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ABSTRACT 

Salmonella enterica serovar Typhimurium (S. Typhimurium) is a common cause of, 

gastroenteritis, contributing to significant morbidity and mortality worldwide. In recent years, 

the prevalence of antibiotic resistance in S. Typhimurium has, like many other pathogens, 

increased, highlighting the need for new drug targets. Salmonella, like most other prokaryotes, 

is capable of de novo methionine biosynthesis, a process which is absent from higher 

eukaryotes. The general aim of this study is to investigate the role of methionine biosynthesis, 

transport, recycling and salvage in the virulence of S. Typhimurium strain SL1344 to identify 

novel, potential antibiotic targets. A collection of single knockouts was generated in: i) the de 

novo methionine biosynthesis pathway; ii) the high-affinity transporter for methionine; and iii) 

downstream pathways that use methionine, including the activated methyl cycle and the 

incomplete methionine salvage pathway in Salmonella.  

A series of systematic analyses was carried out for each mutant to assess the biochemical 

requirement for methionine and its downstream utilisation in the growth and virulence of 

Salmonella under conditions that mimic different nutritional environments. Firstly, the mutants 

were constructed by site-directed mutagenesis and confirmed by PCR and whole genome 

sequencing. Secondly, the mutants were tested for their ability to grow in M9 minimal media 

and were validated. Thirdly, the mutants were examined to determine their capacity to grow 

intracellularly in HeLa cells which provided the indication on whether a pathway/biochemical 

step is required for growth within the host cell. Finally, the mutants were tested for virulence 

during either local and/or systemic Salmonella infection, hence establishing the role of the 

pathway/biochemical step in pathogenesis.  

All the de novo methionine biosynthetic mutants were not able to grow in M9 minimal media 

without methionine. However, none of the mutants unable to synthesise methionine, were 

attenuated for intracellular replication in HeLa cells, or in mice. These results indicate that de 

novo methionine biosynthesis is not required for the pathogenesis of S. Typhimurium; hence 

the enzymes in the methionine biosynthesis pathway are unlikely to make suitable targets for 

antimicrobial therapy against S. Typhimurium infection. An alternative to methionine 

biosynthesis in S. Typhimurium is the import of methionine from the environment via at least 

two mechanisms, the high-affinity transporter encoded by metNIQ, and a cryptic low-affinity 

transporter. The high-affinity transporter mutant was also found not be attenuated in HeLa 
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cells, nor in mice. Only mutants that were deficient in both de novo methionine biosynthesis 

and high-affinity transporter were attenuated, indicating a functional redundancy between 

biosynthesis and transport as the source of methionine for the growth and virulence of S. 

Typhimurium in vitro and in vivo.  

The importance of methionine metabolism to S. Typhimurium virulence was also investigated. 

In this study, S. Typhimurium mutants blocked in enzymatic functions in the downstream of 

methionine, including activated methyl cycle, spermidine biosynthesis and incomplete salvage 

pathway, were analysed for their role in the growth and virulence of Salmonella in M9 minimal 

media, HeLa cells and mice. With the exception of the Δpfs mutant, all the mutants were 

capable of growing in M9 minimal media and HeLa cells, and were virulent in mice. This 

indicates that the methionine recycling through the activated methyl cycle, and spermidine 

synthesis, are not required for S. Typhimurium virulence. However, the deletion in the multi-

substrate enzyme Pfs led to severely attenuated S. Typhimurium for intracellular replication in 

HeLa cells. The Δpfs mutant was also found to be significantly attenuated in wild-type BL/6 

mice. It was hypothesised that the accumulation of S-adenosylhomocysteine is inhibitory to 

SAM-dependent methyltransferases. The heterologous expression of SahH from Legionella 

pneumophila in S. Typhimurium Δpfs mutant led to the removal of S-adenosylhomocysteine 

and restored growth and virulence both in vitro and in vivo. These results demonstrate that Pfs 

is essential for S. Typhimurium growth and virulence. In IFN-γ-/- mice that are highly 

susceptible to Salmonella, infection with the Δpfs mutant led to accelerated lethality compared 

to the aro- vaccine strain, indicating the requirement of Pfs during in vivo infection largely 

depends on the efficacy of host immunity.  Further investigation of host responses to infection 

with the Δpfs mutant may reveal the specific conditions under which Pfs can be used as a 

potential target for antibiotic treatment against S. Typhimurium. 
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1.1 Introduction 

Salmonella enterica is a Gram-negative bacterial pathogen that causes gastrointestinal and 

systemic diseases in animals and humans (1, 2). There are about 2500 different serovars in this 

single species (1, 2). The S. enterica serovars Typhi and Paratyphi A, B and C are human-

restricted and cause systemic illness (enteric fever) (3); the annual disease burden from enteric 

fever is estimated to be approximately 220,000 deaths from 21 million cases (4-6). The term 

“non-typhoidal Salmonella (NTS)” is used to describe other disease-causing serovars, which 

are a leading cause of acute gastroenteritis (7). An invasive form of non-typhoidal Salmonella 

has emerged as a major cause of bloodstream infection with a high mortality rate in sub-

Saharan African adults and children (8-10). Salmonella also poses a significant threat to the 

agricultural industry including poultry, cattle and pigs, which are considered as a zoonotic 

reservoir for the transmission of Salmonella to humans (7, 11-16). Due to the increased 

prevalence of antibiotic resistance in recent years, there is a pressing need for the identification 

of new targets for antimicrobial drugs and vaccines that will protect against infections caused 

by S. enterica (17). 

1.2 The discovery of Salmonella 

Typhoid fever was first described in Paris in 1829 by P. Ch. A. Luis from Paris who 

distinguished it from other fevers and found a relationship of the infection with intestines, 

mesenteric lymph nodes and spleen (18). Karl Ebarth visualised the causative bacillus in the 

spleen and Peyer’s Patches of infected patients in 1880 (1). However, the organism did not get 

the name Salmonella until the year 1900, when French scientist Joseph Leon Lignieres 

suggested naming the entire genus Salmonella after Daniel Elmer Salmon, an American 

veterinary surgeon (1, 18). 

1.3 Classification and nomenclature 

The classification and nomenclature of Salmonella spp. has been contested for many years and 

they are complex. Nomenclature has evolved from the “one serotype, one species” concept 

proposed by the Kauffmann-White classification scheme (19), the basis of which was the 

serologic identification of O (somatic) and H (flagellar) antigens. According to this scheme, 

leading to the classification of many different species of Salmonella such as Salmonella 

paratyphi, Salmonella enteritidis etc. (19, 20). In the 1950s, Kauffmann divided the genus 

Salmonella into four sub-genera (I to IV) based on biochemical characteristics and continued 
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to retain the “one serovar, one species” concept. Kauffman’s sub-genera was considered to be 

species which were: S. kaufmannii (subgenus I), S. salamae (subgenus II), S. arizonae 

(subgenus III) and S. houtenae (subgenus IV) (20). Later, the Approved Lists of bacterial names 

by Judicial Commission was published in the Internal Journal of Systems Biology (IJSB) in 

1980 and that included five Salmonella species: S. arizonae, S. choleraesuis, S. enteritidis, S. 

typhi, and S. typhimurium (20, 21). But, it was demonstrated by Crosa et al. that through DNA-

DNA hybridization Salmonella organisms may be considered as a single species (22). Later, it 

was shown that Salmonella bongori is the only exception (23), which is now considered as a 

distinct species (24). So, according to Centre for Disease Control and Prevention (CDC), the 

genus Salmonella currently contains two species Salmonella enterica (2443 serovars) and 

Salmonella bongori (20 serovars) (24). The former one is the type species which replaced 

Salmonella choleraesuis because choleraesuis was confusing as there is also a Salmonella 

serotype Choleraesuis. Serological variants, known as serovars, are determined based on 

specific antibody recognition against bacterial antigens, such as lipopolysaccharide (O-antigen) 

or flagella (H-antigen) (25). All pathogenic serovars of Salmonella fall into S. enterica spp 

(26). Now S. enterica is divided into six subspecies, which are enterica, salamae, arizonae, 

diarizonae, houtenae and indica. A new species, “Salmonella subterranea” was approved by 

the Judicial Commission in 2005 (27, 28), but later it was found that this species does not 

belong to the genus Salmonella (29). To reduce the complexities of this subspecies distribution, 

the CDC designated that, for Salmonella nomenclature, the genus name would be followed by 

the serovar name (not to be italicized and the first letter to be capitalized) (24, 27). For instance, 

Salmonella enterica subs. enterica serovar Typhimurium is described as such in the initial 

citation but can then be referred to as Salmonella Typhimurium or S. Typhimurium (24, 27).   

1.4 Typhoid and paratyphoid fever 

Typhoid fever is an acute systemic infection, and the causative agent is the highly-adapted 

human-restricted Salmonella enterica subs. enterica serovar Typhi (4, 6). Infection, caused by 

Salmonella enterica subs. enterica serovars Paratyphi A, B and C, known as paratyphoid fever, 

shares similar clinical presentations with typhoid fever can lead to serious complications (6). 

Both typhoid and paratyphoid fever are endemic in African and Asian countries (30). S. Typhi 

causes typhoid and accounts for 21 million cases of disease every year and about 200,000 

deaths (6, 31, 32). According to most recent reports, new models suggest 26.9 million disease 

episodes occurred in 2010 (33, 34). S. Paratyphi A, B and C account for 5 million cases of 
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disease every year (5, 35). Throughout endemic areas, the incidence of typhoid is high for 

young adults whereas the incidence rate is quite low for infants and middle aged individuals 

(36). The infectious dose for typhoid fever is estimated to be between 103-109 cfu and the 

incubation period is 1-2 weeks (1). Fever, influenza-like symptoms with chills, headache, 

abdominal discomfort, malaise, anorexia, dry cough and myalgia are the common symptoms 

(6). If antibiotic therapy is not provided, fever can persist for several weeks. Myalgia and 

lethargy may last for 3-4 months (6, 37). The condition of a small percentage (2-4%) of infected 

children can deteriorate after an initial clinical response, even they were given appropriate 

treatment (38). Without effective treatment, the case-mortality rate of typhoid fever can be as 

high as 10-30% (5); when treated appropriately the number reduces to 1-4% (5). 

 
The definitive diagnosis of typhoid fever requires laboratory support because many of its 

clinical presentations resemble that of other common diseases in endemic regions such as 

malaria, brucellosis, dengue and typhus (37, 38). Blood culture is widely used and shows 

positive results in 60-80% of suspected early cases (37, 39). Culture of bone marrow has 

improved sensitivity irrespective of the duration of the disease and shows 80-95% positivity 

but is invasive and impractical in most clinical settings (39). Since the late 19th century, a 

classic serological test named Widal test has been used to diagnose typhoid fever. The Widal 

test identifies the antibodies against the O (somatic) and H (flagellar) antigens of S. Typhi, 

which appear within 7-10 days after disease onset (39, 40). This test has decreased sensitivity 

and specificity because it gives mixed results in endemic areas (39, 40). In recent years, there 

have been a number of more rapid diagnostic tests introduced such as Enzyme Linked 

Immunosorbent Assay (ELISA), DOT Enzyme Immunoassay (DOT EIA) and DNA testing, 

however their sensitivity and specificity vary (39). It is widely accepted that the development 

of an effective rapid diagnosis test would assist in the effective control of typhoid in endemic 

areas.   

1.5 Antibiotic resistance of S. Typhi 

The control of typhoid fever is ultimately achieved through improvements in sanitation and 

hygiene (41). Where this is difficult because of infrastructure constraints, antibiotics and 

vaccines are used to help control the disease. Vaccines against typhoid fever are of limited 

efficacy (42). Several vaccines have already gone through clinical trials but are not accepted 

because of the poor efficacy. In particular, there is still a great need for vaccines which are 

efficient in children under 2 years of age and provide strong humoral and cell-mediated 
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immunity (42). Besides vaccine generation is costly, so generally they are not affordable in 

poor countries (43).  

