mutant, that was 

not observed in the katN mutant, seems indicative of accumulating O2
− but not of H2O2.  To 

further test whether KatN helps S. Typhimurium overcome calprotectin-mediated growth 

inhibition, H2O2 can be added to calprotectin supplemented media. Alternatively, the pH of the 
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culture can be lowered to mimic the acidic conditions of the phagosome, where free protons (H+) 

promote the spontaneous dismutation of O2
− to generate H2O2. 

Rescue of the growth defect of the sodA mutant in media supplemented with mutant 

calprotectin that did not bind manganese was a surprising result because the sodA mutant 

expresses manganese transporters that help S. Typhimurium overcome calprotectin-mediated 

manganese sequestration. This finding suggested that there may be a manganese-dependent, 

SOD-independent mechanism of superoxide defense in Salmonella. Kehl-Fie et. al. (2011), 

reached similar conclusions after the addition of manganese rescued the growth of S. aureus 

mutants, deficient in the manganese-SODs SodA and SodM, that were exposed to calprotectin 

and superoxide generators (28). In S. Typhimurium and S. aureus the mechanism is unknown for 

the manganese-dependent, SOD-independent superoxide defense. However, it has been proposed 

that manganese can act as an antioxidant when associating with anions like phosphate, and 

metabolic intermediates such as lactate and malate (39-42). The prospect that bacteria can grow 

in aerobic environments by only using manganese as an antioxidant was first demonstrated in 

Lactobacillus plantarum (39). L. plantarum is aerotolerant but does not encode SODs. Instead, 

this bacteria accumulates millimolar quantities of Mn2+ that associate with cellular ligands to 

scavenge ROS (discussed in (43)). There may also be a role for manganese as an elemental 

antioxidant in other bacteria, including those that have adapted to growth in aerobic conditions 

by expressing SODs. Studies in E. coli and S. aureus found that SOD-null mutants exhibited 

growth defects under aerobic conditions that could be rescued by manganese supplementation of 

the media (44, 45). We have generated a SOD-null S. Typhimurium mutant, but have yet to 

evaluate its growth phenotype under aerobic and manganese-supplemented conditions. Given the 

current evidence that suggest there is a mechanisms for manganese-dependent, SOD-independent 
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superoxide defense in S. Typhimurium, we predict that any growth defects in our SOD-null 

mutant will be rescued upon manganese supplementation. 

Here we also report that SodA and KatN contribute to the growth of S. Typhimurium in 

the inflamed gut (Fig 3.4). To our knowledge, we present the first evidence that either SodA or 

KatN have a functional role in an animal model of infection. An early study on the role of the 

manganese-dependent SOD found that SodA helped S. Typhimurium to resist oxygen-dependent 

microbial killing in macrophages, but was dispensable in the mouse typhoid model of infection 

(26). KatN deficient mutants of S. Typhimurium did not render the pathogen susceptible to 

exogenous H2O2, most likely because of the redundant H2O2 neutralizing activity of catalases 

(KatE and KatG) and peroxiredoxins (AhpC, TsaA, Tpx) (9, 21, 23, 25). Before our work, the 

role of KatN alone had not been studied in an animal model of infection. Our finding that SodA 

and KatN contribute to the growth of S. Typhimurium in the inflamed gut is consistent with the 

fact that S. Typhimurium encounters high levels of ROS in this environment, as a result of the 

massive neutrophil infiltrate and perhaps also due to the induction of DUOX2 in intestinal 

epithelial cells.  

Having observed that manganese transporters, SodA, and KatN all contribute to the 

growth of S. Typhimurium in the inflamed gut, we next investigated whether the absence of 

manganese transporters is equivalent to the lack of SodA, KatN, or both. We reasoned that 

without manganese transporters (e.g. in the sitA mntH zupT mutant) S. Typhimurium lacks SodA 

and KatN activity because the mutant cannot acquire the manganese co-factor required for the 

antioxidant activity of these enzymes. Thus, we co-infected mice with equal numbers of the sitA 

mntH zupT mutant and either the sodA, katN, or sodA katN mutants. As expected, the growth 

defects of the sodA and katN mutants were not equivalent to the growth defect of the sitA mntH 
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zupT mutant in the inflamed gut (Fig 3.4), demonstrating that the absence of either SodA or 

KatN activity alone does not account for the growth phenotype of the sitA mntH zupT mutant. 

However, when mice were co-infected with equal numbers of the sodA katN double deletion 

mutant and the sitA mntH zupT mutant, we recovered equal numbers of each strain during the 

infection. These data indicate that the growth defect of the sodA katN mutant is a phenocopy of 

the growth defect of sitA mntH zupT mutant in the inflamed gut. Moreover, the results suggest 

that SitABCD, MntH and ZupT expression is epistatic to the activity of SodA and KatN. In other 

words, without manganese transporter expression there is no SodA and KatN antioxidant 

activity. Nevertheless, to determine if this phenomenon is truly epistatic, we would have to co-

infect mice with equal numbers of the sitA mntH zupT and sitA mntH zupT sodA katN mutants. 

Recovery of equal numbers of each mutant strain would demonstrate that manganese uptake 

through SitABCD, MntH and ZupT is required for SodA and KatN antioxidant activity in the 

inflamed gut. 

We also report in this chapter that the growth defects of the sitA mntH zupT and sodA 

mutants in the inflamed gut are partially rescued in Cybb-/- mice that lack a functional NADPH 

oxidase and in neutrophil-depleted mice. This partial rescue is likely a consequence of the 

significant reduction in ROS in Cybb-/- and neutrophil depleted mice, although this was never 

directly tested. The rescue in the growth defect observed in these mice may also be explained by 

a partial loss in the ability for calprotectin to enhance oxidative stress. To directly test this 

hypothesis, we generated and infected S100a9-/- Cybb-/- mice, and found that we could enhance 

the rescue of the sitA mntH zupT mutant in these animals. Taken together, our data show that 

manganese sequestration by calprotectin can enhance the antimicrobial effects of the host 

oxidative burst in vivo. To our knowledge, although this effect was predicted in vitro (28), our 



106 	  

work is the first direct demonstration of the cooperation between calprotectin and oxidative 

stress in vivo. To overcome this host response, S. Typhimurium expresses manganese 

transporters and deploys manganese-dependent antioxidant enzymes. By doing so, S. 

Typhimurium gains a growth advantage over its competitors at colonizing the inflamed gut, 

increasing the likelihood of transmission to naïve hosts (46). 

 

3.5 Materials and Methods 

Bacterial Strains and Culture Conditions 

IR715 is a fully virulent, nalidixic acid-resistant derivative of S. Typhimurium wild-type 

isolate ATCC 14028 (47). Construction of S. Typhimurium derivatives carrying mutations in sitA  

mntH zupT is described in Chapter2, section 2.5.  Construction of S. Typhimurium derivatives 

carrying mutations in sodA, katN and sitA mntH zupT sodA are described below. A complete list 

of strains, plasmids, and primers used in all experiments is provided in Tables 2.1, 2.2 and 2.3. 

All cultures of S. Typhimurium and Escherichia coli were incubated aerobically at 37°C in 

Luria-Bertani (LB) broth (per liter: 10 g tryptone, 5 g yeast extract, 10 g NaCl) or on LB agar 

plates (1.5% Difco agar) unless otherwise noted. Antibiotics and other chemicals were added at 

the following concentrations (mg/l) as needed: carbenicillin (Carb), 100; chloramphenicol (Cm), 

30; kanamycin (Km), 100; nalidixic acid (Nal), 50; 5-bromo-4-choloro-3-indoyl-B-D-

galactopyranoside (Xgal), 40. 

Construction of mutants in S. Typhimurium  

S. Typhimurium mutant carrying deletions in sitA, mntH, zupT and sodA was generated 

by first constructing a sodA::cat CmR mutant with the one-step inactivation protocol (48) using 
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the sodA targeting primers oli228 and oli229 and the pKD3 plasmid. The sodA::cat mutation was 

confirmed by PCR with primers annealing upstream of the mutated sodA (oligo 19) and an 

internal primer annealing within the inserted antibiotic resistance cassette (C1). The sitA mntH 

zupT sodA mutant was then generated by generalized transduction of the mutated sodA allele 

onto the VDO43  background with phage P22 HT 105/1 int-201. The mutant was termed VDO45 

after the mutation in the sodA allele was confirmed by PCR as described immediately above. 

To construct a S. Typhimurium strain carrying a deletion of sodA or katN we followed the 

one-step inactivation protocol (48) using the sodA targeting primers oli228 and oli229, the katN 

targeting primers oPF12 and oPF13, and the pKD4 template plasmid. The mutations were 

confirmed by PCR with primers annealing upstream of the mutated sodA (oli230) and katN 

(oPF37) alleles and an internal primer annealing within the inserted antibiotic resistance cassette 

(K1). The mutated sodA and katN alleles were then transduced into a clean S. Typhimurium 

IR715 background by generalized transduction with phage P22 HT 105/1 int-201. To construct 

an S. Typhimurium mutant carrying a deletion in both the sodA and katN alleles we first removed 

the kanamycin resistance gene in the sodA mutant by transforming this strain with the 

temperature-sensitive ApR plasmid pCP20 that encodes the FLP recombinase. Carbenicillin 

resistant transformants were selected at 30 °C, after which a few were colony-purified once, non-

selectively, at 37 °C and tested for the loss of all antibiotic resistance. Generation of the 

ΔsodA::scar mutant, termed DL1, was confirmed by PCR using oligos that flank the sodA allele. 

