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Abstract  

 

Salmonella serovars are harmful enteric pathogens of economical and clinical 

importance that possess sophisticated strategies to rapidly adapt to various 

host (human and animal) and non-host (soil, water and industrial) environments. 

Nitrosative stress, in the form of RNS such as the potent cytotoxin NO, is an 

important stress in the Salmonella lifecycle. Salmonella is exposed to 

exogenous NO, produced by activated macrophages as part of the host 

immune response and to endogenous NO, produced during anaerobic nitrate 

respiration. Salmonella employs three known enzymes (HmpA, NrfA and 

NorVW) to detoxify NO to less toxic compounds, including the 

neuropharmacological agent and greenhouse gas N2O. The production of 

endogenous NO and N2O have been predominantly studied in denitrifying soil 

bacteria and have been widely neglected in enteric bacteria. 

  

Here, the physiological and molecular mechanisms involved in endogenous NO 

production and detoxification were examined in the pathogenic Salmonella 

enterica serovar Typhimurium and laboratory Escherichia coli (E. coli) strains. 

Significant differences in N2O production were observed between the two 

genera and between the tested E. coli strains, although they possess identical 

nitrate respiration systems. The reason for this was found to be transcriptional, 

with narG expression having the major impact. In addition, our results indicate 

that a weak nitrous oxide reductase exists in Salmonella; a process that was 

believed to be restricted to certain soil bacteria, archaea and fungi that possess 

the enzyme NosZ. Furthermore, the contribution of selected NsrR regulon 

genes, to endogenous N2O production of Salmonella was determined and 

revealed that HmpA and the Hcp-Hcr operon are both crucial for high N2O 

levels. These findings provide new insights into host-pathogen interactions, 

which could potentially lead to new treatment strategies for Salmonella 

infections, help to increase food safety and provide new mitigation strategies to 

reduce global warming. 
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1 Introduction
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1.1 The biogeoc hemical nitrogen cycle  

 

The nitrogen cycle is one of the most important nutrient cycles in our 

environment. Nitrogen is required by all organisms to synthesize nucleic acids, 

amino acids, proteins and other essential cofactors. Man-made alterations, such 

as burning fossil fuels and the increased use of fertilizer for agricultural 

purposes, have increased awareness about the potential harm for the 

environment and thus research interest in this area has increased in recent 

times (Moenne-Loccoz and Fee, 2010). One concern is the production of nitrous 

oxide (N2O) by terrestrial and marine microbes; a greenhouse gas with 300 

times higher global warming potency than CO2 and an atmospheric lifetime of 

approximately 150 years (Richardson et al., 2009). The Intergovernmental 

Panel on Climate Change (IPCC) estimated a 20% increase of atmospheric N2O 

over the past century with an annual increase at a rate of 0.2-0.3% (Thomson et 

al., 2012). 

 

Figure 1 shows the nitrogen cycle and its diverse redox reactions, which are 

mainly accomplished by bacteria. Nitrogen is present in all of its oxidation 

states; from the most strongly reduced state -3 in the form of ammonia, to the 

highest oxidation state of +5 in the form of nitrate ions. Many of the enzymes 

that drive these reactions contain metal ions in their active centres (Richardson 

and Watmough, 1999, Zumft, 1997). 
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Figure 1 The biogeochemical nitrogen cycle.   
The biogeochemical nitrogen cycle depends on several redox reactions that are driven by the 
respective enzymes. Enzymes that conduct these conversions include various nitrate 
reductases (Nas, NarG, NapA), nitrite reductases (NirBD, NrfA), nitric oxide reductase (NorB), 
the nitrous oxide reductase (NosZ), the nitrogenase (Nif), the ammonium monooxygenase 
(Amo), the hydroxylamine oxidoreductase (Hao), the nitrite oxidoreductase (Nxr) and the 
hydrazine hydrolase (HH). Enzymes marked with an asterix are present in E. coli and 
Salmonella. The NO detoxification pathways, alongside their enzymes are left out here for 

illustrative reasons. 
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Atmospheric nitrogen, also known as dinitrogen (N2), is highly inert due to its 

strong triple bond interactions between the two atoms. Thus, to be assimilated 

by plants and organisms, it first has to be converted into an available form such 

as inorganic ammonium ions (NH4
+) or nitrate ions (NO3

-). The process of 

converting dinitrogen to a chemically available form is called nitrogen fixation 

and is predominantly accomplished by bacteria, archaea and a few eukaryotes 

(e.g. legumes) that use bacteria to fix nitrogen. Under conditions of high 

pressure and temperature, as found near lightning bolts, N2 can react with 

oxygen (O2) to form the gaseous nitrogen oxides, nitric oxide (NO) and nitrogen 

dioxide (NO2), which can eventually be converted to NO3
- via a series of 

subsequent reactions with water in the rain   (Canfield et al., 2010). The next 

step of the cycle is nitrification, the microbial oxidation of ammonium to nitrate 

with oxygen. At first, NH4
+ is oxidised to hydroxylamine (NH2OH) by organisms 

containing the enzyme ammonium monooxygenase (AMO). Hydroxylamine is 

then further oxidised to nitrite (NO2
-) by the hydroxylamine oxidoreductase 

(HAO) and finally to NO3
- by the nitrite oxidoreductase (NXR). Bacteria able to 

catalyse this process are called nitrifiers. Another process, not shown in Figure 