Antibiotic therapy is usually an effective treatment for typhoid fever. In 1948, chloramphenicol 

was discovered, and this was the drug of choice until 1972 when outbreaks of chloramphenicol-

resistant S. Typhi were reported in Mexico, Vietnam and Korea and India. These resistant 

strains often also showed resistance to ampicillin (44-47). Later, trimethoprim-

sulfamethoxazole (co-trimoxazole) were used as an effective antibiotic drug until late 1980s 

(48). The first multi-drug resistant S. Typhi were described in the late 1980s and were found to 

be resistant to all the commonly-used drugs: chloramphenicol, ampicillin and co-

trimethoxazole (49, 50). Later, fluroquinolones and cephalosporins were used to treat the MDR 

S. Typhi (51, 52) although isolates that showed resistance to fluroquinolones and 

cephalosporins increased in numbers (53-56). Currently, a combination therapy of 

fluroquinolones (ofoxacin and ciprofloxacin) and a third-generation cephalosporin is used for 

the treatment of typhoid fever (57, 58). Interestingly, a decline in resistance to the three first-

line drugs has been observed, possibly because of the removal of selective pressure due to 

treatment with single antibiotics (6, 59, 60). The emergence of multi-drug resistant  S. Typhi is 

a serious threat today (61) and there is an urgent need to identify novel antibiotics that are 

effective against S. Typhi, that would be supported by the identification of novel antibiotic 

targets.  

1.6 Non-typhoidal Salmonella (NTS) 

Infection with non-typhoidal Salmonella (NTS) serovars (except human-restricted serovars 

Typhi and Paratyphi A, B and C) usually cause self-limiting gastroenteritis (7). It is mostly 

transmitted by the fecal-oral route, similar to typhoid fever, through food products that are 

obtained from animal sources such as poultry, eggs, and dairy products. Rarely, transmission 

can also occur through contact with an infected human. Additionally, pets like cats, dogs and 

reptiles can act as reservoirs of NTS (7, 12, 13). Some recent outbreaks of NTS were related to 

contaminated vegetables and fruits (62-64). The NTS isolates associated with gastroenteritis in 

developed countries are generally not able to produce systemic disease in healthy human, 

though the systemic disease is not uncommon in the elderly in e.g. nursing homes (65). NTS 

serovars such as Enteritidis and Typhimurium with wide host range, are the two major serovars 

that frequently cause diseases in human, accounting for 50% of isolates from patients in the 

United States (12). NTS infections are characterised by gastroenteritis, diarrhoea, abdominal 
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pain, nausea, fever and muscle pain (66). The incubation period of nontyphoidal salmonellosis 

is 6-72 hours, most commonly 12-36 hours, but other factors can change the incubation period 

(1). The global burden of NTS is estimated to be 93.8 million cases of gastroenteritis each year, 

with approximately 155,000 deaths (67).  

1.7 Antibiotic resistance of Non-typhoidal Salmonella (NTS) 

Although NTS infections are usually self-limiting in healthy individuals, they can be life 

threatening in the immunocompromised (12, 68, 69). While generally self-limiting, the very 

high global burden of morbidity caused by these infections indicates NTS infections are still a 

serious threat to human health. Gastrointestinal NTS infections are usually not treated with 

antibiotics, although systemic disease, in especially the immunocompromised, does require 

antibiotic therapy (70). 

As NTS serovars are zoonotic, antibiotic misuse in animals can exacerbate the problem if the 

isolates are subsequently transmitted to humans (71-74). Initial emergence of multi-drug 

resistance in NTS serovars occurred in Typhimurium DT29 (a phage type mostly restricted to 

cattle), which caused epidemics in the 1960s (71). Later, new resistant NTS serovars emerged, 

including Typhimurium DT104, developed a multi-drug resistant phenotype including 

ampicillin, chloramphenicol, streptomycin, sulphonamides and tetracycline (75, 76). DT104 

was largely found in cattle, pigs, poultry and humans (74-76). DT104 was responsible for 

epidemics in the 1990s in the UK, caused by eating animal-derived food products (74-76). In 

summary, previous reports revealed that the serovar Typhimurium shows an increased level of 

antibiotic resistance than other more commonly isolated serovars (>55%) (77, 78).   

1.8 Invasive non-typhoidal Salmonella (iNTS) 

In Africa particularly, NTS been increasingly isolated from invasive bloodstream infections 

among young children with malaria, immunocompromised adults and HIV patients, and these 

infections have a high mortality rate (22-25%) (79). In the developing world, especially in sub-

Saharan Africa, HIV is a major risk factor (80) for these invasive NTS infections, termed iNTS. 

It appears that the natural restriction of gastrointestinal serovars to the gastrointestinal tract 

breaks down in HIV or malarial co-infection, leading to a more extensive dissemination in co-

infected patients (81). The annual disease prevalence for iNTS is 175-388 cases per 100,000 in 

children (below 5 years) and 1800-9000 cases per 100,000 HIV patients in Africa (8-10). NTS 

serovars Typhimurium and Enteritidis are the commonest cause of iNTS disease in sub-
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Saharan Africa (81, 82). Whereas NTS serovars are mostly zoonotic, humans are thought to 

act as a reservoir for transmission of iNTS (83). iNTS are now considered as a predominant 

cause of community-acquired blood stream infection in some areas of Africa (84). A new host-

adapted serovar of S. Typhimurium, ST313 (the MLST type ST313), has been recently 

reported. This strain is closely associated with iNTS and has caused numerous outbreaks in 

humans in Africa (81, 84). 

Why the HIV positive humans are so highly susceptible to iNTS infection has yet to be well-

defined. Previously it has been reported that mucosal CD4+ T cell depletion impairs innate 

immune responses in the gut associated lymphoid tissues (GALTs) in cases of Simian 

Immunodeficiency Virus (SIV) infection (85). This may also occur with iNTS-infected HIV 

patients. Moreover, HIV co-infection causes extensive changes to the development of humoral 

immunity, which prevents the clearance of iNTS pathogen (86).  

Antibiotic resistance in iNTS serovars is a serious concern because of a large number of HIV-

positive patients in sub-Saharan Africa. The emergence of new isolate, D23580 (a 

representative of ST313) associated with multidrug resistance, has been reported in Africa (87). 

1.9 Typhoid fever vaccination 

There are three licensed vaccines available against typhoid fever. During the 1890s the first 

human typhoid vaccine was developed independently by Almroth Wright and Richard Pfeiffer, 

and the vaccine was consisted of killed, whole bacteria that was inoculated parenterally (88). 

This whole-cell vaccine was acetone-killed, but the presence of toxins including LPS meant 

that the vaccine was associated with a headache and fever. In some trials, the efficacy of this 

killed vaccine was poor (89-92). The reactogenicity and, in some cases poor efficacy, led to 

the two other, now licensed vaccines, Vi and Ty21a (93), and avariant of Vi known as 

conjugated Vi vaccine (93). 

Vi is a subunit vaccine that was generated by the non-denaturing purification of Vi capsular 

polysaccharides. Vi antigen is made of repeating units of (1-4)-2-deoxy-2-N-acetyl 

galacturonic acid and is encoded within the viaB locus from S. Typhi (94, 95). The antigen 

purification process helps retaining the original structure of the polysaccharides (96). Two main 

disadvantages of the Vi polysaccharide vaccine are: i) it does not efficiently elicit antibodies 

in the young, and ii) because Vi is presented as a T-cell independent antigen, there is the little 

induction of immunological memory and efficacy wains after a short period. Thus, the Vi 
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antigen is not protective for children under two years with whom there is a large disease burden, 

and a booster immunisation is recommended every two years (95-97).   

Another licensed vaccine is Ty21a, which is an attenuated strain of S. Typhi and is used as a 

live oral vaccine. This vaccine was produced by random mutagenesis of S. Typhi Ty2 using a 

chemical, nitrosoguanidine (98, 99). This strain was developed in 1975 and is a galE mutant 

which leads to a deficiency of uridine diphosphate (UDP)-galactose-4-epimerase, which 

catalyses the conversion of UDP-glucose to UDP-galactose (98, 99). The loss of this enzyme 

results in defective synthesis of polysaccharides in the LPS. Chemical mutagenesis resulted in 

further point mutations such as those which resulted in a loss of the Vi capsular polysaccharide 

and auxotrophy for isoleucine and valine (98, 99). This vaccine is recommended for adults and 

children over 6 years of age with a booster required every 5 years (100-102).  

To address issues relating to the poor longer term immunogenicity associated with purified Vi, 

Vi-rEPA, a Vi-conjugate vaccine was developed (103). The approach was to covalently 

conjugate the recombinant, non-toxic Pseudomonas aeruginosa exotoxin A with Vi-capsular 

polysaccharide. The exotoxin acts as a protein carrier which converts the T-independent 

immune response against Vi into a T cell-dependent response, which improves immunological 

memory, increases antibody responses against the Vi polysaccharide, and induces protection 

in infants of 2-5 years of age, and with a high efficacy of 90% (104-106). 

1.10 Salmonella pathogenesis: a general picture 

S. enterica can survive outside the animal host in contaminated food and water. After ingestion, 

S. enterica can colonise the intestinal lumen and penetrate the epithelial lining of the gut. After 

penetration into the intestinal mucosa, the bacteria are translocated into the Peyer’s Patches 

(107-110). From the Peyer’s Patches, Salmonella spp. can disseminate systemically and can 

survive within intracellular niches of tissues such as the spleen, liver and bone marrows – the 

degree and type of dissemination depends on properties of both the Salmonella species, 

subspecies and serovar; and the host. In those hosts where a systemic infection occurs, S. 

enterica of various subspecies can persist in the lymph node, gall bladder, liver, spleen and 

bone marrow (111, 112). From the liver and gallbladder, bacteria can potentially be reseeded 

into the gut, a cyclic process that may play a role in persistence and transmission to a new host 

(113). When the bacteria remain confined in the gut, the infection is characterised by a 
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gastroenteritis (1). When S. enterica spread throughout the system, the infection is typically 

described as enteric (typhoid) fever  (Figure 1-1) (1).  

 

Figure 1-1: Salmonella pathogenesis. After ingestion, S. enterica can colonise the intestinal lumen 
and penetrate the epithelial lining of the gut. After penetration into the intestinal mucosa, the bacteria 
are translocated into the Peyer’s Patches. From the Peyer’s Patches, Salmonella spp. can disseminate 
systemically and can survive within intracellular niches of tissues such as the spleen, liver and bone 
marrows. From the liver and gallbladder, bacteria can potentially be reseeded into the gut, a cyclic 
process that may play a role in persistence and transmission to a new host. Figure is from (114).  

1.11 Murine model as a host of S. Typhimurium 

The pathogen used in this study, S. enterica subs. enterica var Typhimurium (S. Typhimurium), 

causes diseases in human and animals (see Non-typhoidal Salmonella, section 1.6). Due to the 

strict adaptation of S. Typhi and Paratyphi to humans and higher primates, the various aspects 

of pathogenesis and host immune responses against them are still largely unknown (115). The 

infection caused by S. Typhi in human is similar to the infection in the chimpanzee. But because 

of the high cost and scarcity of these endangered animals, the use of chimpanzees to study 

typhoid fever are limited (116). Fortunately, S. Typhimurium causes typhoid fever-like 

systemic infection in mice, including the C57BL/6 and BALB/c mice strains, which is not 

associated with intestinal inflammation (115). These mouse strains represent well-established 
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models to study the diseases caused by S. entrerica (115). The rationale behind the use of 

murine host to examine S. enterica pathogenesis is largely based on cost-effectiveness and 

availability and the model infection reflects typical human disease caused by either S. Typhi or 

S. Typhimurium (117). Genetically modified mice strains provide further opportunities to study 

the role of specific host factors in pathogenesis and a diverse array of host immune traits against 

S. enterica (115). Over 5-8 days after oral or intravenous infection genetically susceptible mice 

show disease signs such as loss of body weight, reduced body temperature control, ruffling of 

fur and hunching (115). The lesions formed by the initial growth of the bacteria, develop into 

granulomas with central necrosis and peripheral mononuclear leukocytes (118). These 

granulomas formed by S. Typhimurium in murine host resemble the granulomas formed by S. 