The sodA katN mutant was then generated by generalized transduction of the mutated katN allele 

onto the ΔsodA::scar background with phage P22 HT 105/1 int-201. The sodA katN mutant, 

termed DL2, was confirmed by PCR using oligos that flank the sodA and katN alleles (oligos 19-

24, Table S2). 
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Bacterial Growth Assays in LB Supplemented with Calprotectin 

S. Typhimurium wild-type or mutants were tested for their ability to grow in LB 

supplemented with wild-type and mutant calprotectin (CP). To prepare inoculums, all strains 

were grown in M9 minimal media at 37 ºC for 20 hours with agitation. Absorbance (λ=600nm) 

of the overnight cultures was determined by spectrophotometry and used to calculate the volume 

required to obtain 109 cells. Resuspended cells were serially diluted 10,000 fold in M9 minimal 

media and 10 µl were the used to inoculate the wells of a 96-well Nunclon Surface plate (Nunc). 

Each well contained 100 µl of a 10:28:62 ratio of inoculum to LB media to CP buffer (20 mM 

Trish pH 7.5, 100 mM β-mercaptoethanol, 3 mM CaCl2). Recombinant wild-type and mutant CP 

were produced as described elsewhere (49). Wild-type and mutant CP was added to the media to 

final concentrations of 0, 62.5, 125, 250, and 500 µg of the protein per ml prior to inoculation. 

The 96-well plate was incubated at 37 ºC with 5% CO2. Growth of the wild-type and mutant S. 

Typhimurium strains was monitored by determining the CFUs per ml of culture at 2, 5, 8, and 16 

hours of incubation. For growth under anaerobic conditions (3% hydrogen, 5% carbon dioxide, 

and 92% nitrogen), inocula were prepared inside a Bactron II Anaerobic Chamber (Shell Lab). 

Strains were grown under anaerobic conditions in M9 minimal media at 37 ºC for 24 hours and 

no agitation. Wild-type CP was added to LB media to final concentrations of 0, 125, and 250 µg 

of the protein per ml prior to inoculation. The 96-well plate was placed in a moist chamber and 

incubated in anaerobic conditions at 37 ºC. Growth of the wild-type and mutant S. Typhimurium 

strains was monitored by determining the CFUs per ml of culture at 2 and 16 hours of 

incubation. Each experiment was repeated a minimum of three times. 
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Animal Infections 

C57BL/6 mice, S100a9-/- mice, Il22-/- mice and Cybb-/- mice were used in our study. 

C57BL/6 mice were purchased from Taconic Farms. S100a9-/- mice were generated as described 

by (50), and Il22-/- mice were generated as described by (51). Cybb-/- mice were generated as 

described by (35) and purchased from The Jackson Laboratory. S100a9-/- mice and Il22-/- mice 

were bred at the University of California, Irvine. We generated S100a9-/- Cybb-/- double-deficient 

mice by breeding S100a9-/- mice with Cybb-/- mice from Jackson. One day prior to infection, 

mice were given streptomycin (1 mg per gram of mouse) by oral gavage. Twenty-four hours 

after streptomycin treatment, mice were infected with either 1x109 CFU of a single S. 

Typhimurium strain or co-infected with 1x109 CFU of a mixture of two S. Typhimurium strains 

at a 1:1 ratio. Colon contents were collected 48-96 hours post-infection (p.i.), serially diluted, 

and plated on selective media to determine the CFUs of each strain of S. Typhimurium used in 

the infection. The cecum was also harvested 96 hours p.i. for mRNA, protein, and 

histopathology. In mice co-infected with two strains of S. Typhimurium the competitive index 

was calculated by dividing the output ratio (CFU of the wild-type divided by CFU of the mutant) 

by the input ratio (CFU of the wild-type divided by CFU of the mutant). 

Neutrophil Depletion 

Anti-Ly6G antibody clone 1A8 (BioXCell) was diluted with sterile PBS to a 

concentration of 2.5 mg/ml. Mice received 500 µg of antibody in 200 µl via intraperitoneal 

injection 24 hours prior to infection and again 24 hours post-infection to maintain neutrophil 

depletion. 

Intestinal Cell Isolation, antibody staining, and Flow Cytometry analysis 
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Large intestine (colon and cecum) was collected and kept in IMDM medium (10% FBS, 

1% antbiotic/antimycotic) at 4 ºC until further processing. Next, the intestine was cut open 

longitudinally, washed in “wash solution” (15 mM HEPES/ 1% antibiotic/antimycotic in 1x 

HBSS, all Invitrogen), until the supernatant appeared clear. Then, the intestine was shaken in 10 

ml of 1x HBSS/ 15 mM HEPES/ 5 mM EDTA/ 10% FBS solution at 37 ºC in a water bath for 15 

min. Supernatant was removed and kept on ice. Remaining tissue was cut into small pieces, run 

once on a GentleMACS dissociator (Miltenyi Biotech) using program spleen04, digested in a 10 

ml mixture of collagenase (Sigma, Type VII, 1 mg/ml), Liberase (20 ug/ml), and DNAse (0.25 

mg/ml) in IMDM medium for 15 min in a shaking water bath, followed by another run on the 

GentleMACS dissociator (program spleen04). Afterwards, both fractions were strained through a 

70 mm cell strainer (BD Biosciences) and pooled, followed by cell counting using a 

hemocytometer. 2-4x106 extracted large intestinal cells were used for flow cytometry staining. 

Intestinal cells were stained with a fixable viability dye, antibodies against CD11b and Gr-1 to 

identify neutrophils, and also stained for CD11c, CD49b, and F4/80 (all eBioscience) for 

exclusion of dendritic cells, NK cells, and macrophages. S100A9 antibody was conjugated in-

house to the Pacific Blue fluorophore (R&D Systems, LifeTechnologies). All flow cytometry 

data was obtained using a BD LSR-II and analyzed using FlowJo (Treestar). 

Western Blotting 

Total protein was extracted from mouse cecum tissue using Tri-Reagent (Molecular 

Research Center). Protein concentration was determined by colorimetric spectrophotometry 

using the Micro BCA Protein Assay Kit (Thermo Fischer) and 15 µg of total protein was 

separated by SDS-15% PAGE. The protein was electroblotted to PVDF membranes, blocked 

with 2% non-fat dried milk and incubated overnight at 4 °C with polyclonal goat anti-mouse 
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S100A8, polyclonal goat anti-mouse S100A9 (R&D Systems), polyclonal goat anti-human and 

mouse myeloperoxidase (R&D Systems), or polyclonal rabbit anti-mouse α/β-tubulin (Cell 

Signaling Technology). The following day blots were washed followed by incubation for 1 hour 

with horseradish peroxidase conjugated anti-rabbit or anti-goat secondary antibodies (Jackson 

Immuno Research). The blots were washed then developed using the Immobilon Western 

Luminol Reagent and Peroxide Solution (Millipore) as per manufacture’s instructions. Digital 

images of the blots were captured using the Fujifilm LAS 400. Intensities of bands on 

immunoblots were quantified using the Fuji ImageGauge/MultiGauge software (Fujifilm). 

Relative arbitrary units were calculated for S100A8, S100A9 and MPO by dividing the 

protein:tubulin band intensity ratio of infected animals by the protein:tubulin band intensity ratio 

of mock infected animals. Bars represent the mean relative arbitrary units ± S.E.M. 

Histopathology 

Tissue samples were fixed in formalin, processed according to standard procedures for 

paraffin embedding, sectioned at 5 µm, and stained with hematoxylin and eosin. The pathology 

score of cecal samples was determined by blinded examinations of cecal sections from a board-

certified pathologist using previously published methods (3, 31). Each section was evaluated for 

the presence of neutrophils, mononuclear infiltrate, submucosal edema, surface erosion, 

inflammatory exudates, and cryptitis. Inflammatory changes were scored from 0 to 4 according 

to the following scale: 0 = none; 1 = low; 2 = moderate; 3 = high; 4 = extreme. The inflammation 

score was calculated by adding up all the scores obtained for each parameter and interpreted as 

follows: 0-2 = within normal limit; 3-5 = mild; 6-8 = moderate; 8+ = severe. 

Statistical Analysis 
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Differences between treatment groups were analyzed by ANOVA followed by Student’s t test. A 

P value equal or below 0.05 was considered statistically significant. 
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CHAPTER 4 

 

Salmonella Requirement for Mn2+ Transporters in Extraintestinal Tissues 

  

4.1 Summary 

 Typhoidal serovars of S. enterica disseminate throughout the body during typhoid fever. 

Because these serovars are human adapted it has been a formidable challenge to study their 

virulence traits due to the lack of good animal models. S. Typhimurium is a non-typhoidal 

serovar of S. enterica that causes gastroenteritis in humans but in mice, S. Typhimurium 

disseminates to the spleen, liver and bone marrow without causing gastroenteritis. The similarity 

in pathogenesis between S. Typhimurium infections in mice to human infections with typhoidal 

strains of S. enterica allows researchers to study virulence traits that contribute to typhoid fever. 

As such, genes that are common between typhoidal serovars and S. Typhimurium that promote 

systemic infection in mice may be implicated in the pathogenesis of typhoid fever. The 

manganese transporters SitABCD, MntH, and ZupT of S. Typhimurium are also encoded by 

typhoidal serovars of S. enterica. Moreover, several studies have shown that SitABCD, MntH 

and ZupT contribute to the virulence of S. Typhimurium in a typhoid model of infection. 

However, very little is understood about the host factors that drive a requirement for manganese 

transporter expression at systemic sites. Our studies in the gastroenteritis model revealed that the 

host response to infection involving calprotectin, Il-22, and NADPH oxidase contribute to 

manganese-transporter-dependent growth in the inflamed gut. We reasoned that calprotectin, Il-

22, and NADPH oxidase could also prompt S. Typhimurium use of manganese transporters 

while colonizing extraintestinal tissues. Here we report that SitABCD, MntH and ZupT promote 
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S. Typhimurium colonization of the spleen, mesenteric lymph nodes and Peyer’s patches. We 

also found that S. Typhimurium required manganese transporters to effectively colonization the 

spleen and mesenteric lymph nodes of mice deficient in either calprotectin, IL-22, or a functional 

NADPH oxidase. The reasons why manganese transporters contribute to S. Typhimurium 

colonization of systemic tissues remain unknown and are discussed further in this chapter. 