1, is the conversion of NH4
+ to N2 with NH2OH and N2O as intermediates. Under 

anaerobic conditions nitrate is used as an alternative respiratory electron 

acceptor for energy generation by many microorganisms (Ye and Thomas, 

2001, Stewart, 1988). Three pathways exist in which nitrate becomes converted 

to either NH4
+ or N2. NO2

- is the common intermediate of these processes and is 

produced by one of three nitrate reductases: the membrane bound - respiratory 

(Nar), the periplasmic - dissimilatory (Nap) or the soluble cytoplasmic - 

assimilatory (Nas). The pathway in which NO3
- is reduced to NH4

+, via NO2
-, is 

called dissimilatory nitrate reduction to ammonium (DNRA) and is driven by the 

nitrite reductases (NirBD) and (NrfA) (Canfield et al., 2010, Rodionov et al., 

2005). The other two pathways have N2 as their common end product. One of 

these pathways, anaerobic ammonium oxidation (anammox), combines NH4
+ 

oxidation with NO2
- reduction to form the intermediate hydrazine (N2H4), which 

involves the enzymes hydrazine hydrolase (HH) and NirBCD, respectively 

(Kartal et al., 2011). The subsequent reduction to N2 is triggered by the enzyme 

HAO. The other N2 producing pathway, denitrification, comprises the obligate 

intermediates NO and N2O (Canfield et al., 2010). Enzymes involved in this 
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process include the nitrite reductases NirK or NirS, the nitric oxide reductase 

(NorB) and the nitrous oxide reductase (NosZ) (Rodionov et al., 2005). The 

return of N2 to the atmosphere completes the nitrogen cycle.  

 

A wide range of microorganisms are able to undergo denitrification, including 

Paracoccus spp., Pseudomonas spp., Rhodobacter spp., some fungi and 

certain archaea (Zumft, 1997). Paracoccus denitrificans is a member of the Ŭ-

Proteobacteria and probably the best studied denitrifying soil bacteria (Felgate 

et al., 2012, Thomson et al., 2012). Paracoccus uses either the quinol-

dependent Nar, located in the cytoplasm, or the periplasmic Nap to reduce NO3
- 

to NO2
-. Nitrite reduction to NO proceeds with the two heme cofactor-containing 

cd1Nir that is encoded by nirS (Richardson, 2008). The cytotoxic radical, NO, 

becomes quickly reduced to N2O by the integral membrane nitric oxide 

reductase NorBC, before it gets converted to N2 by the copper-containing NosZ 

in the periplasm (Pomowski et al., 2011, Field et al., 2008).  

 

Denitrification processes are not only seen in classical denitrifiers but also in 

Enterobacteriaceae, such as Salmonella and Escherichia coli (E. coli). Similar 

to Paracoccus, Salmonella and E. coli use the Nar and Nap enzymes for the 

first step of anaerobic nitrate respiration. In addition, they possess the NorBC 

isoenzyme NorVW for NO detoxification. Besides these enzymes, the similarity 

in their denitrification processes ends. Unlike soil bacteria, which produce the 

potent greenhouse gas N2O as an intermediate product during denitrification, 

enteric bacteria undergo only a truncated form of denitrification, resulting in N2O 

as their end product (Figure 4) (Richardson et al., 2009, Arkenberg et al., 2011, 

Thomson et al., 2012, Rowley et al., 2012). N2O emissions by denitrifying soil 

bacteria are well documented, while N2O production in enteric bacteria has 

been widely neglected. The nitrate respiration and NO detoxification pathways 

of Salmonella and E. coli, which are essential for their survival in a variety of 

environments, will be discussed in detail in sections 1.4.4 and 1.4.5.  
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1.2 Enterobacteriaceae  

 

1.2.1 Nomenclature  

 

The Enterobacteriaceae family (also known as enteric bacteria) encompass 

many genera and a correspondingly larger number of species that inhabit 

natural (soil, marine) and industrial (sewage, dairy products) environments, as 

well as the gastrointestinal tract of humans and warm-blooded animals. 

Members of the Enterobacteriaceae family are among the most frequent clinical 

isolates, comprising pathogenic and commensal species (Sievert et al., 2013, 

Stecher et al., 2012). Some of the more familiar genera include Escherichia, 

Salmonella, Shigella, Enterobacter, Klebsiella, Yersinia and Proteus. Their 

phylogenetic relationships are presented in Figure 2A. Besides the well known 

E. coli, the genus Escherichia includes the species Escherichia albertii, 

Escherichia blattae, Escherichia fergusonii, Escherichia hermannii and 

Escherichia vulneris (Skerman et al., 1980, Baylis et al., 2006). E. coli is one of 

the most important model organisms in biology and medicine and by far the 

best characterised prokaryote. Major advancements in genetics, molecular 

biology, biochemistry and bacterial physiology have emerged from E. coli 

studies, especially from derivates of the K-12 strain such as bacterial 

conjugation and recombination (Lederberg and Tatum, 1946). Population 

genetic analyses classify E. coli strains into four major phylogenetic groups (A, 

B1, B2, D) and a potential fifth group (E) that are distinct in their phenotypic 

characteristics, such as the ability to utilize certain sugars or their antibiotic 

resistance profiles (Herzer et al., 1990, Wirth et al., 2006, Gordon et al., 2008, 

Touchon et al., 2009). Escherichia coli K-12 belongs to the subgroup A and was 

originally isolated in 1922 from the faeces of a diphtheria patient in Palo Alto, 

California. The K-12 strains can be further categorised into substrains. Two 

common laboratory substrains, used in our work, are Escherichia coli K-12 

subst. MG1655 and W3110. Their genomes have been published in 1997 and 

2006, respectively and were identified to be almost identical (Blattner et al., 

1997, Hayashi et al., 2006). Further information on the evolution of E. coli 
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phylogeny and population genetics can be found in the following review articles 

(Chaudhuri and Henderson, 2012, Tenaillon et al., 2010). 