Typhi (119).  The lipid A which is an LPS component induces the pro-inflammatory cytokines 

and inducible nitric oxide synthase (iNOS) which leads to the death of mice (120). Collectively, 

these observations suggest that the susceptible mice infection with S. Typhimurium leads to 

systemic infection that largely resembles enteric fever Salmonellosis in human, albeit with 

100% mortality, which has been reviewed elsewhere (115, 121).  

1.12 S. enterica replication niches in the host 

Salmonella encounters a range of extracellular and intracellular microenvironments that 

provide specialized niches for Salmonella survival and replication. The extracellular 

replication in the gastrointestinal tract, and the intracellular replication of bacteria inside the 

membrane-bound vacuoles represent two diversely different microenvironments for the 

bacterial pathogen (114, 122). S. enterica needs to survive and cope with several nutritional 

and anti-bacterial challenges within these diverse microenvironments.    

1.12.1 Intestinal niches and dissemination of S. enterica 

After infection, mammalian hosts through the oral (natural) route, S. Typhimurium survives 

high acidity in the stomach because of an acid-tolerance response (123). After infection and 

prior to intestinal epithelial cell invasion, S. enterica faces several sub-lethal environmental 

conditions such as the highly acidic environment of the stomach (123), high levels of bile salts 

(124, 125), high osmolarity (126), low oxygen tension (126) and high concentrations of the 

host and bacterial metabolites with anti-Salmonella activity such as bactericins (127, 128) in 

the intestine and short chain fatty acids produced by the dominant gut microorganisms (129). 

In order to cause disease, S. enterica have some defence mechanisms to cope with these stress 
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conditions (130). S. enterica out-compete the gut microbiota and adhere to the intestinal 

mucosa and then invades the epithelial cells (131). The bacteria preferentially enter the M 

(Microfold) cells, which are specialised epithelial cells that process the intestinal antigens (108, 

132). Junctions that tightly seal the absorptive epithelial cell layer and control the passage of 

water, ion and some essential metabolites, can be disrupted by S. Typhimurium while the 

bacteria are crossing the barrier, leading to diarrhoea (133). After invasion of the M cells, the 

bacteria translocate to GALTs, such as Peyer’s patches. Later, from the Peyer’s patches, S. 

enterica can access the reticuloendothelial system via a variety of cells such as macrophages, 

neutrophils and dendritic cells and disseminate to other areas of the body (114, 134). 

1.12.2 The bacterimic phase of S. enterica infection in the host 

The bacteria can spread from lymphatic and circulatory system to the secondary infection sites 

e.g. mesenteric lymph nodes (MLN), bone marrow, gallbladder, spleen and liver (135, 136). 

Macrophages and dendritic cells are central in the dissemination of S. enterica in the infected 

host and in the initiation of immune reactions (114, 137, 138). It has been suggested that, during 

the early phase of infection, S. enterica can also survive within neutrophils (119). Whereas 

entry into dendritic cells and macrophages is probably responsible for the movement of the 

pathogen around the body, neutrophils are thought to be the ‘dead end’ for S. enterica because 

the cells are short-lived and have strong bacteriocidal activities, such as the production of 

reactive oxygen species (139).  

During chronic infection, the gallbladder acts as a major reservoir of S. enterica (140, 141). S. 

Typhimurium can form biofilms on gallstones which result in the chronic carriage and shedding 

(140, 141). The bacterial presence in the bile can lead to reseeding of the intestines and 

excretion in faeces, which helps transmission to a new host (140, 141).  

In spleen and liver, infected macrophages and dendritic cells are assembled within distinct foci 

which creates pathological lesions, surrounded by normal tissue in the case of S. Typhimurium 

infection in mice (119, 142). This cellular and tissue organisation to enclose the bacteria into 

these confined lesions is thought to reduce the uncontrolled spread of the bacteria throughout 

the tissues. When the infected host fails to form these lesions, then uncontrolled spread occurs 

throughout the tissues (143). 
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1.13 Intracellular survival in the Salmonella-containing vacuole 

Invasion and intracellular survival are dependent on virulence genes, which are clustered 

together in “pathogenicity islands” on the Salmonella chromosome (114, 144-146).  The S. 

enterica Type Three Secretion Systems (T3SS) are a classic example of virulence factor that 

makes invasion and intracellular survival possible. S. enterica has two distinct T3SS, which 

are regulated by different environmental signals and are used to translocate different bacterial 

effector proteins directly into host cells (114, 144-146). The first S. enterica T3SS is invasion-

associated and encoded by a pathogenicity island termed Salmonella Pathogenicity Island 1 

(SPI-1) and the second T3SS mediates the intracellular survival of the bacterium, and the 

formation of SCV (Salmonella containing vacuole) and encoded by Salmonella Pathogenicity 

Island 2 (SPI-2) (114, 144-146).  

1.13.1 Salmonella pathogenicity Island 1 (SPI-1) 

The SPI-1 encoded T3SS becomes activated upon contact with epithelial cells and translocates 

bacterial effector protein into the eukaryotic cytoplasm (147). When the host effector proteins 

Rho GTPases are triggered by bacterial SPI-1 proteins SopE, SopE2 and SopB (SigD), it leads 

to the remodelling of actin cytoskeleton, membrane ruffling and destabilisation of tight 

junction, and this facilitates bacterial uptake by macropinocytosis (148-151). SopE, SopE2 and 

SopB are also required for bacterial invasion and for activating the mitogen-activated protein 

kinase (MAPK) pathways (151).  SipA and SipC proteins act to modify the actin cytoskeleton 

and assist in efficient bacterial uptake in conjunction with the other proteins (152, 153). MAPK 

directs the activation of host cell transcription factor and the nuclear factors AP-1 and NF-κB 

respectively, which activate caspases and produce pro-inflammatory cytokines such as IL-8 

(154-156). Destabilisation of the tight junction provides for transmigration of the bacteria and 

PMN (polymorphonuclear leukocytes) from the apical surface to the basolateral surface and 

results in paracellular fluid leakage (157). SPI-1 is crucial for invading non-phagocytic cells 

like epithelial cells and M (Microfold) cells in the gut lumen, and the activation of pro-

inflammatory cytokines (109, 157). 

1.13.2 Salmonella pathogenicity Island 2 (SPI-2) 

After internalisation, S. enterica remains compartmentalised in a vacuole, named spacious 

phagosome (SP) (158). This phagosome combines with lysosomes, making the internal 

environment acidic (159-161). The membrane of this compartment shrinks and creates an 
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adherent membrane around the bacteria. This is called SCV (Salmonella containing vacuole) 

(160, 162, 163). SCV can persist over hours to days supporting the survival of S. Typhimurium 

in the host (164). Pathogens in the phagosome are usually destroyed by a variety of host-

protective mechanisms including reactive oxygen species and reactive nitrogen species (165, 

166). But S. enterica modifies the environment through the secretion of bacterial-protective 

effector proteins (Chakravortty, Hansen-Wester, & Hensel, 2002; Gallois, Klein, Allen, Jones, 

& Nauseef, 2001; Haraga et al., 2008; Vazquez-Torres et al., 2000. The ability of S. 

Typhimurium to resist the antimicrobial peptides, nitric oxide and oxidative killing in SCV 

plays a vital role in its survival in macrophages and this acts as a major virulence trait (114, 

167-169). The intracellular acidic environment promotes and coordinates the virulence gene 

expression in S. Typhimurium (170). S. Typhimurium is sensitive to the phagosomal 

environment and induces the expression of the SPI encoded T3SS-2 (171). The intracellular 

replication of S. enterica is associated with the formation of membrane tubules, named 

Salmonella-induced filaments (Sifs) (123, 172). SifA, SseF and SseG are effector proteins, 

required for maintaining proper positioning of SCV in relation to the Golgi apparatus because 

S. enterica needs nutrients and membrane components which are processed from Golgi (173, 

174). It is thought that the main function of the SPI-2 encoded T3SS is to alter host vesicular 

processing such that useful metabolites, amino acids and lipids are directed to the SCV (147). 

Some studies that show that the growth of S. enterica is restricted in SCV because of the 

nutritional limitations and egress, the movement to a new cell, may be required to increase the 

net population of bacteria as the disease progresses (136). 

1.14 Bacterial metabolism in the host and its importance 

Investigations of Salmonella metabolism in vitro and in vivo is driven by a clear rationale. 

Metabolism plays a central role in microbial physiology. Previous reports show that the 

interaction between virulence factors and metabolic pathways allow the pathogen to succeed 

in host environment (175-178). Control and adjustment in metabolic pathways in host tissues 

coordinate and regulate the virulence factors in Staphylococcus aureus (179). This study has 

demonstrated that citrate, a component of TCA cycle activates Catabolite control protein E 

(CcpE) which then controls the expression of virulence genes of S. aureus (179). Additionally, 

genetic disruption of some essential metabolic pathways may lead to growth attenuation of 

bacterial pathogen in the host, and the attenuated strain can be used as a live-attenuated vaccine 

(180). The aromatic acid auxotroph strain in S. enterica is a good example of this type of 
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vaccine (180). Moreover, to facilitate new drug development, metabolic pathways can provide 

targets. Current successful antibiotics only target a small number of features such as DNA 

replication/synthesis, protein synthesis or cell wall synthesis. A very few number of antibiotics 

target microbial metabolism such as sulphonamides and trimethoprim which inhibit folic acid 

biosynthesis (181, 182). Identification of essential metabolic pathways and enzymes which are 

critical for bacterial virulence may offer novel targets for antimicrobials in the face of 

increasing resistance of pathogens like S. enterica. 

 
Some metabolic pathways are shared between bacteria and their mammalian hosts. Fortunately, 

and from the perspective of new antimicrobial development, there are some differences which 

can be exploited (182, 183). Those pathways which are unique to bacteria will need to be 

analysed to determine whether they are essential for growth and virulence. A careful survey 

which analysed 700 S. enterica enzymes suggested that perhaps 400 enzymes in S. enterica 

metabolism are dispensable (184) and essential pathways are often protected against random 

mutation by redundancy, reflecting the selective pressure placed on metabolism as a key 

virulence trait (185). Despite the finding, the authors suggested that some unidentified targets 

still remain and can be exploited for antimicrobial therapy (185). 

1.15 The nutritional profile in the gut during colonisation  

In the gut lumen, the predominant nutrient source for Salmonella is derived from the diet and 

host itself including plant polysaccharides and host glycans (186). The epithelium of the host 

gut is protected by a thick mucus which originally contains a variety of complex proteoglycans 

and carbohydrates including fucose, mannose, galactose, sialic acid, N-acetylgalactosamine 

and N-acetylglucosamine (187-189). Pathogenic bacteria including Salmonella need to 

establish a contact with the intestinal epithelia by crossing the mucus layer to effect 

colonisation (190-192). S. enterica is able to exploit the sugars present in the mucus by catalytic 

degradation to cause disease (193, 194). For instance, S. Typhimurium possesses a sialidase 

and an enzyme to catabolise fucose which degrade the intestinal mucous and helps bacterial 

attachment (194). A recent study has suggested that the colonisation of S. Typhimurium in the 

intestinal lumen depends on the availability of glycerol, fatty acid, N-acetylglucosamine, 

glucose, gluconate, arginine and lactate (195). Any of these substrates can provide a carbon 

source for the bacteria but, in the host, all contribute to pathogenesis (195). Proteomics data 

revealed in vivo expression of some enzymes involved in the metabolism of each of these seven 
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substrates and suggested that these nutrients can be interconverted and contributed as a sole 

carbon source (195). 

 
Nutrients can also be provided by enterocytes. Enterocytes are the predominant source of 

phosphatidylethanolamine, which is a phospholipid in the enterocyte membrane (196). 

Ethanolamine can act as nitrogen and carbon sources for Enterohaemorrhagic E. coli (197). 