  

4.2 Introduction 

Immunocompetent individuals that are infected with nontyphoidal Salmonella (NTS) 

serotypes, including S. Typhimurium, generally develop acute gastroenteritis within 12-72 hours 

after ingestion of contaminated food (1). In immunocompetent individuals NTS infection is a 

self-limiting disease that resolves in 4-7 days, in which NTS is localized to the intestinal mucosa.  

By contrast, immunodeficient individuals infected with NTS are highly susceptible to developing 

a blood borne infection that greatly increases the risk of death (2). The incidence rate of 

developing NTS bacteremia is higher in sub-Saharan Africa, where infection with the Human 

Immunodeficiency Virus (HIV) is associated with NTS bacteremia in adults and children (3). 

Malnutrition, anemia and severe malaria are additional risk factors for the development of NTS 

bacteremia in children (3).  During NTS bacteremia, symptoms of gastroenteritis are largely 

absent and individuals will instead experience a high-spiking fever that is also different from 

typhoid fever, in which a more continuous fever is observed (4). Typhoid fever in 

immunocompetent individuals results from infection by one of a few human-adapted Salmonella 

enterica serotypes (Typhi, Paratyphi A, Paratyphi B, and Paratyphi C). A diarrheal disease will 

develop in only about one third of individuals with typhoid fever, but the pathogen largely 

persists in the bone marrow, liver and spleen (5). Because typhoidal strains of S. enterica are 
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strictly adapted to humans (or higher primates), significant challenges arise in the use of animal 

models to study typhoid fever. 

S. Typhimurium is a natural pathogen of rodents, where it causes a systemic disease 

characterized by bacterial colonization of the spleen and liver. For this reason, S. Typhimurium 

has been used extensively as a model of typhoid fever. An obvious limitation of this model is 

that human infections with S. Typhimurium results in gastroenteritis and does not cause typhoid 

fever. Additionally, many S. Typhi genes that contribute to typhoid fever in humans are 

pseudogenes in S. Typhimurium, which further limits the usefulness of this model to study the 

virulence traits of S. enterica serotypes that result in typhoid fever (6). Modifications to this 

model like the introduction of S. Typhi genes into S. Typhimurium (7, 8), or the use of 

humanized mouse strains (9, 10) to overcome the host-restricted nature of S. Typhi, have yielded 

advancements in our understanding of how S. Typhi causes typhoid fever. Even though the 

typhoid mouse model has its limitations, studies on S. Typhimurium genes that contribute to 

systemic infection which are also encoded by S. Typhi can aid in the identification of virulence 

factors that contribute to typhoid fever. Recently, comparison of reannotated Salmonella 

genomes, in which numerous annotation inconsistencies and inaccuracies were removed, has 

yielded a reference database that allows for rapid identification of genes that are encoded across 

S. enterica genomes (11). This database helped us to confirm that typhoidal serotypes encode the 

complete sequences for the sitABCD, mntH, and zupT manganese transporters, which are also 

found in NTS serotypes like S. Typhimurium. This observation suggested to us that sitABCD, 

mntH and zupT may be important for survival of S. enterica serotypes during both 

gastrointestinal and extraintestinal colonization of the host. 
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In order to translocation from the intestine to extraintestinal tissues S. enterica serotypes 

must survive within macrophages (12, 13). Inside a macrophage S. enterica encounters a cellular 

antimicrobial response that includes the production of reactive oxygen and nitrogen species, as 

well as the generation of antimicrobial peptides and hydrolytic enzymes (12). In addition, 

macrophage constitutively express the natural resistance-associated macrophage protein 1 

(NRAMP1), which they upregulate under infectious or inflammatory stimuli (14). NRAMP1 is a 

transmembrane protein that is targeted to the phagosomal membrane soon after phagocytosis. In 

mice, NRAMP1 serves to transport Mn2+ and Fe2+ from the lumen of the phagosome to the 

cytoplasm (14), an important mechanisms in limiting microbial access to these metals in the 

phagosome (discussed in chapter 1). Therefore, pathogens like S. Typhimurium that have 

adapted for survival within macrophages need to deploy mechanisms for Mn2+ and Fe2+ 

acquisition in this environment. 

Previous studies on the manganese transporters of S. Typhimurium have shown that 

expression of SitABCD can enhance S. Typhimurium survival in NRAMP1 expressing primary 

mouse macrophages (15).  Of note, not all mouse strains express a functional NRAMP protein. 

Some inbred mouse strains such as C57BL/6 and BALB/c mice carry a single Gly169Asp 

substitution in the Slc11a1 gene that prevents normal protein expression of NRAMP1 and 

renders these mouse strains susceptible to intracellular pathogens like S. Typhimurium  (14). 

SitABCD was dispensable for S. Typhimurium survival in C57BL/6 derived macrophages (15), 

which do not express NRAMP1 (16), but enhanced S. Typhimurium survival in macrophages 

from congenic mice that encode a functional NRAMP1 (Nramp1G169) (15). Consistent with these 

findings Zaharik et. al. (2004) also found that deletion of sitA or mntH had little effect on 

survival of C57BL/6 mice after infection by intraperitoneal (i.p.) injection. However, both sitA 
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and mntH mutant strains were attenuated in Nramp1G169 congenic mice and only 40% of mice 

had succumbed to the infection 28 and 26 days after i.p. injection. Although mntH was 

dispensable for S. Typhimurium survival in macrophages derived from Nramp1G169 mice, an 

mntH mutant was less virulent than S. Typhimurium wild-type in these animals  (15). 

Remarkably, the sitA mntH double mutant was completely avirulent in Nramp1G169 mice (15).  

Studies by Karlinsey et. al. (2010) confirmed that MntH is required for S. Typhimurium 

virulence in the typhoid model using a NRAMP1 functional mouse strain (C3H/Hen). In 

addition, Karlinsey et. al. (2010) showed that deletion of the Zip family permease ZupT 

enhanced survival of C3H/Hen mice infected with the zupT null mutant by i.p. injected 

demonstrating that ZupT also contributed to S. Typhimurium virulence in this model. Given the 

importance of SitABCD, MntH and ZupT in contributing to virulence in mice that express 

NRAMP1, a key function of these transporters may be to help S. Typhimurium resist efforts by 

the host to limit bacterial access to manganese through NRAMP1.  

In addition to enhancing S. Typhimurium virulence in NRAMP1 functional mice, the 

manganese transporters of S. Typhimurium may be important for pathogen survival in the spleen 

and liver for reasons other than overcoming NRAMP1-mediated metal starvation.  When 

NRAMP1 null BALB/c mice were co-infected by intra-peritoneal injection with equal numbers 

of S. Typhimurium wild-type and the sitA mutant, the wild-type strain had a competitive 

advantage over the sitA mutant at colonizing the spleen and liver (17). During co-infection by 

oral inoculation, S. Typhimurium wild-type also outcompeted the sitA mutant in BALB/c 

mice(17). These findings thus demonstrated that sitABCD promoted S. Typhimurium growth and 

survival also in the NRAMP1 deficient host in the typhoid model, but the mechanisms by which 

the host sequesters manganese in this model are unknown. 
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Here we sought to identify host factors that potentiated S. Typhimurium use of SitABCD, 

MntH and ZupT to colonize extraintestinal tissue. As our previous findings suggested that S. 

Typhimurium overcomes manganese sequestration to mitigate the host respiratory burst in the 

inflamed gut (Chapter 3), we hypothesized that S. Typhimurium utilizes sitABCD, mntH and 

zupT to overcome host mechanisms of manganese sequestration and oxidative stress to colonize 

extraintestinal tissues. To test this hypothesis we infected C57BL/6 mice deficient in either the 

expression of calprotectin, IL-22, or a functional NADPH oxidase to determine if these host 

factors present a barrier that S. Typhimurium overcomes to colonize extraintestinal tissues. 

 

4.3 Results 

Mn2+ transporters contribute to S. Typhimurium colonization of the spleen, mesenteric 

lymph nodes, and Peyer’s patches in C57BL/6 mice.  

Although sitABCD was shown to contribute to S. Typhimurium colonization of the spleen 

and liver in NRAMP1-deficient BALB/c mice, a role for this and other manganese transporters 

has not been confirmed in the C57BL/6 mouse model. We therefore first sought to investigate 

whether S. Typhimurium mutants lacking one or multiple manganese transporters were defective 

at colonizing lymphoid tissues. To determine if survival of the manganese transporter deficient 

mutants was impaired in lymphoid tissues, we compared the relative burden of the manganese 

transporter mutants in the spleen, mesenteric lymph nodes (MLN), and Peyer’s patches to the 

burden of S. Typhimurium wild-type. We infected streptomycin treated C57BL/6 mice with a 

single S. Typhimurium strain by oral gavage. The spleen, MLN and Peyer’s patches were 

harvested 96 hours after were infected. Colony forming units (CFUs) recovered from dilutions of 
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tissue homogenates were used to determine the burden of S. Typhimurium wild-type and 

manganese transporter mutants. In the spleen of infected animals, we found a significant 

decrease in the colonization of the sitA (4.4-fold decrease), mntH (3-fold decrease), and sitA 

mntH zupT (14.8-fold decrease) mutants relative to wild-type numbers (Fig. 4.1A). Of note, the 

mutant lacking all three manganese transporters showed the greatest defect in splenic burden, 

suggesting that these transporters may cooperate to enhance S. Typhimurium colonization of the 

spleen. Although there was nearly a two-fold decrease of the sitA mntH mutant in the spleen, this 

difference was not statistically significant (Fig. 4.1A).  

Like in the spleen, we also observed a decrease in the burden of the sitA, mntH, sitA 

mntH, and sitA mntH zupT mutants in MLN in comparison to wild-type (7, 5, 3, and 6.8 fold 

decrease, respectively), all of which was statistically significant (Fig. 4.1B). Unlike in the spleen,  

the relative burden of the sitA mntH zupT mutant was very similar to the decreases in the burden 

of the sitA and mntH mutants. However, it was in the Peyer’s patches where we observed the 

largest decrease in bacterial burden of the sitA (23.3-fold), and mntH (20-fold) mutants, in 

addition to a 6.2-fold decrease in sitA mntH burden (Fig. 4.1C). Most notably, the sitA mntH 

zupT mutant had a 60-fold reduction in the Peyer’s patches (Fig. 4.1C), suggesting that all three 

manganese transporters may cooperate to support S. Typhimurium colonization in this organ. 