Salmonella is a well-known medically important pathogen that is named after Dr 

Daniel E. Salmon, who first isolated Salmonella choleraesuis from a pig 

intestine in 1884 (Su and Chiu, 2007). However, its nomenclature has been 

restructured multiple times and we are now left with the Salmonella genera 

consisting of just two species, Salmonella enterica and Salmonella bongori 

(Grimont and Weill, 2007, Brenner et al., 2000, Reeves et al., 1989). DNA-DNA 

hybridisation experiments were a key development in understanding Salmonella 

taxonomy (Crosa et al., 1973). The proposed third species Salmonella 

subterranean (Shelobolina et al., 2004) was initially approved by the Judicial 

Commission of the International Committee of Systematic Bacteriology of the 

World Health Organization (WHO) in 2005, but it was shown later that this 

species is more closely related to Escherichia hermannii and does not belong to 

the genus Salmonella (Grimont and Weill, 2007). After many requests from 

Ezaki, Euzeby and Le Minor and Popoff, it was officially decided by the Judicial 

Commission in the Opinion 80 that Salmonella enterica should replace 

Salmonella choleraesuis as the type species of the genus Salmonella (Euzeby, 

1999, Le Minor and Popoff, 1987, Ezaki et al., 2000, Tindall et al., 2005). 

Salmonella enterica is further divided into the six subspecies: S. enterica subsp. 

enterica (subspecies I), S. enterica subsp. salamae (subspecies II), S. enterica 

subsp. arizonae (subspecies IIIa), S. enterica subsp. diarizonae (subspecies 

IIIb), S. enterica subsp. houtenae (subspecies IV) and S. enterica subsp. Indica 

(subspecies VI) (Figure 2B). 
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Figure 2 Modified from Groisman and Ochman (1997) Phylogenetic relationships among 
enteric bacteria.   
A) The branches shown in grey denote taxa that are typically capable of invading eukaryotic 
cells. SPI-1 and SPI-2 are the Salmonella pathogenicity islands 1 and 2. B) Salmonella 
nomenclature: The genus Salmonella is subdivided into species, subspecies and serovars in 
accordance with the current taxonomy. The star indicates that only a few selected serovars are 
given as examples. The Salmonella strain used in this work is highlighted in bold and coloured 
in red. 

 

Each subspecies is further classified serologically in accordance with the White-

Kauffmann-Le Minor typing scheme, based on the somatic (O), surface (Vi) and 

flagellar (H) antigens. To date more than 2,610 serovars have been identified 

and this is regularly updated by the WHO as new serovars are still being 

discovered every year (Guibourdenche et al., 2010). Serovars belonging to the 

subspecies Salmonella enterica are usually designated by a name related to 

their geographical origin (S. Dublin), associated disease (e.g. S. Typhi) or host 

specificity (S. Abortusovis)  (Grimont and Weill, 2007). These names are written 
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in non-italicized Roman letters with the first letter being capitalized e.g. 

Salmonella enterica subsp. enterica serovar Typhimurium, or short as S. 

Typhimurium. All other subspecies are designated by their antigenic formula. 

The reason behind this nomenclature is that 99.5% of isolated Salmonella 

strains belong to the subspecies I and are responsible for almost all Salmonella 

infections in humans and warm blooded animals (Desai et al., 2013, Grimont 

and Weill, 2007). In order to detect epidemical outbreaks as well as source 

attribution, scale and transmission of Salmonella, phage typing has been 

demonstrated to be a successful tool (Baggesen et al., 2010, Miller et al., 2013).   

 

 

1.2.2 Characteristics of  Enterobacteriaceae  

 

The Enterobacteriaceae family include many pathogenic as well as commensal 

species (e.g. Salmonella enterica and E. coli), which are Gram-negative, 

aerobic or facultative anaerobic rods that are non-sporulating, glucose 

fermenting and oxidase negative (Kumar, 2012). Most species are motile by 

peritrichous flagella and are able to use nitrate as an alternative energy source 

when oxygen levels are low (Jones et al., 2011). Salmonella and Escherichia 

are closely related species with a genomic hybridisation of 50% (Madigan, 

2008), but they can be phenotypically differentiated when compared under the 

same conditions. The homology between S. Typhimurium LT2 and Escherichia 

coli K-12, based on the coding sequence, is 80% (McClelland et al., 2001, 

Anjum et al., 2005).  

 

The pathogenic Salmonella Typhimurium is a common source of food 

poisoning, whereas many E. coli stains form an essential part of the gut flora by 

suppressing the growth of harmful bacteria and by helping humans to 

synthesize vitamin K from undigested material in the large intestine; although 

pathogenic E. coli stains exist as well (Ramotar et al., 1984). However, even 

commensal E. coli can become pathogenic when introduced into tissues outside 

the intestinal tract, causing urinary tract infections, septicaemia, pneumonia or 

meningitis (Kaper et al., 2004, Tenaillon et al., 2010). In comparison, 

Salmonella species are invasive pathogens that can cause a self-limiting 
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gastroenteritis, which is able to progress into a life-threatening bacteraemia 

infection in humans (non-typhoidal Salmonella, e.g. S. Typhimurium) or an often 

deadly typhoid fever infection (S. Typhi and S. Paratyphi). Both, Salmonella and 

E. coli have a wide temperature range with an optimum of 37ęC, which allows 

them to colonize diverse environments. In addition, they have the ability to 

survive and adapt to a broad range of stresses, which will be discussed in more 

detail in following sections.  

 

Besides the fact that the intestine is their prevalent habitat, enteric bacteria 

colonize the healthy gut in only low concentrations (<108 cfu/g) compared to the 

very diverse microbiota of more than 1012 bacteria/g (Stecher et al., 2012). 

Although E. coli is outnumbered in the intestine by anaerobic bacteria by a 

factor of 100 - 1000, it is one of the first bacterial species to colonize the 

intestine during infancy (Penders et al., 2006, Berg, 1996). Furthermore, 

triggered by a hostôs immune response or infection, enterobacterial colonization 

is boosted and suppresses the anaerobic microbiota during inflammation 

(Stecher et al., 2007). This same group demonstrated a few years later that gut 

inflammation increases horizontal gene transfer (HGT) between pathogenic and 

commensal Enterobacteriaceae (Stecher et al., 2012). Unlike other coli forms, 

E. coli can only survive within the host intestine and dies after a few days of 

exposure to the environment when excreted with the faeces. Thus, its presence 

in the food or water supply is indicative for faecal contamination (Kumar, 2012).  