Tetrathionate, derived from H2S through thiosulfate is produced by S. Typhimurium-mediated 

gut inflammation and tetrathionate respiration where tetrathionate can act as an electron 

acceptor, enables Salmonella to grow anaerobically (198). This respiration provides a 

colonisation advantage to the bacteria relative to the other competitive and commensal 

fermentative microbiota in the inflamed gut (198) by supporting the fermentative utilisation of 

ethanolamine, which is not readily fermented by the pathogen, as a carbon source (199).  

 
Another important component of the gut nutritional profile is the short chain fatty acids 

(SCFAs). SCFAs are produced through fermentation of indigestible carbohydrates by intestinal 

microbiota (200). The major SCFAs present in the gut are acetate followed by propionate and 

butyrate (200). Propionate can act as a carbon source for Salmonella at low concentrations 

(201). At high concentrations, SCFAs are inhibitory for S. enterica colonisation (202-204). 

SCFAs can regulate the expression of the genes contributing to virulence of S. enterica (205-

208). Acetate induces the SPI-1 encoded T3SS which is involved in invasion whereas, 

propionate and butyrate exert the opposite effect on the SPI-1 encoded T3SS in S. 

Typhimurium (129). It has also been suggested that the presence of the fatty acids helps S. 

Typhimurium to move to the site of colonisation (129). 

1.16 The nutritional profile in the Salmonella–containing vacuole 

Salmonella virulence is thought to be dependent on the bacterium’s ability to enter, survive and 

replicate within phagocytic and non-phagocytic host cells (209-212). Internalised S. 

Typhimurium resides in the Salmonella containing vacuole (SCV) (209-212). It is thought that 

the SCV in host cells is nutritionally-limited compared with the nutritionally-rich intestinal 

lumen (195). SCVs are deprived of substrates and amino acids, previous reports have shown 

that specific Salmonella mutants rely on de novo biosynthesis of such substrates and amino 

acids for intracellular survival and replication (180, 213-216). Direct examination of the 

metabolic environment in SCV is difficult and subject to technical limitations such as 

conservative purification (195).  
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Blocking the biosynthesis of chorismate makes S. Typhimurium auxotrophic for aromatic 

amino acids (Tyr, Phe, Trp), dihydroxybenzoate and para-hydroxybenzoate. This auxotrophy 

is associated with and slows growth rate in vivo growth, suggesting that the intracellular 

environment of SCV is deficient for one or more of these metabolites (180, 216, 217).  It is 

held that, for survival within SCV in murine macrophages, S. Typhimurium are not starved of 

amino acids, iron and potassium, but there is a putative deficiency in phosphate and magnesium 

in SCV (218). The gene expression profile suggests that when S. Typhimurium and S. Typhi 

forms the SCV in epithelial cells, the genes responsible for uptake of magnesium, phosphate 

and iron are upregulated (218, 219). Further studies revealed an increased induction of biotin 

synthesis genes of S. Typhimurium in infected epithelial cells compared to infected 

macrophages, which suggests that biotin may be more plentiful in macrophages than epithelial 

cells (220). The same study also showed that the biotin synthesis was not essential for S. 

Typhimurium survival and replication in epithelial cells (220). A recent report suggested that 

some amino acids including aspargine, tryptophan and glycine are limited to support the growth 

of S. Typhimurium in host whereas threonine and serine are sufficiently available (221). Based 

on microarray analysis, S. Typhimurium preferentially uses the Entner–Douderoff pathway to 

metabolise gluconate and similar sugars as a carbon source in macrophages (218). In addition, 

in human macrophages, S. Typhi is known to utilise the glyoxlate bypass pathway for fatty acid 

synthesis and fatty acids as a carbon source (219). 

The growth of S. Typhimurium in epithelial cells requires differential expression of genes 

encoding SPI1 and SPI2; more than 40% of gene expression seen in epithelial cells is modified 

in macrophages. This differential gene regulation suggests that the metabolic environment of 

SCV is different based on cell types, and almost certainly different from the external 

environment (218, 220).  

Proteomics has been used to study differential expression of proteins in extracellular and 

intracellular environments during S. enterica infection. One study found that divalent metal-

ion transporter proteins are highly expressed in macrophages indicating that S. Typhimurium 

encounters a divalent metal ion-limited condition in the macrophage SCV (222). In addition, 

there is also evidence of an elevated expression of a putative glutathione-dependent glyoxalase, 

which is involved in the detoxification of methylglyoxal in S. Typhimurium (222). Larger 

proteomics studies determined the expression level of 477 metabolic enzymes among 1182 in 

S. Typhimurium proteins identified in mice spleen. These included transporters and enzymes 
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that are involved in metabolism and transport of carbohydrates, lipids, amino acids and 

nucleosides, although some lowly expressed proteins may not have been detected due to 

technical limitations (195).  

1.17 Met metabolism and transport and its role in bacterial virulence 

Methionine (Met) is a sulphur-containing amino acid and an essential component of proteins. 

Met was first isolated from protein by Mueller in 1922 (223). In 1928, Barger and Coyne 

identified its structure as a γ-methylthiol derivative of α-amino-n-butyric acid (224). Met is 

obtained through diet in mammals, but most bacteria, fungi and plants synthesise this amino 

acid from aspartate. Human and animals may also acquire this amino acid from gut flora  (225, 

226). In 1953, Catoni showed that transmethylation reaction of Met with ATP to form S-

adenosylmethionine (SAM) provides the primary and major methyl donor found in all living 

cells (227). In 1966, Adams and Capecchi, and Clark and Marcker identified the role of 

formylated Met in the translation of mRNA (228, 229). 

Met is a member of aspartate family of amino acids (228, 229). Aspartate is generated from 

oxaloactetate, which is a α-ketoacid of the TCA cycle (224, 230). In E. coli and Salmonella 

spp., the carbon backbone of Met is obtained from aspartate, and cysteine donates the sulphur; 

further upstream, sulphate provides the sulphur to cysteine via the sulphate assimilation 

pathway (224, 230). The methyl group of Met is derived from tetrahydrofolate in the one-

carbon cycle, and the origin of this methyl group is serine (224, 230).  

Met metabolism comprises the anabolism and catabolism of Met. Like many other enteric 

bacteria, a model pathway for Met biosynthesis in E. coli and Salmonella spp. has been reported 

(Figure 1-2). In E. coli and Salmonella spp. the de novo synthesis of Met is initiated from 

homoserine to form O-succinyl L-homoserine, followed by L-cystathionine, L-homocysteine 

and subsequently L-Met (224, 230). The predominant methyl donor S-adenosyl methionine 

(SAM) is formed when Met reacts with ATP (227, 231) and then SAM either goes into the 

activated methyl cycle to recycle Met and other essential components, or to a functional Met 

salvage pathway to recycle sulphur through methylthioadenosine (232, 233).  In enteric 

bacteria such as E. coli and Salmonella spp., the presence of an operational salvage pathway is 

yet to be demonstrated (234-236). 

The reactions of Met biosynthesis pathway are conserved in E. coli and Salmonella spp. While 

each reaction of the pathway has alternate reaction processes, in different bacteria and broader 
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phyla the intermediate metabolites remain conserved. For example, the first reaction can occur 

in three enzymatic ways: i) Acetylation through homoserine transacetylase which uses acetyl 

CoA as a substrate and generates O-acetylhomoserine. This enzyme is present in bacteria such 

as Leptospira meyeri (237) and Corynebacterium glutamicum (238) and in fungi like 

Sachharomyces cerevisiae (239) and Neurospora crassa (240); ii) Succinylation through 

homoserine trans-succinylase which uses succinyl CoA as a substrate and generates O-

succinylhomoserine. This enzyme is present in E. coli (241) and Pseudomonas aeruginosa 

(242); iii) Phosphorylation of homoserine by homoserine kinase to form O-phosphohomoserine 

which occurs in plants (243). Similarly, the synthesis of homocysteine can occur as a result of 

three enzymatic processes: i) O-acetylhomoserine directly condenses with sulphide to form 

homocysteine and this reaction is catalysed by O-acetylhomoserine sulfhydrylase. This 

happens in some bacteria and fungi (244, 245); ii) O-succinylhomoserine condenses directly 

with sulfide to form homocysteine, which is catalysed by O-succinylhomoserine sulhydrylase. 

This is found in Pseudomonas species (242, 246); iii) Trasnssulfuration where homocysteine 

synthesis occurs in two enzymatic steps: Cystathionine gamma synthase (CGS) which 

generates cystathionine, and cystathionine beta lyase which converts cystathionine into 

homocysteine. Transsulfuration occurs in plants, many bacteria and fungi (247-250). CGS can 

utilise all three or one or two of O-acetylhomoserine, O-succinylhomoserine and O-

phosphohomoserine (251). The last step of the pathway, the conversion of homocysteine to 

Met happens even in organisms which do not have the capacity to synthesise Met (252). There 

are two types of Met synthases: i) the Vitamin B12-dependent Met synthase which is present 

in mammals, protists and most other bacteria (253-255); and ii) Vitamin B12-independent Met 

synthase which is present in bacteria, plants and fungi (256-258). 
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Figure 1-2: Met biosynthesis pathway. In E. coli and Salmonella spp. the de novo synthesis of 
Met is initiated from homoserine to form O-succinyl L-homoserine, followed by L-cystathionine, L-
homocysteine and subsequently L-Met. Enzymes in this pathway are shown in red.  Arrows indicate 
the direction of catalytic reactions. Figure adapted from (259). 

Salmonella spp. can import Met though two different systems: either a high-affinity or putatuve 

low-affinity transporter(s).  The high-affinity transporter (Km~0.1 μM) is composed of three 

proteins: an ATPase (encoded by abc), a permease (encoded by yaeE) and a substrate binding 

protein (encoded by yaeC), which are known as MetN, MetI and MetQ, respectively 

(collectively known as MetD) (260-262). MetNIQ is a member of the Met Uptake Transporter 

(MUT) family. On the other hand, it is postulated that there is at least one cryptic low-affinity 

transporter, putatively called MetP (Km~20 to 40 μM) (263-265) (Figure 1-3).  

 

Figure 1-3: Schematic diagram of Met transport in S. Typhimurium. Met is transported in 
S. Typhimurium through two types of transporters. The high-affinity transporter is composed of three 
different proteins, MetN, MetI and MetQ; and low-affinity transporter/s (MetP) is cryptic. Adapted 
from (259). 
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The connection between Met metabolism and bacterial virulence has been reported. Previous 

studies found that amongst transposon mutants, an uncharacterised Met auxotroph of S. 

Typhimurium became defective for intracellular survival in macrophages and epithelial cells, 

and an approximately 10,000-fold increase in LD50 was demonstrated in mice (209, 215). Ejim 

et. al showed the connection between Met auxotrophy and S. Typhimurium virulence (266). 

They investigated a single mutant ΔmetC (encoding for cystathionine β-lyase) in S. 

Typhimurium exhibited reduced virulence in mice, as the bacterial burden in the spleen was 

100-fold less compared to wild-type control at day 3 post-infection. It was also found that mice 

orally infected with wild-type S. Typhimurium succumbed to infection sooner and more 

frequently than mice infected with the ΔmetC mutant strain, indicating that the metC gene plays 

a role in the virulence of S. Typhimurium in mice (266). Subsequently, a high throughput 

screen for inhibitors of E. coli MetC revealed several compounds that inhibited MetC function, 

(267), but the in vitro or in vivo activity of these compounds was not reported. Moreover, a 

ΔmetC mutant of S. Gallinarum, a poultry pathogen, was found to be attenuated in 1-day-old 

chickens (268). It was shown that mutations in the regulation of Met metabolism, affecting 

MetR and MetJ, attenuated Vibrio cholerae in suckling mice (269). MetR plays an important 

role in colonisation of V. cholerae in the mouse intestine (269). S. Typhimurium lacking the 

high-affinity transporter was significantly attenuated in C3H/HeN mice, suggesting that de 

novo Met biosynthesis may not be sufficient for growth in mice (270). 