Altogether, these results show that S. Typhimurium express SitABCD, MntH and ZupT to 

effectively colonize both mucosal and systemic lymphoid tissues in C57BL/6 mice. 
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Figure 4.1. S. Typhimurium express manganese transporters to effectively colonize 
lymphoid tissues. C57BL/6 mice pre-treated with streptomycin were infected with either S. 
Typhimurium wild-type or a mutant strain lacking one or multiple manganese transporters (as 
indicated). Bacterial burden in the (A) spleen, (B) mesenteric lymph nodes, and (C) Peyer’s 
patches was determined 96 hours post-infection. A significant difference between WT CFU and 
CFU of the manganese transporter deficient mutants is indicated by * (P value ≤ 0.05), ** (P 
value ≤ 0.01), *** (P value ≤ 0.001), or *** (P value ≤ 0.0001). 
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Calprotectin is not required for Mn2+-transporter-dependent growth of S. Typhimurium in 

a typhoid model of infection. 

S. Typhimurium strains that have a growth defective in the inflamed intestine may not 

reach extraintestinal tissues, like the spleen, in sufficient numbers. As such, our previous finding 

showing that manganese transporters help S. Typhimurium colonize the spleen (Fig. 5.1A) could 

be confounded by the growth defect of the manganese transporter mutants in the inflamed gut 

(Chapter 2). In order to bypass the intestine so that we could verify our previous finding we 

proceeded to infect mice by intraperitoneal (i.p.) injection. C57BL/6 mice were infected i.p. with 

103 CFUs of either S. Typhimurium wild-type or the sitA mntH zupT mutant, and the splenic 

burden was determined 96 hours post-infection (p.i). We found that mice infected with the sitA 

mntH zupT mutant had significantly less S. Typhimurium in the spleen than mice infected with 

the wild-type strain (Fig. 5.2, S100a9+/+ mice). Because calprotectin is an important host 

antimicrobial protein that sequesters manganese, we then sought to determine whether 

calprotectin expression contributed to the colonization defect of the sitA mntH zupT in the 

spleen, and whether we could rescue the mutant in calprotectin-deficient mice. We found wild-

type S. Typhimurium able to colonize the spleen of S100a9-/- mice to levels seen in S100a9+/+ 

mice and in S100a9-/- mice the burden of the sitA mntH zupT mutant remained significantly 

smaller than that of the wild-type strain, as in S100a9+/+ mice  (Fig. 5.2). Taken together these 

appear to demonstrate that S. Typhimurium requires manganese transporters to overcome 

calprotectin independent mechanisms of manganese sequestration in the spleen.  
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Figure 4.2. Calprotectin is not required to promote Mn2+-transporter-dependent growth in 
a typhoid model of infection. S100a9+/+ and S100a9-/- C57BL/6 mice were infected with by i.p. 
injection with 1e3 CFUs of either the wild-type S. Typhimurium strain or the sitA mntH zupT 
mutant. The bacterial burden in the spleen was determined 96 hours p.i. A significant difference 
between WT CFU and CFU of the manganese transporter deficient mutant is indicated by * (P 
value ≤ 0.05), ** (P value ≤ 0.01), or *** (P value ≤ 0.001). 

 

Mn2+ transporters confer upon S. Typhimurium a competitive advantage at colonizing the 

spleen, mesenteric lymph nodes and Peyer’s patches. 

Our studies in C57BL/6 mice confirmed that S. Typhimurium needs manganese 

transporters to effectively colonize extraintestinal tissues in the host (Figures 5.1 and 5.2). It was 

also previously reported that S. Typhimurium wild-type had a competitive advantage at 

colonizing the spleen over the sitA mutant in BALB/c mice (17). Furthermore, previous work on 

the role of zupT in S. enterica virulence showed that wild-type S. Typhimurium had a small but 
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significant competitive advantage at colonizing the spleen over a zupT mutant (18). We therefore 

sought to further evaluate these finding in the C57BL/6 mouse, by using our various manganese 

transporter mutant strains to evaluate how manganese transporters may contribute to the 

competitive advantage of the wild-type strain in lymphoid tissue of C57BL/6 mice.  

Streptomycin-treated mice were co-infected with equal numbers of wild-type S. Typhimurium 

and each manganese transporter mutant by oral gavage and the bacterial burden in the spleen, 

MLN, and Peyer’s patches of mice was determined 96 hours p.i.. The wild-type and mutant CFU 

recovered was used to calculate the competitive index by dividing the output ratio (wild-type 

CFUs / manganese transporter mutant CFUs, in the inoculum) by the input ratio (wild-type CFUs 

/ manganese transporter mutant CFUs, in each organ). We found that the wild-type strain had a 

significant competitive advantage at colonizing the spleen, MLN and Peyer’s patches over the 

sitA, the mntH, the sitA mntH, and the sitA mntH zupT mutants (Fig. 5.3 A-C). Moreover, the 

competitive advantage of the wild-type strain was slightly higher against the sitA mntH zupT 

mutant than against all other manganese transporter mutants. These data further support our 

findings that S. Typhimurium utilizes specialized manganese transporters to effectively colonize 

lymphoid tissue. 
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Figure 4.3. SitABCD, MntH and ZupT give S. Typhimurium a competitive advantage at 
colonizing lymphoid tissues. C57BL/6 mice were infected with by oral gavage with equal 
numbers of wild-type S. Typhimurium and a mutant deficient in one or multiple manganese 
transporters. The bacterial burden of each strain in the spleen was used to calculate the 
competitive index (C.I.). A significant competitive advantage of the wild-type (WT) over the 
indicated mutant is shown by * (P value ≤ 0.05),  or ** (P value ≤ 0.01). 

 

Calprotectin is not required for Mn2+-transporter-dependent growth of S. Typhimurium in 

the spleen and MLN.  

A massive neutrophil infiltrate in the intestine is a hallmark of the host response to 

infections by non-typhoidal S. enterica serovars, however neutrophils can also be recruited to 

extraintestinal tissues and are found in inflammatory lesions in infected regions of the spleen (19, 

20). Because neutrophils express large amounts of calprotectin and therefore carry a capacity for 

manganese sequestration, we sought to determine whether S. Typhimurium utilizes manganese 

transporters to overcome the host calprotectin response during infection of the spleen and 

mesenteric lymph nodes. Calprotectin positive (S100a9+/+) mice and calprotectin deficient 

(S100a9-/-) mice pre-treated with streptomycin were co-infected by oral gavage with equal 

numbers of S. Typhimurium wild-type and a mutant lacking one or multiple manganese 
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transporters. As expected, S. Typhimurium wild-type had a significant competitive advantage 

over the sitA, sitA mntH, and sitA mntH zupT mutants at colonizing the spleen and MLN of  

S100a9+/+ mice (Fig. 4.4A-F, white bars). The significant competitive advantage the wild-type 

strain has over the sitA, sitA mntH, and sitA mntH zupT mutants was recapitulated in the spleen 

and MLN of S100a9-/- mice (Fig. 4.4A-F, black bars).  Because manganese transporters are 

required for effective S. Typhimurium colonization of the spleen and MLN, these findings 

further support the possibility that manganese sequestration in extraintestinal tissue is achieved 

by host factors other than calprotectin. 

 

Figure 4.4. Calprotectin is not required for Mn2+-transporter-dependent growth of S. 
Typhimurium in the spleen and MLN. S100a9+/+ and S100a9-/- C57BL/6 mice were infected 
by oral gavage with equal numbers of wild-type S. Typhimurium and a mutant deficient in one or 
multiple manganese transporters, as indicated. The bacterial burden of each strain in the spleen 
(A-C) and mesenteric lymph nodes (MLN) (D-F) was used to calculate the competitive index 
(C.I.). A significant competitive advantage of the wild-type (WT) over the indicated mutant is 
shown by * (P value ≤ 0.05),  or ** (P value ≤ 0.01). 
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Figure 4.4. Calprotectin is not required for Mn2+-transporter-dependent growth of S. 
Typhimurium in the spleen and MLN. 
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IL-22 is not required for Mn2+-transporter-dependent growth of S. Typhimurium in the 

spleen and MLN. 

Both neutrophils and intestinal epithelial cells are a source of calprotectin during S. 

Typhimurium infection (21). Upregulation of IL-22 during S. Typhimurium infection induces the 

expression of both S100A8 and S100A9, as well as of other antimicrobial proteins involved in 

the host nutritional immune response, including lipocalin-2 (22). Because we observed a 

decrease in the competitive advantage of S. Typhimurium wild-type over the sitA mntH zupT 

mutant as a result of a partial rescue in the growth of the sitA mntH zupT mutant in the inflamed 

gut of IL22-/- mice (Fig. 2.7), we sought to determine whether the colonization defect of the sitA 

mntH zupT mutant in the spleen and MLN could also be rescued in IL22-/- mice. To test this 

possibility, we co-infected streptomycin pre-treated IL22+/+ mice and IL22-/- mice by oral gavage 

with equal numbers of S. Typhimurium wild-type and the sitA mntH zupT mutant. We harvested 

the spleen and MLN of infected mice 96 hours p.i. and the bacteria recovered from these tissue 

was used to calculate the competitive index as before. In contrast to what we observed in the 

intestine, S. Typhimurium wild-type retained a significant competitive advantage over the sitA 

mntH zupT mutant in the spleen and MLN of both IL22+/+ mice and IL22-/- mice (Fig. 4.5A and 

4.5C). Analysis of the bacterial burden in the spleen and MLN of individual mice shows that the 

burden of S. Typhimurium wild-type and the sitA mntH zupT mutant was equivalent between 

IL22+/+ mice and IL22-/- mice (Fig. 4.5B and 4.5D) indicating that the requirement for 

manganese transporters in the spleen and MLN is independent of IL-22. 
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Figure 4.5. IL-22 is not required for Mn2+-transporter-dependent growth of S. 
Typhimurium in the spleen and MLN. Il22+/+ and Il22-/- C57BL/6 mice were infected by oral 
gavage with equal numbers of wild-type S. Typhimurium and the sitA mntH zupT mutant 
deficient in one or multiple manganese transporters. The bacterial burden of each strain in the 
spleen (A-B) and MLN (C-D) was used to calculate the competitive index (C.I.). A significant 
competitive advantage of the wild-type (WT) over the sitA mntH zupT mutant is shown by * (P 
value ≤ 0.05),  or ** (P value ≤ 0.01). 
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NADPH oxidase is not required for Mn2+-transporter-dependent growth of S. 