 

1.2.3 Escherichia coli  

 

As mentioned in section 1.2.2, most E. coli strains are harmless and form an 

essential part of the normal gut flora. However, some E. coli species have 

acquired certain virulence traits via HGT that enable them to cause diseases 

including urinary tract infections (UTI), gastroenteritis and meningitis in 

otherwise healthy hosts (Croxen and Finlay, 2010, Stecher et al., 2012).  

Expression of virulence factors, such as adhesins, toxins or invasins determine 

the disease caused and are used alongside the associated serotype, 

determined by the O (Lipopolysaccharide, LPS) and H (flagellar) antigens, for 

strain identification (Kaper et al., 2004). Human infections caused by pathogenic 
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E. coli occur mainly through ingestion of contaminated food and water, contact 

with people or animals and potentially though airborne transmission (Varma et 

al., 2003). There are eight common pathovars (pathogenic groups) associated 

with human diseases that have been extensively studied and that can be 

classified as either intestinal E. coli (enteric or diarrhoeagenic) or extraintestinal 

E. coli (ExPEC) (Russo and Johnson, 2000). Six pathovars are diarrhoeagenic  ╖  

enteropathogenic E. coli (EPEC), enterotoxigenic E. coli (ETEC), 

enterohemorrhagic E. coli (EHEC), enteroinvasive E. coli (EIEC), 

enteroaggregative E. coli (EAEC) and diffusely adherent E. coli (DAEC). The 

two extraintestinal E. coli pathovars are associated with UTIs caused by 

uropathogenic E. coli (UPEC) and neonatal meningitis/sepsis caused by 

neonatal meningitis E. coli (NMEC). Other human pathogenic E. coli have been 

isolated, including the necrotoxigenic E. coli (NTEC) or the adherent invasive E. 

coli (AIEC), but their pathogenesis mechanisms are less well understood 

(Croxen and Finlay, 2010). Although there is some overlap between the 

different pathovars, such as a type III secretion system (T3SS) that is used to 

translocate virulence factors (effectors) directly into host cells, they possess a 

distinct combination of virulence traits that result in diverse pathogenic 

mechanisms. It has been shown that secretion of these effectors can be greatly 

enhanced by the presence of nitrate, for anaerobic respiration (Ando et al., 

2007). The worldwide burden of diseases caused by pathogenic E. coli is 

increasing and a better understanding of not only the pathovarsô mechanisms 

but also the differences between a commensal and a pathogenic organism will 

greatly enhance the development of new effective treatments and prevent 

further epidemics. 

 

1.2.4 Salmonella  

 

In contrast to Escherichia coli, Salmonella serovars are harmful enteric 

pathogens that cause morbidity and mortality in both humans and animals and 

are therefore of economical and clinical importance. The estimated cost 

associated with Salmonella infections in the USA alone is $2.6bn (Herrick et al., 

2012). Nonetheless, Salmonella species can also be found as part of the 

normal flora of poultry and pigs (Humphrey, 2006).  In Humans, Salmonella 
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infections vary in symptoms and severity, ranging from self-limiting 

gastroenteritis (food poisoning) and chronic asymptomatic carriage, which are 

usually caused by non-typhoidal Salmonella (NTS), to systemic typhoid fever 

(also known as enteric fever) infections caused by S. Typhi, S. Paratyphi or S. 

Sandai (Runkel et al., 2013). The primary infection route is the ingestion of 

contaminated food and water, such as eggs and poultry, but there has been an 

increasing amount of fresh produce-based outbreaks reported over the last few 

decades (Fatica and Schneider, 2011). Self-limiting salmonellosis or Salmonella 

enterocolitis, a distinct form of gastroenteritis that is mainly associated with S. 

Typhimurium and S. Enteritidis, generally causes diarrhoea, vomiting and 

abdominal cramps. However, in infants, the elderly or persons with immuno-

compromising conditions such as HIV and cancer, it can progress into an 

invasive disease like bacteraemia (Okoro et al., 2012). Whilst S. Typhimurium 

causes gastroenteritis in humans, it results in a typhoid-like disease in mice, 

which makes S. Typhimurium an ideal model organism for Salmonella research. 

 

Typhoid fever is a major problem in developing countries and requires antibiotic 

treatment for this otherwise fatal disease. The emergence of multi drug resistant 

Salmonella is a big concern and requires intense research for new treatments 

and a better understanding of virulence factors and pathogenic mechanisms 

(Sjolund-Karlsson et al., 2010). Salmonella enterica serovars share many 

virulence factors, some of which are clustered in specific regions on the 

chromosome, called Salmonella pathogenicity islands (SPIs). More than ten 

SPIs, that are horizontally acquired, have been identified to date. They are 

involved in invasion, intracellular survival, replication, and host response 

processes and SPI-1 and SPI-2 are among the best studied (Que et al., 2013). 

Both, SPI-1 and SPI-2 encode for a T3SS and are crucial for virulence (Srikanth 

et al., 2011, Fields, 1986). While SPI-1 is required for invasion of epithelial cells, 

SPI-2 is essential to cause a systemic infection and for intracellular survival by 

the formation of a Salmonella containing vacuole (SCV, protective coat against 

the host immune response) (Hansen-Wester and Hensel, 2001, Haraga et al., 

2008). Furthermore, SPI-2 is thought, somewhat controversially, to protect 

Salmonella from reactive oxygen species (ROS) and reactive nitrogen species 

(RNS) by preventing the co-localization of the NADPH oxidase Phox and the 
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inducible nitric oxide synthase (iNOS) with the SCV (Chakravortty, 2002, 

Vazquez-Torres et al., 2000b). The stress responses inflicted by the host 

immune response will be discussed in more detail in the following sections. 