1.18 One carbon cycle 

The synthesis of macromolecules such as proteins, nucleic acids and lipids are required for 

cellular proliferation. The so-called one-carbon cycle is important in the generation of Met and 

thereby, plays a key role in protein synthesis (271-275). The one-carbon cycle is also known 

as the folate cycle as folate is reduced through enzymatic steps to generate tetrahydrofolate 

(THF) (Figure 3-1). Folate is one of the B Vitamins that is essential for humans and is acquired 

through diet (276, 277). In bacteria, where folate synthesis occurs, THF acts as a platform 

where carbon atoms are circulated across the different positions of THF moiety (271-275). 

Methyl-tetrahydrofolate (mTHF) is generated from methylene-tetrahydrofolate (methylene-

THF) through Methylenetetrahydrofolate reductase (MetF). The intermediate mTHF donates a 

carbon unit to homocysteine through methylation, forming Met which is catalysed by Met 

synthases (271-275). Thus, the activated methyl cycle starts with homocysteine which is 

coupled to the one-carbon cycle, and this is how the transsulfuration pathway is linked through 
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homocysteine (Figure 3-1). The carbon unit that is circulated through the one-carbon cycle can 

be synthesized de novo (271-275). Serine transfers the carbon unit from its side chain to folate, 

converting serine to glycine and THF to methylene-THF which starts the folate cycle. This 

conversion is mediated by serine hydroxymethyltransferase (GlyA) (213, 278, 279). Serine can 

be synthesized from the glycolytic intermediate 3-phosphoglycerate (3-PG) or can be imported 

through amino acid transporters (271, 272). In addition to serine, the carbon unit can also be 

derived from the cleavage of glycine through the glycine cleavage system (Gcv). Gcv, which 

is a series of enzymatic reactions, mediates the cleavage of glycine to produce ammonia, CO2 

and a carbon unit for methylation of THF in a reversible reaction (280, 281).  

Besides the generation of Met, nucleic acids are also produced from the one-carbon cycle. 

Methylation of deoxy uridine monophosphate leads to the formation of deoxythymidine 

monophosphate (282). THF is produced through this concurrent methylation from mTHF 

(282). Purines are also generated through this one-carbon cycle (283).  

GlyA is an essential enzyme for virulence of S. Typhimurium in the murine host (221). This 

study found that S. Typhimurium glyA mutant had decreased competitive fitness compared to 

the wild-type, although it was able to grow in minimal media. This indicates that limited 

availability of glycine during infection and the Gcv system is insufficient in providing glycine 

during infection (221). 

1.19 Activated methyl cycle 

The activated methyl cycle is a metabolic cycle which drives methylation of cellular 

components and the recycling of Met. The methylation of a variety of macromolecules like 

DNA, RNA, proteins, hormones, lipids and certain metabolites is of fundamental importance 

for an organism (233, 284, 285). S-adenosylmethionine (SAM), an integral component of this 

cycle, is synthesised from Met and donates the activated methyl group to macromolecules in 

prokaryotes and eukaryotes (as reviewed in (232, 285-287)). SAM acts as a propylamine group 

donor during polyamine biosynthesis (232, 288). SAM is also involved in SAM radical-

dependent vitamin synthesis and in the production of N-acylhomoserine lactone (also known 

as autoinducer-1) (289-292). The methyl group of Met is activated by ATP to form SAM, 

through the enzyme SAM synthetase (MetK) (293). As enteric bacteria such as E. coli and S. 

Typhimurium do not have a transporter for SAM, deletion in SAM synthetase (MetK) is lethal 

(293-296). Conditional MetK mutants have been generated and were shown to be resistant to 
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Met analogues like ethionine, α-DL-methymethionines and norleucine at high temperature 

(294, 297-299). There has been no investigation of MetK phenotype in E. coli and S. 

Typhimurium virulence and pathogenesis in vivo because the enzyme is essential.  

The methyl group of SAM is used for methylation of macromolecules leading to the formation 

of S-adenosylhomocysteine (SAH). SAH is removed from the cell by either a one- or two-step 

process (300). The conversion of SAH to homocysteine can occur in one-step by SAH 

hydrolase (SahH), and SahH is widely distributed in prokaryotes and eukaryotes (300-302). 

The alternate pathway, which is present in E. coli and Salmonella spp., uses the enzyme 

Methylthioadenosine (MTA)/S-adenosylhomocysteine (SAH) nucleosidase (Pfs) to produce S-

ribosylhomocysteine (SRH), the sole substrate of SRH lyase (LuxS). LuxS catalyses the 

cleavage of SRH to produce homocysteine, a process that simultaneously generates the 4,5-

dihidroxy-2,3-pentanedione (DPD), a precursor of autoinducer-2 (AI-2) (303, 304). AI-2 is 

involved in quorum-sensing which acts as a language for intraspecies and interspecies 

communication (303-309). Studies have shown that cytoplasmic Pfs is present in 51 of the 

tested 138 bacterial species, SAH hydrolase was present in 60 species, whereas LuxS and SahH 

are both present in a few species including Bifidobacterium longum NCCC2705 and 

Escherichia blattae (303, 310). Neither of the pathways is present in symbionts and 

intracellular pathogens which cover about 20% of the tested bacterial species (310). Every 

bacterium which carries LuxS, also possesses a Pfs (303, 310).  

MTA/SAH nucleosidase (Pfs) catalyses the deadenylation reaction in bacteria and can mediate 

at least three reactions. It hydrolyses the glycosidic bond of three substrates SAH, 

methylthioadenosine (MTA), and 5’-deoxyadenosine (5’-dADO); adenine and sugar are also 

generated in the process (311-313). The intracellular level of SAH in E. coli MG1655 is 

estimated to be 1.3 µM which is 50 times higher than the wild-type strain (314). This elevated 

concentration is high enough to inhibit the SAM-dependent methyltransferases in vitro, 

according to previous studies (315-317). 

The structure of Pfs has been characterised for many bacteria by X-ray crystallography (318-

320). These studies showed that Pfs enzyme is a dimer. The active site of each enzymatic 

subunit is partly composed of residues from the second subunit and can distinguish between 

the adenosyl nucleoside substrates. The active site of Pfs is composed of acidic amino acid 

residues which are conserved across species (321, 322). The transition state structure of Pfs 

was determined in E. coli, Streptococcus pneumoniae, Neisseria meningitides, Staphylococcus 
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aureus and S. enterica (320, 323-326). The role of Pfs inhibitors has been explored in some 

pathogenic strains by using transition state analogues. The immucillin-based transition state 

analogues were used as inhibitors and were found to bind with Pfs of E. coli O157:H7 and 

Vibrio cholerae, disrupting biofilm formation, and quorum sensing but, without affecting the 

bacterial planktonic growth possibly because of drug influx (327, 328). Moreover, substrate 

analogues and transition state analogues that are active against Pfs in Borrelia burgdorferi (the 

causative agent of Lyme disease) have been shown to exert bacteriocidal and bacteriostatic 

effect (329). Hence, Pfs could be a potential target for broad spectrum antimicrobial drugs but 

requires more thorough investigation of its ‘essentiality’ in vivo. 

1.20 Quorum sensing and LuxS 

Other than the recycling of homocysteine to Met and the production of adenine through 

activated methyl cycle, E. coli and Salmonella spp. extract an additional benefit from Pfs- and 

LuxS-mediated reactions; the generation of 4,5-dihrdroxy-2,3-pentanedione (DPD) which is 

known as AI-2 and plays a role in quorum sensing (330). This low-molecular-weight signalling 

molecule, produced by LuxS, is the only member of AHL family that is present in Gram-

positive and Gram-negative bacteria (331, 332). E. coli and Salmonella spp. that lack LuxS do 

not show any growth defect which indicates that Met and SAM recycling through the activated 

methyl cycle is not essential for growth (308, 333, 334). In contrast, a luxS mutant in 

Enterohemorrhagic E. coli (EHEC) had altered flagellation and motility (333) and a luxS 

mutant in Enteropathogenic E. coli (EPEC) showed an adhesion defect to epithelial cells, 

reduced expression of the EPEC T3SS and decreased flagellation and motility (335).  

Quorum sensing is a bacterial communication mechanism that helps to initiate a concerted 

population response. A great variety of Gram-positive and Gram-negative pathogens utilise 

this mechanism to coordinate expression of genes linked with virulence and growth (305, 309, 

336-341). Quorum sensing was discovered in a marine bacterium Vibrio fischeri, which utilises 

a synthase (LuxI) to produce light and form luminescent colonies. The population size 

determines their ability to produce light through the production of an autoinducer molecule 

(342, 343). V. harveyi is another marine bacterium that uses the autoinducer molecule, AI-2 

(described in section 1.19) (344). The best studied quorum-sensing mechanism is mediated by 

N-acyl-L-homoserine lactones (AHLs) in Gram-negative bacteria (292, 345, 346).  
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The regulation of other genes by AI-2 and LuxS has been reported. In E. coli and S. 

Typhimurium, the lsr operon (codes for Lsr ABC transporter) consists of AI-2-regulated genes 

that promotes the import of AI-2 into the cell (332, 334) and AI-2 production is strongly linked 

with the transcriptional level of pfs in S. Typhimurium (347). Higher transcription accounts for 

the higher detoxification of SAH by Pfs, leading to the high levels of SRH and elevated activity 

of LuxS (305). Previous studies found that in S. Typhimurium luxS mutant, metE gene 

expression was increased when compared with the wild-type strain (306).  

1.21 The utilisation of SAM in various cellular reactions 

A variety of cellular reactions involve SAM as a methyl donor where the methyl group is 

transferred from SAM to many different targets including DNA, RNA, proteins, lipids and 

other metabolites (285, 286, 348). SAM can donate the aminopropyl group during polyamine 

(predominantly spermidine) biosynthesis (233, 349, 350). SAM also participates in the 

production of N-acylhomoserine lactone (292) and vitamins, including biotin and lipoic acid 

(351).  

1.21.1 SAM-dependent methylations 

1.21.1.1 Methylation of DNA and RNA 

Methylation of DNA by SAM-dependent methyltransferases is an essential biological reaction.  

Dam methylase methylates the adenine in GATC (352) and Dcm methylase methylates the 

second cytosine site in CC(A/T)GG (353). The methylation by Dam methylase is required for 

basic functions including proof-reading during DNA replication where the endonuclease MutH 

cleaves the unmethylated daughter DNA strand when it senses a mismatch, and after that DNA 

Polymerase I repairs the strand (354). The protein DnaA fixes the methylated site (adenine in 

GATC by Dam methylase) to permit the correct initiation of bacterial DNA replication (355). 

In addition, many bacteria have protective restriction endonucleases to cleave foreign DNA, 

which occurs when bacteria are infected by a ‘promiscuous’ bacteriophages). As these 

endonucleases cleave at sequence-specific sites, methyl groups are added to those sites to 

protect their own DNA from being cleaved by the endonucleases (356, 357).  

Post-transcriptional modifications of RNA are observed in all forms of life. The post-

transcriptional modifications of nucleotides in rRNA (ribosomal RNA) and tRNA (transfer 

RNA) have been reviewed elsewhere (358-361). In general, RNA modifications such as 
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methylation of the ribose moiety and/or nucleobases in the nucleotides are observed. One 

important class of enzymes that play a role in the post-transcriptional modification of RNA, is 

the Rossman-fold methyltransferases. Rossman-fold methyltransferases are the SAM-

dependent RNA methyltransferases that first bind with SAM and catalyse the transfer of the 

methyl group to RNA. Mostly they function to methylate ribosomal RNA (rRNA) (362-364). 

Most bacterial rRNA methyltransferases are conserved and not found in eukaryotes (365). 

Certain RNA methylations sites play a critical role in maintaining ribosomal fidelity, 

maturation, function and alteration of translational rate and there is evidence that an rRNA 

methyltransferase is essential for growth of bacteria (366). Another important superfamily of 

RNA methyltransferases is named SPOUT (SpoU-TrmD), and include SpoU tRNA 

methyltransferases and TrmD tRNA methyltransferases (reviewed in (367)). The SpoU family 

was characterised in E. coli, and Saccharomyces cerevisiae (368-370), and TrmD family 

consists of bacteria-specific tRNA methyltransferases (371). 