Typhimurium in the spleen and MLN. 

 Our studies revealed that manganese transporters help S. Typhimurium resist the 

respiratory burst mediated by the NADPH oxidase in the inflamed gut (Chapter 3). The NADPH 

oxidase complex, which is highly expressed in macrophages and neutrophils, functions as a 

potent antimicrobial response to infection by producing the reactive oxygen species superoxide 

anion (23). Therefore, encounters with macrophages and neutrophils in extraintestinal tissues 

requires that S. Typhimurium mitigate the cytotoxic effects of superoxide production. In the 

inflamed intestine, neutralizing oxidative stress generated through NADPH oxidase activity is 

partially accomplished through expression of manganese transporters and SodA activity (Chapter 

3). Because in the spleen neutrophils and monocytes kill Salmonella through oxidative stress 

(20), we reasoned that expression of manganese transporters would promote S. Typhimurium 

survival in extraintestinal tissue. To test our hypothesis we co-infected streptomycin pre-treated 

Cybb-/- mice, which lack a functional NADPH oxidase, by oral gavage with equal numbers of S. 

Typhimurium wild-type and the sitA mntH zupT mutant. Cybb-/- mice were euthanized 72 hours 

p.i. instead of 96 hours p.i. due to their accelerated decline in health. Bacteria recovered from the 

spleen and MLN 72 hours p.i. were used to calculate the competitive index as before. In the 

spleen and MLN of Cybb-/- mice, S. Typhimurium wild-type retained a competitive advantage 

over the sitA mntH zupT mutant that was similar to seen Cybb+/+ mice (Fig. 4.6A and 4.6C). 

However, analysis of the bacterial burden in the spleen and MLN of individual mice showed that 

the burden of S. Typhimurium wild-type and the sitA mntH zupT was much higher in Cybb-/- 

mice compared to Cybb+/+ mice (Fig. 4.6B and 4.6D), confirming previous findings that a 

functional NADPH oxidase is important for host control of S. Typhimurium numbers in 
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extraintestinal tissues (20). Although the sitA mntH zupT mutant grew to higher numbers in 

spleen and MLN of Cybb-/- mice the number of mutants recovered from Cybb-/- mice was 

significantly less than that of the wild-type strain. Therefore, the NADPH oxidase does not 

appear to be required for Mn2+-transporter-dependent growth of S. Typhimurium in the spleen 

and MLN. Collectively, our findings highlight the important role manganese transporters play in 

contributing to the growth of S. Typhimurium in extraintestinal tissues. We used various mouse 

knock-out lines (S100a9-/-, Il22-/-, and Cybb-/-) the inability  of the spleen and MLN by the sitA 

mntH zupT S. Typhimurium mutant utilizes manganese transporters to colonize the spleen and 

MLN in NRAMP1-deficient C57BL/6 mice as reported in other animal models, but the host 

factors that sequester manganese in these lymphoid organs remain elusive. Here we demonstrate 

that expression of calprotectin, IL-22, or a functional NADPH oxidase does not explain the S. 

Typhimurium dependency on manganese transporters to effectively colonize the spleen and 

MLN.   



134 

  

Figure 4.6. NADPH oxidase is not required for Mn2+-transporter-dependent growth of S. 
Typhimurium in the spleen and MLN. Cybb+/+ and Cybb-/- C57BL/6 mice were infected by 
oral gavage with equal numbers of wild-type S. Typhimurium and the sitA mntH zupT mutant. 
The bacterial burden of each strain in the spleen (A-B) and MLN (C-D) was used to calculate the 
competitive index (C.I.). A significant competitive advantage of the wild-type (WT) over the sitA 
mntH zupT mutant is shown y ** (P value ≤ 0.01). 
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4.4 Discussion 

Several virulence traits contribute to Salmonella systemic infection (24) and among them 

are specialized mechanisms for acquiring key metals like iron, zinc and manganese. For 

example, acquiring iron through the FepBDGC ferric iron transporter as well as through the iron-

binding siderophores enterobactin and salmochelin, helps S. Typhimurium to colonize the spleen 

(25). The high-affinity zinc transporter ZnuABCD as well as the divalent cation permease ZupT 

help wild-type S. Typhimurium outcompete mutants lacking these transporters in the spleen, 

suggesting that zinc uptake is also important for S. Typhimurium colonization of the spleen (18) 

(communication from Janet Liu, unpublished results). In the mouse typhoid model of infection 

there is also a higher survival rate in mice when they were infected with S. Typhimurium 

mutants lacking the SitABCD, MntH or ZupT transporters (15, 17, 26). This decrease in 

virulence is presumably a consequence of a lower S. Typhimurium burden in systemic organs 

which was not directly measured in a 2 of the 3 studies conducted (15, 17, 26). However, it was 

found that SitABCD contributes to a competitive advantage for S. Typhimurium in the spleen of 

mice (17), and as mentioned above, ZupT also gives S. Typhimurium a competitive advantage in 

the spleen (18). Besides Salmonella other pathogens use mechanisms of manganese uptake to 

colonize host tissues. Loss of the manganese transporters MntABC and MntH in Staphylococcus 

aureus reduced bacterial burdens in the liver of mice (27). It has also been observed that 

manganese transporters in Yersinia pestis promote virulence suggesting that uptake of this metal 

is important during blood-borne to the liver and spleen (28). Given the importance of metal 

micronutrients for the growth, survival and virulence of bacterial pathogens (reviewed in Chapter 

1) it is not surprising that pathogens deploy special mechanisms for obtaining metals during 

systemic infections. 
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Here we report that manganese transporters aid in S. Typhimurium colonization of gut-

associated lymphoid tissues (i.e., Peyer’s patches and mesenteric lymph nodes) and the spleen. 

We also sought to determine if the colonization defect of our manganese transporter mutants 

could be rescued in the spleen and MLN of mice that lack either calprotectin, IL-22, or a 

functional NADPH oxidase. We found that manganese transporter deficient mutants of S. 

Typhimurium had the same colonization defect in the spleen and MLN of S100a9-/-, Il22-/-, and 

Cybb-/- as seen in their wild-type littermates. This data suggest that host expression of 

calprotectin, Il-22, or a functional NADPH oxidase may not contribute to host efforts at limiting 

manganese-transporter-dependent growth of S. Typhimurium in the spleen and MLN. Another 

plausible explanation could be that the contribution of calprotectin, IL-22, or the NADPH 

oxidase is part of a multi-faceted and/or multi-layered host strategy to limit pathogen 

colonization and thereby studying the effects in mice deficient in a single component does not 

suffice. Consistent with this idea, it is well understood that the host deploys a wide range of 

strategies to limit microbial access to iron during an infection (reviewed in detail in Chapter 1). 

Similarly, both NRAMP1 and calprotectin are host factors that limit microbial access to 

manganese (reviewed in (29) and Chapter 1). Because C57BL/6 mice are NRAMP1 deficient 

animals, our studies in S100a9-/- mice (C57BL/6 background) were in fact conducted in animals 

lacking  all known mechanisms that limit microbial access to manganese, but there may be other 

strategies that have not been identified. In fact, our observation that the growth defect of the sitA 

mntH zupT mutant is partially rescued in the inflamed gut of Il-22-/- mice but not in the inflamed 

gut of S100a9-/- mice suggests that mice may express manganese-sequestering antimicrobial 

protein(s) that have not been identified (Chapter 2). Because manganese transporters play a role 

in promoting colonization of systemic sites by S. Typhimurium and other pathogens, identifying 
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additional host factors that enhance manganese sequestration during an infection will be an 

important advancement in our understanding of the molecular mechanisms of nutritional 

immunity. 

Although redundancy in host strategies to sequester manganese may explain the findings 

presented here, it is possible that our experimental approach could also be masking a potential 

role for calprotectin, IL-22 or NADPH oxidase during manganese-transporter-dependent growth 

and survival in the spleen. Growth of S. Typhimurium in the lumen of the inflamed intestine is 

generally considered independent of intracellular survival. Therefore, when we quantify the 

number of wild-type or mutant Salmonella recovered from the cecal content of infected mice we 

generally account for bacteria that are exposed to a luminal environment that can be considered 

relatively homogenous in the make-up of host antimicrobial effectors. By contrast,  S. 

Typhimurium in the spleen, and likely other extraintestinal tissues like the liver, is dependent on 

intracellular survival within infected cells (30). In the spleen S. Typhimurium can invade most 

phagocytic and non-phagocytic cells including B and T lymphocytes, neutrophils, monocytes, 

and dendritic cells (31). As such, net growth of S. Typhimurium in the spleen is influenced by 

many factors including the population densities of cells susceptible to invasion, cell-specific 

antimicrobial responses, and the potential for S. Typhimurium to alter the intracellular 

environment through secreted effectors. Thus, unrefined measurements of S. Typhimurium net 

growth in the spleen are unable to resolve the heterogeneity of antimicrobial effectors that 

Salmonella encounters in microenvironments within host tissues. Recently, a single-cell 

approach was used to determine the impact of oxidative and nitrosative stresses on individual 

Salmonella during early infection of the spleen (20). The study found that: 
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neutrophils and inflammatory monocytes kill Salmonella by generating overwhelming 

oxidative stress through NADPH oxidase and myeloperoxidase. This controls Salmonella 

within inflammatory lesions but does not prevent their spread to more permissive resident 

red pulp macrophages, which generate only sublethal oxidative bursts. Regional host 

expression of inducible nitric oxide synthase exposes some Salmonella to nitrosative 

stress, triggering effective local Salmonella detoxification through nitric oxide 

denitrosylase. Thus, reactive oxygen and nitrogen species influence dramatically different 

outcomes of disparate Salmonella-host cell encounters, which together determine overall 

disease progression (20). 