 

 

1.3 Enteric bacteria and anaerobic metabolism  

 

The varied lifestyles of enteric bacteria require metabolic flexibility for rapid 

adaptations and to ensure survival in diverse environments. The respiratory 

flexibility of bacteria is distinct from many organisms due to their ability to use a 

wide range of electron acceptors. These include elemental sulfur and 

oxyanions, nitrogen oxides and oxyanions, organic sulfoxides, radionuclides, 

organic N-oxides, transition metals containing minerals and halogenated 

hydrocarbons (Richardson, 2000). This flexibility has allowed bacteria to 

colonize many different earth environments of diverse oxygen levels.  E. coli 

and Salmonella generally use oxygen for aerobic respiration, which is 

performed by the two membrane-bound quinol oxidases cytochrome bo (cyoAB) 

and bd (cydAB and cydDC) (Mason et al., 2009). However, successful 

colonization of microaerobic and anaerobic environments, like the mammalian 

gastrointestinal tract (GIT), depends on the ability to use alternative anaerobic 

electron acceptors, nitrate, nitrite, fumarate, dimethyl sulfoxide (DMSO) and 

trimethylamine-N-oxide TMAO (Jones et al., 2007, Jones et al., 2011, Paiva et 

al., 2009, Richardson, 2008). These anaerobic respiratory processes are 

performed by the nitrate reductases (NarG, NarZ and NapDA), nitrite 

reductases (NirBD and NrfA), the fumarate reductase (FrdA), the DMSO 

reductase (DmsAB) and the TMAO reductases (TorCA and TorYZ). The 

synthesis of these terminal reductases is subject to hierarchical regulation and 

nutrient availability, so that electron acceptors with a greater redox potential are 

used preferentially (Jones et al., 2011). Jones et al. (2011) further showed in E. 

coli that nitrate is the preferred electron acceptor over fumarate to colonize the 

mouse intestine and that the DMSO and TMAO reductases are unimportant for 

this. Furthermore, certain genera of Enterobacteriaceae, including Salmonella, 

Citrobacter and Proteus but not E. coli, have another growth advantage in the 
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gut; the ability to respire tetrathionate (Barrett and Clark, 1987, Hensel et al., 

1999, Winter et al., 2010).  Nonetheless, nitrate is the preferred electron 

acceptor during anaerobiosis and suppresses the genes required for 

tetrathionate respiration (Winter et al., 2010). 

 

1.3.1 Life in the mammalian gastrointestinal tract  

 

The GIT provides a home for billions of microorganisms that are part of the gut 

flora but also for pathogens that are able to invade and adapt to this versatile 

milieu. With an average temperature of 37°C, the GIT provides optimal growth 

conditions for many enteric bacteria. Nevertheless, in addition to the above 

mentioned oxygen limitation, various other challenges have to be overcome for 

successful invasion and colonization. A major obstacle is the stomach acid that 

is part of the innate immune system, preventing pathogens from invading the 

GIT by creating a usually lethal pH environment. However, some bacteria such 

as Salmonella and E. coli, have evolved sophisticated mechanisms to protect 

themselves against acid stress. The ability to sense and respond to acid stress 

is a key feature of enteric bacteria, as they experience rapid pH fluctuations 

across different environments. The neutralophilic Salmonella can grow over a 

wide range of pH conditions and relies on the combined action of its acid 

tolerance response (ATR) and acid shock response (ASR) to survive the 

normally lethal pH level (pH 3-4) in the stomach (Foster, 1991). Besides acid 

stress, enteric bacteria have to cope with a range of other stresses in the 

human habitat, including the detergent-like activity of bile, decreased oxygen 

concentrations, competition with members of the gut flora for binding sites and 

nutrients, antimicrobial peptides and antimicrobial molecules such as ROS and 

RNS. Salmonella encounters nitrosative stress either during an attack from host 

macrophages or by their own metabolism during anaerobic nitrate respiration. 

The mechanisms involved in nitrate respiration and nitrosative stress responses 

will be discussed in the following sections, with the main focus on the potent 

cytotoxin nitric oxide and its detoxification product, nitrous oxide. For further 

information on other Salmonella stress responses, interested readers are 

referred to two comprehensive reviews (Runkel et al., 2013, Spector and 

Kenyon, 2012). 
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1.4 Nitrate respiration in S. Typhimurium and E. coli   

 

This section describes the nitrogen cycle with respect to nitrosative stress, 

nitrate respiration, denitrification and host-bacteria interactions. It focuses 

particularly on nitrate respiration and its link to the pathogenicity and survival of 

two members of the Enterobacteriaceae family of Gamma-proteobacteria in the 

human GIT, and provides an overview of the mechanisms and regulatory 

processes involved. Nitric oxide and nitrous oxide are two important products of 

these processes and form the basis of this work. Unless specified otherwise, all 

systems and processes described reflect the current understanding of nitrate 

respiration in Salmonella enterica serovar Typhimurium and Escherichia coli.  

 

1.4.1 Overview of nitrosative stress  

 

Enteric bacteria such as S. Typhimurium and E. coli encounter nitrosative stress 

throughout each stage of their lifecycle in the host. Physical and chemical host 

barriers of the innate immune system normally protect the host from invading 

pathogens by activating macrophages, a special type of phagocytes, to engulf 

and destroy the invaders. Activated macrophages produce reactive oxygen 

species (ROS) and reactive nitrogen species (RNS), which are able to modify or 

inactivate proteins, lipids and nucleic acid compounds of the engulfed 

microorganism and thereby kill them (Cherayil and Antos, 2001). Reactive 

nitrogen species, such as the potent cytotoxin NO, are lethal to the majority of 

bacteria and hamper their intracellular survival. NO reacts with a broad range of 

targets, resulting in tremendous effects on the cells signaling pathways, gene 

transcription, regulation processes, cell metabolism and respiratory activities 

(Husain et al., 2008, Mason et al., 2009, Henard and Vazquez-Torres, 2011). 