RNA methyltransferases have been linked with antibiotic resistance (361, 372, 373). Bacterial 

ribosomes are targeted by some antibiotics. Bacteria have evolved mechanisms to modify the 

rRNA by adding methyl groups at different nucleotides in 23S rRNA and 16S rRNA, which 

can lead to antibiotic resistance (361, 372, 373).  

1.21.1.2 Methylation of proteins 

Bacterial proteins may be methylated through SAM-dependent methyltransferases, such as 

Protein Methyltransferase A and B (PrmA and PrmB) methylate the N-termini of ribosomal 

proteins L11 and L3 in E. coli (374, 375). Another protein methyltransferase is CheR 

methyltransferase which methylates the glutamate residues in a chemotaxis receptor Tar. Tar 

facilitates the detection of chemical stimuli, ultimately leading to the regulation of the direction 

of flagellar rotation (376, 377).  

1.21.1.3 Methylation of other substrates  

SAM is also involved in biosynthesis of isoprenoid quinones such as ubiquinone and 

menaquinone which serve as redox mediators in respiratory electron transport chain in both 

prokaryotes and most eukaryotes. In E. coli, the ubiE gene is the putative structural gene for c-

methyltransferase that methylates ubiquinone (ie. coenzyme Q) and menaquinone (ie. MK) 

(378). Moreover, formation of cyclopropane fatty acid, a key component of bacterial 

membranes (379, 380), requires the methyl group from SAM (379, 380). The enzymatic 
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cyclopropanation reaction occurs through a transfer of the methyl group from SAM to the 

unsaturated fatty acid, resulting in the formation of cyclopropane ring in E. coli (379, 380). 

CFA synthase (a cfa gene product) is a methyltransferase that catalyses a transmethylation 

reaction. Many bacteria, when they encounter stress conditions such as starvation and other 

forms of growth stasis, modify their membrane lipids by converting the unsaturated fatty acid 

into cyclopropane fatty acids (380, 381). Synthesis of cobalamin (vitamin B12) also relies on 

methylation through SAM. Mammals require cobalamin but are unable to synthesise it (277). 

S. Typhimurium only synthesises cobalamin under anaerobic conditions (382-384). There are 

five steps in the Vitamin B12 synthesis process catalysed by the SAM-dependent 

methyltransferases encoded by five genes (cbiE, cbiT, cbiF, cbiH, and cbiL) that mediate 

contraction of the precorrin ring, to generate cobalamin in S. Typhimurium (385, 386).  

1.21.2 SAM as an aminopropyl group donor in spermidine biosynthesis and role in 

virulence 

Besides methylation, another major SAM-dependent reaction in the cell is polyamine i.e. 

spermidine and spermine biosynthesis (233, 349, 350). To initiate the synthesis, SAM is 

decarboxylated by the enzyme SAM decarboxylase (SpeD). The transfer of aminopropyl group 

from decarboxylated SAM to putrescine leads to synthesis of spermidine and 

methylthioadenosine (MTA) (349).  This reaction is catalysed by spermidine synthase (SpeE) 

(349, 350)). In bacteria, putrescine is synthesised either from L-arginine by arginine 

decarboxylase (SpeA) (387, 388) and agmatine ureohydrolase (SpeB) (389-391) or from L-

ornithine by constitutive ornithine decarboxylase (SpeC) (392-394) or acid inducible ornithine 

decarboxylase (SpeF) (395-397).  

Polyamines are polycationic amines in all living cells. Polyamines bound to DNA and RNA 

play a key role in sustaining structural configuration and stability of the nucleic acids (398-

400). There are also reports that polyamines are important for protein synthesis (401-403). 

Spermidine and spermine have a key role in protecting the bacterial DNA from reactive oxygen 

species (404, 405). Polyamine-deficient E. coli strains are more sensitive to oxidative damage 

than the wild-type bacteria (406). In bacteria, the predominant polyamines are putrescine and 

spermidine. The intracellular level of spermidine is 1-3 mM compared to putrescine (0.1-0.2 

mM), in most bacteria (288). Putrescine is the predominant polyamine in E. coli, followed by 

spermidine (288). In E. coli, the genes responsible for spermidine biosynthesis, speD and speE, 

are organised in an operon (407) and are located at some distance from speABC, the genes 
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required for putrescine biosynthesis. S. Typhimurium is not able to utilise spermidine and 

putrescine as the sole sources of carbon and nitrogen, whereas E. coli can (408) .  

E. coli, S. Typhimurium and S. Gallinarum ΔspeE or ΔspeD mutants have minimal growth 

defects suggesting that spermidine is not essential for growth (409, 410). Although it has been 

recently shown that polyamines play a vital role in virulence of several intracellular pathogens 

including Legionella pneumophila, Francisella tularensis, and in Shigella spp. The function of 

polyamines in S. Typhimurium virulence remains under question (411-414). Some studies 

revealed that the genes responsible for uptake of putrescine and spermidine are upregulated in 

S. Typhimurium during intracellular growth and replication in epithelial cells and macrophages 

(218, 220). Putrescine and spermidine affect the invasion, intracellular survival and 

proliferation of S. Typhimurium and S. Gallinarum and play a role in virulence (410, 415, 416). 

The basis for this reduced virulence was not well-understood but could be because of reduced 

expression of genes coding for T3SS structural components and effectors. The exogenous 

supply of putrescine and spermidine significantly increases the intracellular survival of S. 

Typhimurium and indicates that polyamines might act as environmental signals for Salmonella 

spp. where they drive transcriptional priming (410, 415, 416). 

1.21.3 Radical SAM enzymes 

Radical SAM enzymes catalyse a range of reactions where reductive cleavage of SAM yields 

5’-deoxyadenosine (5’-DOA) and Met. In these reactions, SAM acts as an oxidising agent 

which participates in sulphur insertion, anerobic oxidation, ring formation and isomerisation 

(351). Biotin synthase (BioB) is a radical SAM enzyme that catalyses the sulphur insertion into 

dethiobiotin and converts it into biotin (289). The sequence homology between lipoate synthase 

(LipA) and BioB suggests that LipA is also a radical SAM enzyme (290). Accumulation of 5’-

DOA (which is also a substrate for MTA/SAH nucleosidase) is inhibitory for radical SAM 

enzymes and therefore, the removal of 5’-DOA from the cell is required (312, 417, 418). 

1.21.4 Participation of SAM in the production of N-acetyl homoserine lactone 

The production of acyl homoserine lactone Autoinducer-1 (AI-1) by LuxI/LuxR system from 

SAM is catalysed by LuxI (Acyl homoserine lactone synthase). The fatty acid chain comes 

from an acyl carrier protein (fatty acyl-ACP), and the homoserine lactone group is derived from 

SAM. The homoserine lactone is condensed to the acyl side chain and generates AI-1, and a 

by-product methylthioadenisine (MTA) (291, 292). When AI-1 is excreted from the cell, it 



28 
 

interacts with LuxR which is a transcriptional regulator and in turn controls the transcription 

of lux operon, which produces the luciferase enzyme and this further leads to luminescence 

(419). This LuxI/LuxR system was first discovered in Vibrio fisheri (342, 344, 419). 

MTA, which is formed by LuxI catalysed reaction, is toxic and has an inhibitory effect on 

SAM-dependent methyltransferases and hence must be removed from the cell (347, 420). Pfs 

catalyses the reaction to remove this toxic MTA from the cell (329, 421-423). E. coli and 

Salmonella do not possess LuxI and therefore do not produce AI-1 (424, 425) but they instead 

express a protein named SdiA which is a LuxR homologue, and detects the AI-1 molecule 

produced by other bacteria (333, 426). 

1.22 Overview of methionine salvage pathway 

Recycling of 5’-methylthioadenisine (MTA) to Met is known as the Met salvage pathway or 

MTA cycle and is present in both prokaryotes and eukaryotes with a few exceptions, and its 

primary role appears to be the removal of toxic MTA (235, 236). In Klebsiella pneumoniae, 

Bacillus subtilis and Pseudomonas aeruginosa, this pathway has been fully characterised (234, 

427-430) 

In a functional Met salvage pathway, MTA is hydrolysed to 5’-methylthioribose 1-phosphate 

(MTR1P) through two different pathways. The conversion may be a one-step process from 

MTA to MTR1P, catalysed by an enzyme MTA phosphorylase. In animals, this type of direct 

conversion occurs whereas, in bacteria, protozoa and plants, the conversion is conducted in two 

steps. In these organisms, MTA is cleaved to 5’-methylthioribose (MTR) and adenine and this 

reaction are catalysed by Pfs. MTR is then phosphorylated by MTR kinase and forms 

5’MTR1P. MTR1P is further transformed into 5’-methylthioribulose 1-phosphate (MTRu1P) 

by MTR1P isomerase. MTRu1P is subsequently converted to 4-methylthio-2-oxobutyrate 

(MTOB) through some enzymatic reactions mediated by a dehydratase, an enolase, a 

phosphatase and a dioxygenase. Transaminases finally perform the conversion of MTOB to 

Met (234, 429, 430).  

In many enteric bacteria such as E. coli and Salmonella spp., the fate of MTR is unknown, and 

MTR is likely to accumulate in the extracellular medium (431, 432). E. coli have an efficient 

exporter of MTR (431-433). Therefore, it has been suggested that they do not have an 

analogous mechanism of Met salvage. There are some assumptions which suggest that the loss 

of functional salvage pathway in some organisms seems to be a response to a specific 
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ecological niche, as these organisms usually live in anaerobic conditions, and in the presence 

of sulphur (235, 432, 434). The answer to why these organisms would lack this Met salvage 

pathway is unresolved. Indeed, there are some interesting hypotheses behind the evolution of 

this pathway. First, sulphur assimilation is energetically costly so retaining the sulphur in the 

cells would be advantageous for organisms who live in a low sulphur environment. In contrast, 

E. coli and Salmonella, which often live in a sulphur-rich and anaerobic environment, do not 

require an operational salvage pathway (235, 432, 434). The problem posed to E. coli and 

Salmonella spp. would be to eliminate excess sulphur rather than its expanded utilisation (235, 

432, 434). Secondly, both E. coli and Salmonella do not possess the MTR kinase which is 

consistent with the finding that a Met auxotroph (ΔmetE) is not able to utilise MTA as a source 

of Met (435). Collectively, these data support the hypothesis that the salvage pathway is not 

intact in enteric bacteria like E. coli and Salmonella.  

1.23 Summary and aim 

S. enterica poses a significant threat to human and animal health around the world, and new 

antibiotic is urgently needed. Knowledge concerning the pathogen’s metabolic requirements in 

the host could assist the search for novel drug targets.  The host-Salmonella interactions vary 

significantly between local (e.g. the gut) and systemic sites (e.g. the spleen and liver), such 

differences in growth niche is hypothesised to have profound impact on Salmonella 

metabolism. Metabolic enzymes in Met biosynthesis, one carbon cycle, activated methyl cycle 

and the incomplete Met salvage pathways were reported to play an important role in the 

virulence of Salmonella and in other bacteria. However, these pathways have not been 

thoroughly and systematically investigated to examine their role in virulence of S. enterica.   