Using a similar approach, it would be interesting to determine if manganese transporters help S. 

Typhimurium mitigate the effect of reactive oxygen species only within red pulp macrophages 

but not in neutrophils and inflammatory monocytes. 

 

4.5 Materials and Methods 

Bacterial Strains and Culture Conditions 

IR715 is a fully virulent, nalidixic acid-resistant derivative of S. Typhimurium wild-type 

isolate ATCC 14028 (32). Construction of S. Typhimurium derivatives carrying mutations in 

sitA, mntH, and zupT are described in Chapter 2 section 2.5. A complete list of strains, plasmids, 

and primers used in all experiments is provided in Tables 2.1, 2.2 and 2.3. All cultures of S. 

Typhimurium and Escherichia coli were incubated aerobically at 37°C in Luria-Bertani (LB) 

broth (per liter: 10 g tryptone, 5 g yeast extract, 10 g NaCl) or on LB agar plates (1.5% Difco 

agar) unless otherwise noted. Antibiotics and other chemicals were added at the following 

concentrations (mg/l) as needed: carbenicillin (Carb), 100; chloramphenicol (Cm), 30; 
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kanamycin (Km), 100; nalidixic acid (Nal), 50; 5-bromo-4-choloro-3-indoyl-B-D-

galactopyranoside (Xgal), 40. 

Animal Infections 

C57BL/6 mice, S100a9-/- mice, Il22-/- mice, and Cybb-/- mice were used in these studies. 

C57BL/6 mice were purchased from Taconic Farms and The Jackson Laboratory. Cybb-/- mice 

were also purchased from The Jackson Laboratory. S100a9-/- and Il22-/- mice were bread at 

University of California, Irvine and S100a9+/+ and Il22+/+ littermates were used in these 

experiments. S100a9-/- mice were generated as described by (33), Il22-/- mice were generated as 

described by (34), and Cybb-/- mice were generated as described (35). One day prior to infection, 

mice were given streptomycin (1 mg per gram of mouse) by oral gavage. Twenty-four hours 

after streptomycin treatment, mice were infected with either 1x109 CFU of a single S. 

Typhimurium strain or co-infected with 1x109 CFU of a mixture of two S. Typhimurium strains 

at a 1:1 ratio. The spleen, mesenteric lymph nodes, and Peyer’s patches were harvested at either 

72 or 96 hours post-infection (p.i.), homogenized, serially diluted, and plated on selective media 

to determine the CFUs of each strain of S. Typhimurium used in the infection. In mice co-

infected with two strains of S. Typhimurium the competitive index was calculated by dividing 

the output ratio (CFU of the wild-type divided by CFU of the mutant) by the input ratio (CFU of 

the wild-type divided by CFU of the mutant). Mice infected by intraperitoneal (i.p.) injection 

were given 1x103 CFU of a single S. Typhimurium strain. Host organs and tissue were collected 

96 hours p.i. and processed as described above. 

Statistical Analysis 

Differences between treatment groups were analyzed by ANOVA followed by Student’s t test. A 
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P value equal or below 0.05 was considered statistically significant. 
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CHAPTER 5 

 

Discussion and Future Directions 

 

5.1 Summary and Conclusions 

Acquisition of metal ions like iron, zinc and manganese is essential for the majority of 

bacterial pathogens to sustain their replication and survival inside the host. As such, the host 

employs several mechanisms to limit the availability of these metal ions to pathogens, a process 

known as nutritional immunity (1). At mucosal surfaces like the gut, metal-binding proteins such 

as lipocalin-2 and calprotectin are secreted upon infection as a means to limit microbial access to 

important metal ions. By sequestering the iron-bound siderophore enterobactin, lipocalin-2 

provides an effective iron-withholding response against bacterial pathogens (2). However, 

Salmonella evades lipocalin-2 mediated iron-withholding by modifying the structure of 

enterobactin to prevent lipocalin-2 binding to the alternative siderophore (3, 4). Salmochelin-

mediated acquisition of iron in the inflamed intestine is thus an important mechanism for 

Salmonella growth in this environment (5). A second metal binding protein that is secreted in the 

intestine is calprotectin. Fecal calprotectin significantly increases upon Salmonella infection in 

both humans and mice (6, 7), as well as in inflammatory bowel diseases (IBD), where it is used 

as a diagnostic and prognostic marker (8). Despite its clinical relevance, the role of fecal 

calprotectin in the gut and its interaction with pathogens and commensals is not well understood. 

Here we dissect the mechanistic interaction between calprotectin and Salmonella by combining 

host and bacterial genetics (i.e., by using a genetics-squared approach (9)). 
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Earlier work in our laboratory demonstrated that zinc acquisition via the ZnuABC 

transporter confers resistance to calprotectin and enhances the growth of S. Typhimurium in the 

gut and its competition with the microbiota (7). Here we show that SitABCD, MntH and ZupT 

play a role in the evasion of calprotectin-mediated sequestration of manganese, and enhance 

Salmonella colonization of the inflamed gut (Chapter 2). While previous studies have identified 

these transporters and demonstrated their contribution to Salmonella virulence in the typhoid 

model of infection (10-16), their role in the inflamed gut and their interplay with host metal 

binding proteins had remained elusive. Our results show a redundant role for manganese 

transporters in evading growth inhibition by calprotectin, as a mutant strain lacking three (sitA 

mntH zupT) but not two (sitA mntH) transporters nor zupT alone was severely attenuated in 

growth in calprotectin-supplemented media (Chapter 2). Furthermore, we demonstrated that the 

manganese binding sites of calprotectin are essential to inhibit growth of the sitA mntH zupT 

mutant. These results are in agreement with previous studies with Staphylococcus aureus (17, 

18) and further demonstrate that the antimicrobial activity of calprotectin is due to zinc and 

manganese sequestration.  

Manganese acquisition is not only important for in vitro growth of S. Typhimurium, but 

also for overcoming manganese sequestration in the host. S. Typhimurium mutants deficient in 

manganese transporter SitABCD, MntH and ZupT were severely attenuated in mice when in 

competition with either wild-type S. Typhimurium or a mouse-adapted commensal strain of E. 

coli (Chapter 2). Without competition with wild-type S. Typhimurium, however, sitA, mntH and 

zupT mutants colonized the mouse gut to the same level as wild type S. Typhimurium. Given the 

fact that many transporters, including SitABCD, MntH and ZupT are relatively promiscuous and 

facilitate transport of different divalent cations (11, 13, 19), there are likely other metal 
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transporters expressed during S. Typhimurium infection that are equally promiscuous and can 

promote S. Typhimurium growth by importing sufficient amounts of manganese. However, the 

strong attenuation of S. Typhimurium manganese transport mutants in competition with wild-

type S. Typhimurium indicate that these additional transporters might not be as efficient in 

acquiring manganese in the inflamed gut as SitABCD, MntH and ZupT. 

Even though calprotectin effectively sequesters manganese, manganese starvation during 

S. Typhimurium infection is not promoted solely by the action of calprotectin. This is evidenced 

by the fact that the growth defect of manganese transporter deficient S. Typhimurium strains was 

not rescued in calprotectin deficient mice. Instead, strains were partially rescued in mice 

deficient in IL-22. This cytokine is highly induced in the cecum of S. Typhimurium-infected 

mice (20) and is known to promote the expression of antimicrobial proteins, e.g. C-type lectins 

RegIIIγ and RegIIIβ, the psoriasin S100A7, the two subunits of calprotectin S100A8 and 

S100A9, β-defensins 2 and 3, and lipocalin-2 (5, 21-24). These antimicrobial proteins are 

released by both neutrophils that are recruited to the inflamed gut, and by colonic epithelial cells. 

Under physiological conditions, these proteins are secreted at low levels, but their concentration 

increases dramatically when the intestine is inflamed. Our data suggest the possibility that IL-22 

not only promotes the production of calprotectin, but also of additional manganese binding 

protein(s) that cooperate with calprotectin in sequestering manganese in the inflamed gut. In the 

absence of IL-22, expression of manganese-sequestering antimicrobials is apparently lowered, 

which results in higher colonization of S. Typhimurium manganese transporter deficient mutants. 

Thus, our results indicate that IL-22 is an important mediator of nutritional immunity, by 

promoting the expression of manganese-sequestering antimicrobials in the inflamed gut.  
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Expression of SitABCD, MntH and ZupT enhances growth of S. Typhimurium in the 

inflamed gut despite host strategies to restrict microbial access to this metal. Here we also show 

that growth of S. Typhimurium in the inflamed gut is linked to a manganese-dependent 

mechanism of mitigating oxidative stress. Manganese is an important co-factor for bacterial 

enzymes involved in detoxification of free radicals and envelope stress responses (25). 

Consistent with the crucial role of manganese as a co-factor for bacterial enzymes that detoxify 

free radicals, we observed that calprotectin only minimally inhibited the growth of the sitA mntH 

zupT mutant in the absence of oxygen, where the amount of free radical species are greatly 

reduced (Chapter 3). The finding that growth of an S. Typhimurium mutant deficient in SodA, an 

enzyme that detoxifies free radicals and requires manganese as a co-factor, was inhibited to 

similar levels as the sitA mntH zupT mutant (Chapter 3) further suggests that calprotectin-

mediated manganese sequestration is a mechanism to enhance oxidative stress in S. 