NO-mediated bacteriostatic and bacteriocidal effects are either a direct 

consequence of reactions of NO with its target or indirectly by promoting the 

formation of even more potent RNS, RNI and other free radicals like 

peroxynitrite (Hyduke et al., 2007). Other origins of NO include non-specific 

chemical reactions, product of the organismsô metabolism and product of 

bacteria sharing an ecological niche (Filenko et al., 2007). Consequently, 
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enteric bacteria must defend themselves from a range of possible NO sources. 

They have evolved a suite of mechanisms to gain sufficient protection against 

nitrosative stress including NO scavengers, detoxification enzymes and 

enzymes involved in the repair mechanisms. Salmonella obtains additional 

protection via coating by the SCV, which enables it to live inside macrophages. 

Each route of NO production will be discussed in the following sections, with 

special focus on bacterial NO generation during nitrate respiration. 

 

1.4.2 NO characteristics and reactivity  

 

NO is a highly reactive, water soluble free radical and with a molecular weight of 

30 g mol-1 the smallest biological molecular mediator (Fang, 1997). Its small 

size and lipophilic character allows diffusion across cell membranes, where it 

reacts readily with diverse targets. Targets of RNS and NO include 

metalloenzymes, thiol groups, DNA, glutathiones, iron centers and ROS such 

as superoxide anion (O2
-) (Poole, 2005, Wink et al., 1991). The soluble 

guanylate cyclase is another target that becomes activated by NO, producing 

cGMP, which modulates many cellular activities (Arnold et al., 1977). The 

reactivity of NO is triggered by the unpaired electron that interferes with 

molecular targets. Although the correct nomenclature is NOÅ, it is commonly 

presented as NO. The same nomenclature is used in this work. Since NO 

research became important for immunology in the mid-1980s and was named 

molecule of the year in 1992 (Culotta and Koshland, 1992), it has become 

apparent that NO plays many important roles in biological systems, both 

beneficial and adverse. NO can act as a vasodilator, modulating blood flow in 

the cardiovascular system, as an intracellular and neuronal messenger or as a 

cytotoxic mediator in host defence. Furthermore it is an obligate intermediate 

during denitrification (Fang, 1997, Kim et al., 1999, Poole, 2005, Spiro, 2007). 

Generally, NO has a very short half-life time of less than a second but it can rise 

up to an hour depending on the environment and the presence of oxygen or 

oxygen radicals (Beckman and Koppenol, 1996). Although NO is reported to 

possess bacteriostatic and cytotoxic effects, it was controversial for a long time 

whether these effects result from NO itself or are a consequence of RNS, 

formed during reactions between NO and other free radicals (Arkenberg et al., 



32 
 

2011). The study of Brunelli et al. (1995) is often referred as negative evidence 

and states that most of the toxic effects are caused by RNS other than NO 

(Brunelli et al., 1995). Nonetheless, later studies have clearly proven cytotoxic 

and cytostatic effects of NO under both, aerobic and anaerobic conditions 

(Gardner and Gardner, 2002, Weiss, 2006, Richardson et al., 2006).  

 

Furthermore, it can be distinguished between direct and indirect effects of NO 

as well as between NO and nitrosative stress causing reagents, such as S-

nitrosogluthatione (GNSO) (Hausladen et al., 1996). Common NO and RNS 

targets comprise iron sulphur [Fe-S] clusters, hemes and thiols of important 

metabolic enzymes like cytochrome oxidases bd and bo, which leads to a 

respiratory growth arrest  (Stevanin et al., 2002, Mason et al., 2009, Richardson 

et al., 2011). [Fe-S] clusters are crucial components of many regulators, 

including the ferric uptake regulator Fur. Fur forms iron-nitrosyl complexes with 

NO, resulting in derepression of iron regulated gene transcription and inhibition 

of other important regulators (Vine et al., 2010, D'Autreaux et al., 2002). Indirect 

NO effects are mediated through generation of RNS from the interaction of 

oxidative and nitrosative compounds. When NO collides with superoxide anions 

(O2
-), they react instantly with each other to form the even more reactive 

peroxynitrite (ONOO-) (Pacher et al., 2007, Beckman and Koppenol, 1996).  

Peroxynitrite can further isomerize to nitrate or it becomes protonated to 

peroxynitrous acid (HONOO), which in turn decomposes to the very potent 

hydroxyl (OHÅ) and nitrogen dioxide (NO2) radicals (Lundberg et al., 2004, 

Szabo et al., 2007).  This reaction is quite common as NO and O2
- are both 

generated by activated macrophages and it occurs so fast that it is the only 

known reaction that is able to outcompete the activity of superoxide dismutase 

(SOD) (Pacher et al., 2007). For instance, it can block aconitase and fumarase 

A activity (Keyer and Imlay, 1997, Hausladen and Fridovich, 1994) and 

interferes with other crucial metabolisms and cell processes including 

respiration, DNA replication, ribonucleotide reductase activity and the electron 

transport chain (Husain et al., 2008, Mason et al., 2009, Schapiro et al., 2003, 

Lepoivre et al., 1991, Wink et al., 1991).  
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Furthermore, Richardson et al. (2011) showed that NO targets several steps in 

Salmonella's tricarboxylic acid cycle (TCA) (also known as the Krebs cycle), 

which is the second part of cellular respiration, generating energy for cell 

growth. When exposed to NO, Salmonella is unable to synthesize two essential 

amino acids (methionine and lysine), caused by interfering with LpdA, an 

essential component of the pyruvate and Ŭ-ketoglutarate dehydrogenase 

complexes (Richardson et al., 2011). NO induced auxotrophy is not unique to 

Salmonella but is also seen in other enteric bacteria. For instance, NO stressed 

E. coli cells developed a transient branched-chain amino acid auxotrophy 

(Hyduke et al., 2007). The cytotoxic effect of NO against the bacterial amino 

acid synthesis pathways was antagonized by the DksA-dependent regulation of 

amino acid biosynthesis and transport in a murine Salmonella infection model 

(Henard and Vázquez-Torres, 2012). Thus, DksA is important for intracellular 

growth of Salmonella in activated macrophages and dskA mutant strains are 

hypersensitive to the antimicrobial activity of NO, but regain virulence in iNOS-

deficient mice. The protective function of the DksA metalloprotein is due to its 

C-terminal zinc finger cysteine residues, as mutations in any of these abolish 

the defence against nitrosative stress (Henard and Vázquez-Torres, 2012). 