The major objective of this thesis is to study the role of Met metabolism by Salmonella enterica 

subsp. enterica var. Typhimurium SL1344 in pathogenesis and intracellular survival ex vivo, 

in tissue culture cells and in the experimental model system of choice, the inbred mouse. This 

study was therefore conducted by generating defined deletion mutants of the enzymes of these 

pathways and the mutants were characterised by testing their ability to grow in vitro in M9 

minimal media, the ability to grow intracellularly through intracellular survival assays in HeLa 

cells and their virulence in C57BL/6 mice.   
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2.1 Manufacturers and suppliers 

The name and locations of manufacturers used of all reagents and equipment in this research 

are listed in Table 2-1 

Table 2-1. List of suppliers and 

 manufacturers of all reagents and equipment in this research 

Name Location 
Applied Biosystems California, USA 
BD Biosciences California, USA 
Beckman Coulter California, USA 
Bio-Red Laboratories California, USA 
BMG LABTECH Ortenberg, Germany 
eBioscience California, USA 
Eppendorf Hamburg, Germany 
Geneworks South Australia, Australia 
GraphPad Software California, USA 
Greiner Bio-One Frickenhausen, Germany 
Heraeus Newport, UK 
Life Technologies California, USA 
Merck Darmstadt, Germany 
Miltenyi Bioteck Rheinisch-Bergische Kreis, Germany 
Misonix New York, USA 
MP Biomedicals Ohio, USA 
NEB (New England Biolabs) Maryland, USA 
Nunc Kamstrupp, Denmark 
Oxoid Hampshire, UK 
Promega Wisconsin, USA 
Qiagen Venlo, Netherlands 
Roche Molecular Biochemicals Mannheim, Germany 
Sarstedt South Australia, Australia 
Seward Medical West Sussex, UK 
Sigma-Aldrich Missouri, USA 
Syngene Cambridge, England 
Thermo Fisher Scientific Massachusetts, USA 
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2.2 Media, buffers and solutions 

The composition of all buffers, solutions and media used in this research are described in Table 2-2 

Table 2-2. Culture media, buffers and solutions used in this research 

Name Compositions 
M9 Minimal media Solution 1 (M9 salt): 15 g KH2PO4, 64 g Na2HPO4.7H2O, 2.5 g 

NaCl, 5 g NH4Cl, in 1000 ml distilled water  
Solution 2: 200 ml M9 salt, 2 ml 1 M MgSO4, 20 ml 2% Glucose and 
100 µl 1 M CaCl2 adjusted to 1000 ml distilled water. 
M9 minimal media was supplemented depending on the growth 
requirement of auxotrophic S. Typhimurium mutant strains.  
L-histidine was added at a final concentration 100 µM.  
L-methionine was added at a final concentration 100 µM  

DMEM-Complete Dulbecco’s Modified Eagle Medium (Life Technologies) containing 
10% (v/v) heat-inactivated Fetal calf serum (FCS) and GlutaMAX 
(Life Technologies) 

DMEM-No Met Dulbecco’s Modified Eagle Medium (Life Technologies) containing 
10% (v/v) heat-inactivated FCS and GlutaMAX (Life Technologies). 
No methionine and cysteine supplemented in the media 

Fetal Calf Serum FCS (Bovogen) was heat-inactivated in a 56°C water bath for 2 hours 
prior to use 

LB-Miller broth 1% (w/v) tryptone (BD Biosciences), 0.5% (w/v) yeast extract 
(Merck), 1% (w/v) NaC1; prepared in distilled water and autoclaved 

LB Agar Miller (Luria Bertani) 4% (w/v) agar (BD DifcoTM) in LB-Miller broth 

LUS  Luria agar with streptomycin (supplemented at a final concentration 
50 µg/ml) 

PBS 137 mM NaC1, 2.6 mM KCL, 100 mM Na2HPO4, 2 mM KH2PO4; 
prepared in distilled water and autoclaved 

PBST PBS containing 0.05% (v/v) Tween 20 
Blocking buffer PBST containing 5% skim milk  
TAE buffer 40 mM Tris base, 5.7% (v/v) glacial acetic acid, 1 mM EDTA in 

distilled water, pH adjusted to 8.0 
Triton X-100 1% 1% (v/v) Triton X-100 in distilled water 
Trypan blue, 0.4% Trypan blue powder (Sigma-Aldrich) was dissolved in distilled water 

at 0.4% (w/v) and filter sterilised 
TSS broth LB-Miller broth containing: 10% (w/v) PEG 3350, 5% (v/v) DMSO, 

50 mM and MgC12 in distilled water 
TSS enhanced buffer 100 mM KC1, 30 mM CaC12, 50 mM MgC12 in distilled water 
Eosin Blue Uranine (EBU) Solution 1: 5g tryptone, 2.5g yeast extract, 2.5g NaC1, 7.5g agar in 

500 ml distilled water, autoclaved 
Solution 2: 1.25g K2HPO4 in 50 ml distilled water, autoclaved. 
After mixing solution 1 and 2, 625 µl 1% Evans Blue Dye and 125 µl 
10% Sodium fluorescein (all from filter-sterilised solutions) were 
added 

XLD agar Xylose lysine deoxycholate agar (Oxoid) was prepared according to 
manufacturer’s instructions 

XLDS agar XLD with streptomycin supplemented at a final concentration 50 
µg/ml 
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2.3 Bacterial strains  

All bacterial strains used in this research are listed in Table 2-3 

Table 2-3. Bacterial strains used in this research 

Strains/Genotype Phenotype and genotype Source/Ref 
Salmonella enterica subspecies enterica serovar Typhimurium 

SL1344 Wild-type Ref 
SL1344 ΔmetA Met biosynthetic mutant; deletion of metA This study 
SL1344 ΔmetB Met biosynthetic mutant; deletion of metB This study 
SL1344 ΔmetC Met biosynthetic mutant; deletion of metC This study 
SL1344 ΔmetE Met biosynthetic mutant; deletion of metE This study 
SL1344 ΔmetF Met biosynthetic mutant; deletion of metF This study 
SL1344 ΔmetH Met biosynthetic mutant; deletion of metH This study 
SL1344 ΔmetEΔmetH Met biosynthetic mutant; deletion of metE and 

metH 
This study 

SL1344 ΔmetNIQ High-affinity transporter mutant This study 

SL1344 ΔmetNIQΔmetB High-affinity transporter and met biosynthetic 
mutant; deletion of metNIQ and metB 

This study 

SL1344 ΔmetNIQΔmetE High-affinity transporter and met biosynthetic 
mutant; deletion of metNIQ and metE 

This study 

SL1344 ΔmetNIQΔmetH High-affinity transporter and met biosynthetic 
mutant; deletion of metNIQ and metH 

This study 

SL1344 ΔmetNIQΔmetEΔmetH High-affinity transporter and met biosynthetic 
mutant; deletion of metNIQ, metE and metH 

This study 

SL1344 ΔspeD SAM decarboxylase mutant; deletion of speD This study 
SL1344 ΔspeE Spermidine synthase mutant; deletion of speE This study 
SL1344 ΔluxS Activated methyl cycle mutant; deletion of luxS This study 
SL1344 ΔbioB Biotin synthesis mutant; deletion of bioB This study 
SL1344 Δpfs Activated methyl cycle mutant; deletion of pfs This study 

BRD509 Aromatic amino acid auxotroph (436) 
BRD666 Restriction negative; modification positive (r-m+) (437) 
Escherichia coli 
DH5α 
(F-endA1hsdR17 (rK

-, mk
+) 

supE44 thi-1 λ-recA1 gyrA96 
relA1 deoR Δ(lacZYA-argF)-
U169Φ80d lacZ ΔM15; NalR 

Cloning strain (438) 

MC4100 
(Δ(argF-lac)U169 rpsL 150 relA 
araD139 fib301 deoC1 ptsF25) 

Cloning strain (439) 
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2.4 Plasmids  

All plasmids used in this research are listed in Table 2.4 

Table 2-4. Plasmids used in this study 

Plasmids  
 

Relevant phenotype and 
genotype 

Source/Ref 

pGEM-Teasy  High-copy-number, cloning 
vector for PCR products; AmpR; 
Ara-inducible I-SceI and λ Red 
recombinase 

Promega 

pACBSR Medium-copy number, 
mutagenesis plasmid; p15A ori; 
ChlR 

(440) 

pACYC184 Medium-copy number cloning 
vector, p15A ori; TetR, ChlR 

(441) 

pCP20 FLP recombinase, temperature-
sensitive replicon; AmpRChlR 

(442) 

pKD4 FRT-flanked KanR cassette; 
AmpR, KanR 

(443) 

pACYC184 metB S. Typhimurium metB cloned into 
pACYC184; ChlR 

This study 

pACYC184 pfs S. Typhimurium pfs cloned into 
pACYC184; ChlR 

This study 

pACYC184 sahH (Lp) Legionella pneumophila sahH 
cloned into pACYC184; ChlR 

This study 

2.5 Bacterial growth, preparation for infections and storage 

2.5.1 Bacterial culture media 

All bacterial culture media used in this study are listed in Table 2-2. The Media Preparation 

Unit (MPU) at the Department of Microbiology and Immunology, The University of 

Melbourne prepared LB-Miller liquid media, solid media including LUS plates and XLDS 

plates (For composition see Table 2-2) 

2.5.2 Bacterial growth conditions 

To obtain single isolated colonies the bacteria were streak diluted onto LB-agar plates and 

incubated at 37ºC overnight. Single bacterial colonies were selected with a sterile wire loop or 

needle from solid agar plates and transferred into 10 ml LB-Miller broth and incubated at 37ºC 

overnight with shaking (180 rpm). When necessary, appropriate antibiotic(s) were 

supplemented in the solid and liquid media at a final concentration of 50 μg/mL for ampicillin, 

kanamycin and streptomycin, and 30 μg/mL for chloramphenicol.  
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2.5.3 Exponential phase bacteria  

To obtain bacteria in the exponential growth phase, 100 µl of overnight liquid culture bacteria 

in LB-Miller broth were transferred to 10 ml sterile LB-Miller broth and grown with shaking 

(180 rpm) at 37ºC for 3-4 hours to reach the mid-exponential phase, typically at an optical 

density (OD600) at 0.6-0.8 for Salmonella and E. coli.  

2.5.4 Growth conditions of S. Typhimurium for in vitro infections  

S. Typhimurium strains were grown in Luria-Bertani media as described in 2.5.2 and 2.5.3.  

After reaching the desired OD600 reading of 0.6 ~ 0.8, 80% (v/v) glycerol was added to the 

broth culture at a 1 to 10 ratio. The culture was divided into 1 ml aliquots and stored at -80ºC. 

To determine the bacterial dose, one aliquot was thawed, serially diluted in PBS and 

appropriate dilutions were spread on LUS plates and incubated at 37ºC overnight before the 

colonies were enumerated.  When infecting in HeLa cells, aliquots stored at -80ºC were thawed 

and diluted to desired concentration in DMEM-Complete media. 

2.5.5 Growth conditions of S. Typhimurium inoculum for murine infections  

All strains of S. Typhimurium were grown in M9 minimal media supplemented with 100 µM 

methionine and 100 µM histidine at 37ºC for 24 hours, with shaking at 180 rpm. After 

determining the OD600 of the culture, 80% (v/v) glycerol was added to the broth culture at a 1 

to 10 ratio, and 1 ml aliquots were stored at -80ºC. To determine the number of cfu per ml, one 

an aliquot was thawed and serially diluted in PBS, dilutions of the aliquot were spread on LUS 

plates, incubated at 37ºC overnight and colonies were enumerated. For use in mice and just 

prior to inoculation, the stored aliquots in the -80ºC freezer were thawed and diluted in PBS as 

required. 

2.5.6 Storage of the bacterial strains 

Salmonella and E. coli strains were stored as streak plated on LUS plates at 4ºC for a maximum 

of 4 weeks. When long term storage was required, 10 ml LB-Miller broth cultures were grown 

overnight with shaking (180 rpm) at 37ºC with the appropriate antibiotic supplemented, then 

250 µl of 80% (v/v) glycerol was added to 750 µl of the culture, which was then transferred to 

a cryovial and stored at -80ºC. 
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2.6. Testing growth kinetics of S. Typhimurium 

S. Typhimurium SL1344 wild-type strain and mutants were grown in LB-Miller broth as 

described in section 2.5.2. After overnight incubation, 1 ml of the broth culture was taken into 

a new Eppendorf tube, the bacterial cells were pelleted by centrifugation at 16,060 ×g for 10 

min and resuspended in an equal volume of PBS, diluted 1:1000 and finally from that dilution 

200 µl was transferred in 20 ml M9 minimal media supplemented with histidine 100 µM and/or 

appropriate metabolites e.g. methionine, as required. Inoculated cultures were incubated at 

37ºC with shaking at 180 rpm until the desired time point was reached. In order to quantify 

bacterial concentration, at each time point, 100 µl of the culture was diluted in PBS and then 

plated on LUS plates to determine the cfu/ml. The plates were incubated at 37ºC overnight and 

colonies were subsequently enumerated. 