Typhimurium. Nonetheless, this pathogen utilizes at least three transporters to evade this host 

response and acquire manganese. Of note, calprotectin retained its inhibitory activity of the znuA 

mutant in anaerobiosis, which likely reflects the central role of zinc for S. Typhimurium 

metabolism even in the absence of oxygen. Our observations in vitro indicated that expression of 

manganese transporters could promote the growth S. Typhimurium over susceptible bacteria in 

the inflamed gut of the host, where manganese sequestration and free radical production is 

coupled. During intestinal inflammation, polymorphonuclear leukocytes generate reactive 

oxygen species, creating an environment that favors the growth of facultative anaerobes that 

express enzymes, like SodA, to mitigate oxidative stress. Until now the role of SodA in 

Salmonella pathogenesis appeared to only matter for the survival of S. Typhimurium within 

macrophages (26). Because macrophages upregulate their expression of NRAMP1 and NADPH 
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oxidase activity during infection (27, 28), the finding that SodA is important for S. Typhimurium 

survival in these cells is consistent with the notion that Salmonella use manganese transporters 

and SodA activity to overcome coupling of manganese sequestration and free radical production 

in the host. Calprotectin expression in macrophages can potentially enhance manganese 

sequestration but expression of both subunits of calprotectin occurs only at early stages of 

monocyte/macrophage differentiation or during chronic inflammation in tissues (29). Our finding 

that expression of SodA promoted the growth of S. Typhimurium in the inflamed gut (Chapter 3) 

demonstrates that Mn2+-dependent enzymatic activity is an important strategy for S. 

Typhimurium to mitigate oxidative stress and thrive in this hostile environment. 

Efforts to limit intestinal inflammation as a means to reduce S. Typhimurium growth in 

the lumen may compromise the host ability restrict Salmonella dissemination to extra-intestinal 

sites of infection. Since iron, zinc and manganese uptake promote S. Typhimurium growth in the 

inflamed gut, targeting mechanisms of metal uptake may represent an attractive strategy to limit 

infections with S. Typhimurium or other pathogens. To this end, it has already been shown that 

active immunization against MntC, a component of the manganese ABC transporter complex in 

staphylococcal species, lowers the bacterial load in S. aureus and S. epidermidis infection (30). 

Homologs of MntC are expressed on the surface of gram-positive bacteria, and therefore they 

serve as plausible antigens for candidate vaccines strategies. However, similar metal transport 

systems are buried within the inner membrane in Gram-negative bacteria, rendering them poor 

candidates for vaccine development. Although various outer-membrane receptors that facilitate 

iron uptake have been identified in S. Typhimurium and other gram-negative bacteria, very little 

is known about how zinc or manganese cross the outer-membrane. Understanding these 
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mechanisms could eventually generate novel targets for vaccines also against Gram-negative 

bacteria.   

 

5.2 Future Directions 

Because access to metal micronutrients is essential to microbial growth and survival, 

therapeutic strategies that enhance the host nutritional immune response during an infection can 

potentially reduce pathogen numbers in the host, which may improve disease outcomes and 

possibly reduce transmission of a pathogen to naïve hosts.  Consistent with this idea, it was 

recently demonstrated that the administration of the probiotic strain Eschericia coli Nissle 1917 

reduces S. Typhimurium numbers in the intestine by competing with the pathogen for iron (31). 

The shedding of high numbers of S. Typhimurium in the feces of mice facilitates the 

transmission of S. Typhimurium to uninfected animals (32) and thus by reducing S. 

Typhimurium intestinal colonization through the introduction of a microbial competitor for iron 

there now exists a feasible strategy that has the potential to limit the spread of Salmonella by 

enhancing nutritional immunity in an infected host. Whether E. coli Nissle 1917 has the potential 

to limit S. Typhimurium transmission has yet to be tested. Also, the capacity for E. coli Nissle 

1917 to compete for metal micronutrients other than iron is not yet understood. In addition to 

having multiple mechanisms for iron acquisition (32) E. coli Nissle 1917 also encodes the zinc 

transporter ZnuA, the manganese transporters SitABCD and MntH, and the divalent cation 

permease ZupT that are found in Salmonella and have been shown to promote the growth of S. 

Typhimurium in the intestine (7) and (Chapter 3). To determine if mechanisms of zinc and 

manganese uptake enhance the ability of E. coli Nissle 1917 to compete for additional metal 

micronutrients we have generated mutants in Nissle that lack ZnuA, SitABCD, MntH and/or 
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ZupT. Preliminary studies by our group show that these mechanisms of metal uptake promote 

the growth of E. coli Nissle 1917 in vitro under metal limiting conditions (data not shown), 

which may serve to help Nissle colonize the inflamed intestine wherein host expression of 

calprotectin can sequester zinc and manganese. Future studies that help elucidate whether ZnuA, 

SitABCD, MntH and ZupT promote E. coli Nissle 1917 competition for metal micronutrients 

against S. Typhimurium and related pathogens can help us understand the extent to which this 

probiotic can be used to enhance the host nutritional immune response and reduce the burden of 

disease. 

As highly evolved pathogens like S. Typhimurium have acquired multiple metal 

acquisition mechanisms, a strategy that employs a single approach to reducing pathogen numbers 

by promoting nutritional immunity (i.e., either a vaccination strategy or the use of a single 

competitor) may not be sufficient. Barriers to limiting pathogen access to metal micronutrients in 

a host by exogenous means have to be considered in the development of a strategy to enhance 

the nutritional immune response. For example, it will be important to consider the impact of 

vaccine strategies that target microbial metal uptake mechanisms might have on the human 

microbial flora. Given that metal acquisition is important for all microbes, pathogens and 

commensals alike, vaccination against an antigen produced broadly among microorganisms may 

have deleterious effects against beneficial commensals. Fortunately, pathogens that have evolved 

mechanisms to overcome metal sequestration in the host do so through mechanisms that are not 

always widespread among microorganisms (1). Homologs of the S. Typhimurium manganese 

transporters MntH and ZupT are found across pathogenic and non-pathogenic bacteria whereas 

SitABCD homologs are mostly found among pathogens (19, 33). Understanding these 
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differences will be important to developing approaches that are effective against invading 

pathogens while reducing a deleterious impact on the human microbiota. 

Another point to consider when looking to enhance nutritional immunity in the host is the 

limitation of using a single microorganism to compete against an invading pathogen for metals.  

Escherichia coli Nissle 1917 can reduce S. Typhimurium colonization in the intestine because 

the probiotic encodes several iron uptake systems that allow it to compete with S. Typhimurium 

for iron. We do not yet fully understand the capacity of Nissle to compete for zinc and 

manganese and we are actively investigating this area. These studies can be complemented with 

research into other non-pathogenic microorganisms that are known to have highly efficient 

mechanisms of metal uptake. One such organisms is Lactobacillus plantarum which is known to 

be able to accumulate millimolar concentrations of intracellular manganese (34). Like 

Escherichia coli Nissle 1917, Lactobacillus plantarum can colonize the intestine and appears to 

have many beneficial effects on the host (35). It was also found that the high levels of manganese 

accumulation in L. plantarum appears to help this bacterium deal with oxidative stress (34), a 

feature that may be well suited for the inflamed environment during S. Typhimurium induced 

gastroenteritis. As such, co-administration of Escherichia coli Nissle 1917 with L. plantarum 

may be a more effective strategy at decreasing the burden of S. Typhimurium in the intestine. If 

it turns out that L. plantarum cannot effectively colonize the inflamed intestine or the 

competition for manganese is limits Nissle growth under this strategy, an alternative approach 

could be to express the manganese acquisition systems of L. plantarum in Escherichia coli 

Nissle 1917. 

The role of manganese in helping pathogens to detoxify reactive oxygen species has been 

previously studied (33) but its significance in promoting pathogen growth in vivo is highlighted 
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in particular by our studies (Chapter 3). Our work here demonstrated that manganese acquisition 

by S. Typhimurium was important for S. Typhimurium to mitigate oxidative stress through the 

manganese-dependent antioxidant enzymes SodA and KatN. Both SodA and KatN appear to be 

very important in promoting S. Typhimurium growth in the inflamed intestine (Chapter 3), a 

finding that has also lead us to wonder why a defect in SodA or KatN activity was not 

complemented by additional dismutases and catalases encoded by S. Typhimurium but which are 

not dependent on manganese for their activity.  Metal withholding strategies by the host should 

not be a hindrance to the activity of the iron-dependent dismutase, SodB, and the Copper/Zinc-

dependent dismutases, SodCI and SodCII, presumably because S. Typhimurium can effectively 

overcome iron and zinc sequestration in the inflamed gut (7, 36). Similarly, the haem-dependent 

catalases KatE and KatG should be functional in the inflamed gut as S. Typhimurium can acquire 

iron in this environment. The reasons why non-manganese dependent superoxide dismutases and 

catalases may function cooperatively with SodA and KatN rather than as redundant mechanisms 

of antioxidant activity should be investigated further. Such studies could help explain why 

pathogens like S. Typhimurium, which can inhabit a broad range of hosts or niches within a host, 

have acquired multiple non-redundant mechanisms to detoxify reactive oxygen species.  

 

5.3 References 

1. Hood MI, Skaar EP. 2012. Nutritional immunity: transition metals at the pathogen-host 
interface. Nat Rev Microbiol 10:525-537. 

2. Flo TH, Smith KD, Sato S, Rodriguez DJ, Holmes MA, Strong RK, Akira S, Aderem A. 
2004. Lipocalin 2 mediates an innate immune response to bacterial infection by 
sequestrating iron. Nature 432:917-921. 

3. Hantke K, Nicholson G, Rabsch W, Winkelmann G. 2003. Salmochelins, siderophores of 
Salmonella enterica and uropathogenic Escherichia coli strains, are recognized by the 
outer membrane receptor IroN. Proc Natl Acad Sci U S A 100:3677-3682. 