 

1.4.3 NO generation in the host environment  

 

1.4.3.1 Spontaneous NO generation via chemical reactions  

 

As mentioned in section 1.4.1, a non-specific chemical reaction is one way of 

generating NO. For instance, after a nitrate rich meal, NO is generated from 

acidified nitrate in the stomach. Approximately 80-85% of the daily European 

dietary nitrate intake (approximately 31-185 mg) comes from the ingestion of 

nitrate rich vegetables, such as lettuce, beetroot, spinach and other leafy 

vegetables (Gilchrist et al., 2010, Gangolli et al., 1994). An estimated 20-28% of 

the ingested nitrate is secreted into saliva, where it is reduced to nitrite by 

nitrate respiring bacteria (van Velzen et al., 2008). Gastric nitrate levels were 

measured to be approximately 100 µmol/L (McKnight et al., 1997). This is an 

important metabolic process that would not be possible without the help of 

bacteria, as humans lack nitrate reducing enzymes. Some beverages that are 
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rich in polyphenols, like red wine, have similar NO boosting effects at acidic pH 

levels as nitrate rich foods and thus, there are strict regulations on nitrate levels 

in drinking water in many countries (Pereira et al., 2013). In the stomach, nitrite 

is protonated to nitrous acid (HNO2), which in turn is decomposed into different 

nitrogen oxides including NO2, N2O3 and NO (Benjamin et al., 1994). 

Consequently, the concentration of gastric NO increases significantly after 

dietary NO3
- consumption (McKnight et al., 1997). Some of the NO produced is 

oxidized back to nitrate by haemoglobin in the blood and is recycled by 

converting and circulating nitrate and nitrite through the body, ensuring its 

availability when needed during infection (Lundberg et al., 2008). Cured meat, 

which often contains nitrite as a preservative, further contributes to an increase 

of RNS in the GIT. Furthermore, it has been shown that nitrate and nitrite 

plasma levels increase significantly during gastroenteritis, resulting in increased 

gastric NO production (Dykhuizen et al., 1996). In order to avoid toxic effects 

and to maintain steady levels in the uninfected host, excessive nitrate and nitrite 

is flushed out with urine (Prior et al., 2009). 

  

1.4.3.2 NO generation in macrophages  

 

Macrophages are phagocytic cells that operate in the innate and adaptive 

immune response. They are derived from monocytes circulating in the blood 

and are found in lymph nodes and the spleen where they ingest and destroy 

pathogens and foreign molecules. Macrophages sense the presence of 

invading pathogens via Toll-like Receptors (TLRs), binding specifically to 

various pathogen-associated molecular patterns (PAMPs) which are present on 

the surface of bacterial cells. The interaction of a TLR with their specific PAMP, 

such as Lipopolysaccharides (LPS), an outer membrane component of Gram-

negative bacteria, triggers activation of multiple signaling pathways that induce 

pro-inflammatory cytokines (Kawai and Akira, 2010). TLR-4 is of great 

importance in Salmonella infection as it detects and specifically binds to LPS, 

thereby inducing macrophage activity via a cascade of signaling pathways. The 

adaptor protein MyD88 has been shown to be essential for this process (Talbot 

et al., 2009).  
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These signaling pathways ultimately result in the production of the toxic free 

radical, NO, by the inducible nitric oxide synthase (iNOS).  iNOS is a member of 

the NOS family, comprising three different isoforms that vary in physiological 

activity and location, namely iNOS, neuronal NOS (nNOS) and endothelial NOS 

(eNOS). The brain has been proven to be a rich source of NO synthesis. nNOS 

was the first synthase to be cloned from brain isolates and is therefore also 

referred to as NOS1 (Pacher et al., 2007). The second isoform, which is 

primarily a product of phagocytic cells, mainly macrophages, is induced by 

bacterial products and proinflammatory cytokines upon infection and is also 

known as NOS2 or iNOS. Inducible NOS generates large amounts of NO, which 

is used by macrophages to kill the engulfed bacterium. The cytostatic and 

cytotoxic effect of NO can also be used against viruses, fungi, protozoa, and 

tumor cells.  Due to the fact that eNOS was the last one to be identified, it is 

also called NOS3. The nomenclature NOS 1-3 has been introduced because it 

has been shown that the isoforms exist in a wider range of organs than 

originally thought. eNOS and nNOS require an intracellular increase in Ca2+ in 

order to be activated. Unlike nNOS and eNOS, iNOS is unresponsive to 

changes in intracellular calcium concentrations as calmodium is already tightly 

bound and activated upon synthesis (Cho et al., 1992). Another difference 

between the three isoforms is that eNOS and nNOS are constitutively 

expressed, while iNOS is only expressed during infection after induction by 

inflammatory stimuli. 

 

Activated iNOS catalyses the two step oxidation of L-arginine to L-citrulline and 

NO, producing NG-hydroxy-L-arginine as an obligate intermediate (Wang and 

Ruby, 2011). iNOS expression in macrophages is triggered by different routes. 

Essential stimuli include a range of microbial products, the transcription factor 

NFəB and pro-inflammatory cytokines such as tumor necrosis factor alpha 

(TNF-Ŭ), interleukin-1 (IL-1), and interferon gamma (IFN-ɔ) (Cherayil and Antos, 

2001, Lahiri et al., 2010). IFN-ɔ, which is produced by natural killer cells and T 

helper cells, causes dimerization of the Janus kinase (JAK) protein signaling 

cascade which leads to the recruitment of STAT proteins. Activated upon 

phosphorylation, the STAT proteins are then translocated to the cell nucleus, 
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resulting in an increased expression of the transcription factor, IRF-1, which in 

turn binds to the iNOS promoter and activates transcription (Prior et al., 2009). 

 

Furthermore, it has been shown that the metal transporter, Nramp1 (SLc11a1), 

associated with phagosomal membranes is also able to induce iNOS and is 

crucial during Salmonella infection, presumably via disturbances in cytosolic 

metal ion concentrations (Nairz et al., 2009). In addition, the invasins SipB, 

SipC, and SipD which are secreted by the SPI-1 T3SS together with the 

effectors SopE2 and possibly SopE are required in the regulation of iNOS 

expression (Cherayil et al., 2000). Mutant strains deficient in these effectors did 

not induce iNOS. The iNOS mediated production of NO is crucial for protection 

against Salmonella infection and can lead to an anti-apoptotic activity in host 

cells (Alam et al., 2008). Accordingly, Salmonella infection in iNOS-/- deficient 

mice results in higher apoptotic cells in the liver (Alam et al., 2008). Salmonella 

mutants lacking SPI-2 have been shown to be highly susceptible to ROS and 

RNS, resulting in a decreased intracellular survival rate in macrophages (Gallois 

et al., 2001) and they are attenuated in mice (Vazquez-Torres et al., 2000a).  

 

As mentioned earlier, the NADPH phagocyte oxidase Phox belongs to the 

hostôs army against invading pathogens. It has been demonstrated that mice, 

deficient in producing iNOS, Phox or both enzymes are much more susceptible 

to Salmonella infection compared to wild-type mice, resulting in increased tissue 

damage of liver and spleen (Shiloh et al., 1999, Mastroeni et al., 2000). 

Furthermore, the risk of developing a serious infection with normally harmless 

commensal bacteria is also elevated (Shiloh et al., 1999). Although both 

enzymes have clearly been proven to contribute effectively to the antimicrobial 

activity against pathogens, their function is important at different stages of the 

infection. Whereas iNOS is essential at a later stage of infection, macrophages 

are crucially dependent on the bacteriocidal activity of phox at an early stage of 

infection (Vazquez-Torres et al., 2000a). It has been demonstrated that 

Salmonella is able to proliferate in phox deficient mice as early as 24 hours post 

infection (Mastroeni et al., 2000). On the one hand, these findings underpin the 

importance of both enzymes for the immune system to deter invading 
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pathogens. On the other hand, it highlights the importance of using dynamic 

processes to control infections caused by pathogenic bacteria.  

 

Although NO is generally involved in preventing infections, high levels of NO 

can paradoxically promote Salmonella colonization (Stecher et al., 2007). 

Explanations can be found when looking at the normal flora. Increased NO 

levels are toxic to the gut flora, resulting in less competition for nutrients and 

more binding sites for Salmonella, which is able to survive the attack by 

employing NO detoxification mechanism. The different NO detoxification 

mechanisms will be discussed in section 1.4.5. Thus, in order to prevent an 

overproduction of NO and the resulting toxic effects to host cells, NO production 

must be tightly regulated. Reaching a certain threshold, NO itself triggers a 

feedback mechanism that prevents overproduction, whereas low NO 

concentrations stimulate iNOS activity via NFəB activation (Tsai et al., 1999, 

Tripathi et al., 2007).   

 

1.4.4 Endogenous NO production during denitrification 

processes  

 

Analogous to NO production in mammalian cells, NO is produced endogenously 

as an intermediate during bacterial nitrite respiration, a part of denitrification. As 

outlined in previous sections, the human GIT is largely anaerobic and contains 

relatively high levels of nitrate. Thus, Salmonella and other enteric bacteria 

have adapted to this milieu by using nitrate as an alternative electron acceptor 

during anaerobiosis (Richardson et al., 2009). During denitrification, NO is 

produced via the combined action of various nitrate and nitrite reductases and is 

then further converted into the neuropharmacological agent and greenhouse 

gas nitrous oxide (N2O) by NO reductases and other detoxification enzymes 

(Figure 3).  

 

As Salmonella lacks the subsequent conversion of N2O to dinitrogen (N2), it is 

only a truncated form of denitrification (Arkenberg et al., 2011) (Figure 4). 

Amongst all bacterial kingdoms, NosZ is the yet only known enzyme that is able 

to conduct the final reduction step of denitrification and is mainly found in soil 
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bacteria. However, the last reduction step of N2O to N2 only makes a minor 

difference to the bacterium bioenergetically (Richardson et al., 2009). All 

enzymes involved in nitrate respiration are cofactor dependent, mainly [FeïS] 

clusters, molybdenum and copper ions and are discussed individually in the 

following sections. 

 

 
Figure 3 Adapted  from  Runkel et al.  (2013). Schematic illustration of the nitrate 
respiration and NO detoxification pathways of Salmonella  and E. coli .  
Important enzymes involved in these processes are shown alongside their respective regulators 
and cellular location. Positive regulation is highlighted by arrows and negative regulation by 
perpendicular lines. NO detoxification pathways are highlighted by curbed letters and boxes. 
Endogenously produced NO is able to diffuse across the membrane, indicated by a broken 
arrow.  
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Figure 4 Adapted  from Arkenberg et al.  (2011). Truncated denitrification pathways in 
Escherichia coli  and Salmonella  Typhimurium.   
Nitrate respiration in E. coli and Salmonella is a truncated version of the denitrification pathway 
(red arrows). Unlike many soil bacteria, E. coli and Salmonella lack NosZ; indicated by a red 
cross. Nitric oxide (NO) is a toxic intermediate. The main enzymes involved in NO detoxification 
alongside their regulators are shown. The NO detoxification pathways are indicated by yellow 
dashed arrows. Enzymes involved in these pathways are shown in yellow. Positive regulation is 
highlighted by arrows and negative regulation by perpendicular lines. Other enzymes are shown 
in red. 
































































































































































































































































































































































































































