4. Fischbach MA, Lin H, Zhou L, Yu Y, Abergel RJ, Liu DR, Raymond KN, Wanner BL, 
Strong RK, Walsh CT, Aderem A, Smith KD. 2006. The pathogen-associated iroA gene 



152 

cluster mediates bacterial evasion of lipocalin 2. Proc Natl Acad Sci U S A 103:16502-
16507. 

5. Raffatellu M, George MD, Akiyama Y, Hornsby MJ, Nuccio SP, Paixao TA, Butler BP, 
Chu H, Santos RL, Berger T, Mak TW, Tsolis RM, Bevins CL, Solnick JV, Dandekar S, 
Baumler AJ. 2009. Lipocalin-2 resistance confers an advantage to Salmonella enterica 
serotype Typhimurium for growth and survival in the inflamed intestine. Cell Host 
Microbe 5:476-486. 

6. Chen CC, Huang JL, Chang CJ, Kong MS. 2012. Fecal calprotectin as a correlative 
marker in clinical severity of infectious diarrhea and usefulness in evaluating bacterial or 
viral pathogens in children. J Pediatr Gastroenterol Nutr 55:541-547. 

7. Liu JZ, Jellbauer S, Poe AJ, Ton V, Pesciaroli M, Kehl-Fie TE, Restrepo NA, Hosking 
MP, Edwards RA, Battistoni A, Pasquali P, Lane TE, Chazin WJ, Vogl T, Roth J, Skaar 
EP, Raffatellu M. 2012. Zinc sequestration by the neutrophil protein calprotectin 
enhances Salmonella growth in the inflamed gut. Cell Host Microbe 11:227-239. 

8. Sherwood RA. 2012. Faecal markers of gastrointestinal inflammation. J Clin Pathol 
65:981-985. 

9. Persson J, Vance RE. 2007. Genetics-squared: combining host and pathogen genetics in 
the analysis of innate immunity and bacterial virulence. Immunogenetics 59:761-778. 

10. Cerasi M, Liu JZ, Ammendola S, Poe AJ, Petrarca P, Pesciaroli M, Pasquali P, Raffatellu 
M, Battistoni A. 2014. The ZupT transporter plays an important role in zinc homeostasis 
and contributes to Salmonella enterica virulence. Metallomics 6:845-853. 

11. Kehres DG, Zaharik ML, Finlay BB, Maguire ME. 2000. The NRAMP proteins of 
Salmonella typhimurium and Escherichia coli are selective manganese transporters 
involved in the response to reactive oxygen. Mol Microbiol 36:1085-1100. 

12. Zhou D, Hardt WD, Galan JE. 1999. Salmonella typhimurium encodes a putative iron 
transport system within the centisome 63 pathogenicity island. Infect Immun 67:1974-
1981. 

13. Kehres DG, Janakiraman A, Slauch JM, Maguire ME. 2002. SitABCD is the alkaline 
Mn(2+) transporter of Salmonella enterica serovar Typhimurium. J Bacteriol 184:3159-
3166. 

14. Janakiraman A, Slauch JM. 2000. The putative iron transport system SitABCD encoded 
on SPI1 is required for full virulence of Salmonella typhimurium. Mol Microbiol 
35:1146-1155. 

15. Zaharik ML, Cullen VL, Fung AM, Libby SJ, Kujat Choy SL, Coburn B, Kehres DG, 
Maguire ME, Fang FC, Finlay BB. 2004. The Salmonella enterica serovar Typhimurium 
divalent cation transport systems MntH and SitABCD are essential for virulence in an 
Nramp1G169 murine typhoid model. Infect Immun 72:5522-5525. 

16. Karlinsey JE, Maguire ME, Becker LA, Crouch ML, Fang FC. 2010. The phage shock 
protein PspA facilitates divalent metal transport and is required for virulence of 
Salmonella enterica sv. Typhimurium. Mol Microbiol 78:669-685. 

17. Kehl-Fie TE, Chitayat S, Hood MI, Damo S, Restrepo N, Garcia C, Munro KA, Chazin 
WJ, Skaar EP. 2011. Nutrient metal sequestration by calprotectin inhibits bacterial 
superoxide defense, enhancing neutrophil killing of Staphylococcus aureus. Cell Host 
Microbe 10:158-164. 

18. Damo SM, Kehl-Fie TE, Sugitani N, Holt ME, Rathi S, Murphy WJ, Zhang Y, Betz C, 
Hench L, Fritz G, Skaar EP, Chazin WJ. 2013. Molecular basis for manganese 



153 

sequestration by calprotectin and roles in the innate immune response to invading 
bacterial pathogens. Proc Natl Acad Sci U S A 110:3841-3846. 

19. Grass G, Franke S, Taudte N, Nies DH, Kucharski LM, Maguire ME, Rensing C. 2005. 
The metal permease ZupT from Escherichia coli is a transporter with a broad substrate 
spectrum. J Bacteriol 187:1604-1611. 

20. Godinez I, Haneda T, Raffatellu M, George MD, Paixao TA, Rolan HG, Santos RL, 
Dandekar S, Tsolis RM, Baumler AJ. 2008. T cells help to amplify inflammatory 
responses induced by Salmonella enterica serotype Typhimurium in the intestinal 
mucosa. Infect Immun 76:2008-2017. 

21. Aujla SJ, Chan YR, Zheng M, Fei M, Askew DJ, Pociask DA, Reinhart TA, McAllister 
F, Edeal J, Gaus K, Husain S, Kreindler JL, Dubin PJ, Pilewski JM, Myerburg MM, 
Mason CA, Iwakura Y, Kolls JK. 2008. IL-22 mediates mucosal host defense against 
Gram-negative bacterial pneumonia. Nat Med 14:275-281. 

22. Conti HR, Shen F, Nayyar N, Stocum E, Sun JN, Lindemann MJ, Ho AW, Hai JH, Yu JJ, 
Jung JW, Filler SG, Masso-Welch P, Edgerton M, Gaffen SL. 2009. Th17 cells and IL-17 
receptor signaling are essential for mucosal host defense against oral candidiasis. J Exp 
Med 206:299-311. 

23. Kagami S, Rizzo HL, Kurtz SE, Miller LS, Blauvelt A. 2010. IL-23 and IL-17A, but not 
IL-12 and IL-22, are required for optimal skin host defense against Candida albicans. J 
Immunol 185:5453-5462. 

24. Zheng Y, Valdez PA, Danilenko DM, Hu Y, Sa SM, Gong Q, Abbas AR, Modrusan Z, 
Ghilardi N, de Sauvage FJ, Ouyang W. 2008. Interleukin-22 mediates early host defense 
against attaching and effacing bacterial pathogens. Nat Med 14:282-289. 

25. Kehres DG, Maguire ME. 2003. Emerging themes in manganese transport, biochemistry 
and pathogenesis in bacteria. FEMS Microbiol Rev 27:263-290. 

26. Tsolis RM, Baumler AJ, Heffron F. 1995. Role of Salmonella Typhimurium Mn-
superoxide dismutase (SodA) in protection against early killing by J774 macrophages. 
Infect Immun 63:1739-1744. 

27. Cellier MF, Courville P, Campion C. 2007. Nramp1 phagocyte intracellular metal 
withdrawal defense. Microbes and infection / Institut Pasteur 9:1662-1670. 

28. Vazquez-Torres A, Fang FC. 2001. Oxygen-dependent anti-Salmonella activity of 
macrophages. Trends in microbiology 9:29-33. 

29. Zwadlo G, Brüggen J, Gerhards G, Schlegel R, Sorg C. 1988. Two calcium-binding 
proteins associated with specific stages of myeloid cell differentiation are expressed by 
subsets of macrophages in inflammatory tissues. Clinical and experimental immunology 
72:510-515. 

30. Anderson AS, Scully IL, Timofeyeva Y, Murphy E, McNeil LK, Mininni T, Nunez L, 
Carriere M, Singer C, Dilts DA, Jansen KU. 2012. Staphylococcus aureus manganese 
transport protein C is a highly conserved cell surface protein that elicits protective 
immunity against S. aureus and Staphylococcus epidermidis. J Infect Dis 205:1688-1696. 

31. Deriu E, Liu JZ, Pezeshki M, Edwards RA, Ochoa RJ, Contreras H, Libby SJ, Fang FC, 
Raffatellu M. 2013. Probiotic bacteria reduce Salmonella Typhimurium intestinal 
colonization by competing for iron. Cell Host Microbe 14:26-37. 

32. Lawley TD, Bouley DM, Hoy YE, Gerke C, Relman DA, Monack DM. 2008. Host 
transmission of Salmonella enterica serovar Typhimurium is controlled by virulence 
factors and indigenous intestinal microbiota. Infect Immun 76:403-416. 



154 

33. Papp-Wallace KM, Maguire ME. 2006. Manganese transport and the role of manganese 
in virulence. Annu Rev Microbiol 60:187-209. 

34. Archibald FS, Fridovich I. 1981. Manganese and defenses against oxygen toxicity in 
Lactobacillus plantarum. Journal of bacteriology 145:442-451. 

35. Bested AC, Logan AC, Selhub EM. 2013. Intestinal microbiota, probiotics and mental 
health: from Metchnikoff to modern advances: Part II - contemporary contextual 
research. Gut Pathog 5:3. 

36. Raffatellu M, George MD, Akiyama Y, Hornsby MJ, Nuccio S-P, Paixao TA, Butler BP, 
Chu H, Santos RL, Berger T, Mak TW, Tsolis RM, Bevins CL, Solnick JV, Dandekar S, 
Bäumler AJ. 2009. Lipocalin-2 resistance confers an advantage to Salmonella enterica 
serotype Typhimurium for growth and survival in the inflamed intestine. Cell Host & 
Microbe 5:476-486. 

 

 

 

 


	Preliminary Pages (final)
	Chapter 1
	Chapter 2 (final)
	Chapter 3 (final)
	Chapter 4 (final)
	Chapter 5 (final)