2.7 DNA methods  

2.7.1 Genomic DNA extraction 

Genomic DNA was extracted from bacterial strains by using a method adapted from Sambrook 

et. al. 2001 (444). Bacteria were harvested from 10 ml LB-Miller broth culture grown at 37ºC 

with shaking. 5 ml of the culture was centrifuged at 2,851 ×g for 10 min. The supernatant was 

discarded and the pellet was resuspended in 2 ml of PBS. Then 1.5 ml of 20% SDS and 25 µl 

of 20 mg/ml Proteinase K (Promega) were added to the resuspended bacteria. The Proteinase 

K digestion was incubated at 37ºC until the cell suspension was clear, approximately in 30-60 

min. The suspension was transferred to a 15 ml Phase-lock tube (5prime), an equal volume of 

phenol: chloroform was added and the mixture was mixed gently until a milky emulsion 

formed. The mixture was centrifuged (2,851 ×g, 2 min), the top aqueous phase was recovered 

carefully without disturbing the lower phases and transferred to a fresh Phase-lock tube. The 

centrifugation step was repeated and the aqueous phase was collected into a sterile centrifuge 

tube. An equal volume of chloroform:isoamyl alcohol (24:1) was added to the aqueous portion 

and mixed gently until a milky emulsion formed. The suspension was centrifuged again (2,851 

×g, 2 min) to separate the emulsion, the top (aqueous) phase was recovered carefully without 

disturbing the lower phases and transferred into a fresh 10 ml tube. After phenol: chloroform: 

isoamyl alcohol extraction, 3M Sodium acetate (pH:5.2) was added to the DNA solution at a 1 

to 10 ratio and mixed well. Then, ice-cold 95% ethanol was added at double the volume and 

the tube was inverted gently until DNA was visibly precipitated out of the solution. Precipitated 
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DNA was then washed with cold ethanol (70%) for 5 min by inverting the tubes several times. 

DNA was transferred to a new Eppendorf tube and air dried for 5-10 min and then, resuspended 

in 0.5 ml distilled water and stored at -20ºC. 

2.7.2 Plasmid DNA extraction 

Plasmid DNA was extracted from bacterial strains using the Wizard Miniprep DNA 

purification system (Promega), as per the manufacturer’s instructions. The concentration of the 

plasmid DNA was determined (see section 2.7.8) and was stored at -20ºC. 

2.7.3 Standard polymerase chain reaction (PCR) 

All PCR amplifications were performed using a Veriti 96 well Thermal Cycler (Applied 

Biosystems).  Depending on the purpose of the PCR, 20, 50 or 100 µl standard reaction 

mixtures were produced that included: 200 µM of dNTP mix (Promega), 0.5-1 µM of each 

oligonucleotide primer (Geneworks), 10-200 ng of template DNA, 1-10 U of DNA Polymerase 

(Promega or NEB), the appropriate enzyme buffer and autoclaved MiliQ water to make up the 

required volume. Unless stated otherwise, the following programme was used for PCR: Initial 

denaturation at 95ºC for 1 min followed by 30-35 cycles at 95ºC for 1 min, annealing was set 

at 5ºC below of the Tm of the primers for 1 min, extension at 72ºC (1 min/kb of DNA to be 

amplified), followed by a final extension at 72ºC for 5 min.  

2.7.4 Colony PCR 

Single bacterial colonies grown on solid agar were selected using a sterile pipette tip and 

resuspended in 50 µl MiliQ water, and then boiled for 10 min. The boiled lysate was cooled 

down for 5 min at room temperature and centrifuged at 9,503 ×g for 5-10 min. The supernatant 

was removed and transferred to a new tube for further analysis. 1 µl was used as a template in 

a 20 µl reaction mixture with GoTaq Green Master Mix (Promega) and 0.5 µM of each primer 

(Geneworks). 

2.7.5 Oligonucleotide primers 

All primers used in this research (for sequencing and PCR) were purchased from Geneworks 

and are listed in Table 2-5. The primer stocks were prepared in MilliQ water and the stock 

concentration was adjusted to 10 µM.  
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Table 2-5. Oligonucleotide primers used in this study for mutant construction and 
verification 

Mutants Sequence (5’-3’) Application 
ΔmetA-ISceI- F TAGGGATAACAGGGTAATCGCCAGTGTTAACGCATG

TTC 
Mutant 
construction 

ΔmetA-ISceI- R TAGGGATAACAGGGTAATCGGAATACCACGAATCTG
CC 

Mutant 
construction 

ΔmetA-Kan-F CTAAGGAGGATATTCATATGCGCAGCCACGGTAATT
TACTG 

Mutant 
construction 

ΔmetA-Kan-R GAAGCAGCTCCAGCCTACACAACCTGATAACCTCAC
GACATACG 

Mutant 
construction 

ΔmetA-Chk-F ACATGCACTTATCAGACAGCG Mutant 
verification 

ΔmetA-Chk-R GGTATAGCTAATGGTGCCGTTC Mutant 
verification 

ΔmetB-ISceI- F TAGGGATAACAGGGTAATCGCAGATCGGCATCATCC Mutant 
construction 

ΔmetB-ISceI- R TAGGGATAACAGGGTAATCTTCATCAACCTGCGGCT
G 

Mutant 
construction 

ΔmetB-Kan-F CTAAGGAGGATATTCATATGCGGTATTGAAGATGGC
GAAG 

Mutant 
construction 

ΔmetB-Kan-R GAAGCAGCTCCAGCCTACACACAGCCGTATTGTTCG
TCATCG 

Mutant 
construction 

ΔmetB-Chk-F AGAACAATGTCGGAGATAGCC Mutant 
verification 

ΔmetB-Chk-R GTGGCGGAATAGTCGGAAC Mutant 
verification 

ΔmetC-ISceI- F TAGGGATAACAGGGTAATCCTTCGTTATCTTCGCTGC
C 

Mutant 
construction 

ΔmetC-ISceI- R TAGGGATAACAGGGTAATCAGCAGAGTGCGGACAAA
CG 

Mutant 
construction 

ΔmetC--Kan-F CTAAGGAGGATATTCATATGGCTGGTTCGGGTGCAT
ATTG 

Mutant 
construction 

ΔmetC-Kan-R GAAGCAGCTCCAGCCTACACACACTATTCACTGAGC
CAAGCG 

Mutant 
construction 

ΔmetC-Chk-F CGATCGTCGCCAGATAACC Mutant 
verification 

ΔmetC-Chk-R CATTACCTGGTCTTCATGGCG Mutant 
verification 

ΔmetE-ISceI-F TAGGGATAACAGGGTAATCTACCTGCGGCCAGCTTG Mutant 
construction 

ΔmetE-ISceI-R TAGGGATAACAGGGTAATCAATGCGGTCGCCACTCT
G 

Mutant 
construction 

ΔmetE--Kan-F CTAAGGAGGATATTCATATGGGCGTTAGCGAACATG
GTC 

Mutant 
construction 

ΔmetE-Kan-R GAAGCAGCTCCAGCCTACACATCAACTCGCGACGCA
GG 

Mutant 
construction 

ΔmetE-Chk-F CATCGGCGAATAATGCAGTC Mutant 
verification 

ΔmetE-Chk-R CCCACTCGTCATTCACCAGG Mutant 
verification 

ΔmetF-ISceI-F TAGGGATAACAGGGTAATGCAGCCTGATGGAGCATG
G 

Mutant 
construction 

ΔmetF-ISceI-R TAGGGATAACAGGGTAATGCCACGACCATCAATAGA
ACG 

Mutant 
construction 

ΔmetF--Kan-F CTAAGGAGGATATTCATATGGCCGTGAAGGAGTGAA
GGA 

Mutant 
construction 
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ΔmetF-Kan-R GAAGCAGCTCCAGCCTACACACTTCCGCCAGGCTCT
GATTC 

Mutant 
construction 

ΔmetF-Chk-F GACACCCAGTTAGCGCTTAC Mutant 
verification 

ΔmetF-Chk-R CAGAATAAACAGGTCGGCC Mutant 
verification 

ΔmetH-ISceI-F TAGGGATAACAGGGTAATCGGTGAGTCGTGGAATTA
GGC 

Mutant 
construction 

ΔmetH-ISceI-R TAGGGATAACAGGGTAATCGTCAGGGCGACAAGATC
C 

Mutant 
construction 

ΔmetH--Kan-F CTAAGGAGGATATTCATATGGAGGATGTTGAGCGGT
GGC 

Mutant 
construction 

ΔmetH-Kan-R GAAGCAGCTCCAGCCTACACAGCCGTCCAGCACCAG
AATAC 

Mutant 
construction 

ΔmetH-Chk-F GCTACCGACGATAAACGCG Mutant 
verification 

ΔmetH-Chk-R CCAGCGCCAGTAGAATCAGG Mutant 
verification 

ΔmetNIQ-ISceI- F TAGGGATAACAGGGTAATACTGCCCTGCGGATGG Mutant 
construction 

ΔmetNIQ-ISceI-R TAGGGATAACAGGGTAATCACAGCTGTGCAGCAGG Mutant 
construction 

ΔmetNIQ--Kan-F GAAGCAGCTCCAGCCTACACAGTCTGATGAAGTGTA
CGAAGCC 

Mutant 
construction 

ΔmetNIQ--Kan-R CTAAGGAGGATATTCATATGTCCCCTGCTGGAACACT
T  

Mutant 
construction 

ΔmetNIQ-Chk-F CCATATCGATATGCAGGAAATCAC Mutant 
verification 

ΔmetNIQ-Chk-R CTCATTTCGCCGAAATATTCAGG Mutant 
verification 

ΔspeD-ISceI-F TAGGGATAACAGGGTAATCGCGCTTTACGCTGGTAA
T 

Mutant 
construction 

ΔspeD-ISceI-R TAGGGATAACAGGGTAATCTGGATGCCGGTACGACA
AT 

Mutant 
construction 

ΔspeD-Kan-F CTAAGGAGGATATTCATATGGATGCGCGAGATTTAC
TACGG  

Mutant 
construction 

ΔspeD-Kan-R GAAGCAGCTCCAGCCTACACAGCTCTTCTGCGGTTTT
GGC 

Mutant 
construction 

ΔspeD-Chk-F CGCAATGCTACGTGAAGTTAC Mutant 
verification 

ΔspeD-Chk-R GATCAGCCGTAGTCATGGC Mutant 
verification 

ΔspeE-ISceI-F TAGGGATAACAGGGTAATGTCGCTACGTTCTCAGTAT
GC 

Mutant 
construction 

ΔspeE-ISceI-R TAGGGATAACAGGGTAATGAACGTTGTCTACGGCAA
AG 

Mutant 
construction 

ΔspeE-Kan-F CTAAGGAGGATATTCATATGGCTATTACAACCCGGC
TATTC 

Mutant 
construction 

ΔspeE-Kan-R GAAGCAGCTCCAGCCTACACAGAACGTTGTCTACGG
CAAAG  

Mutant 
construction 

ΔspeE-Chk-F CAGGCGGGTGTCTAAGCTTAG Mutant 
verification 

ΔspeE-Chk-R CAGCGACTTCATATCTTCCGAC Mutant 
verification 

ΔluxS-ISceI-F TAGGGATAACAGGGTAATGACGTTAGGCATTGGCTG
TG 

Mutant 
construction 

ΔluxS-ISceI-R TAGGGATAACAGGGTAATCTGCTGCTGTTTCAACGA
GC 

Mutant 
construction 
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ΔluxS--Kan-F CTAAGGAGGATATTCATATGCGTCATATTCTGGAGC
GTGA 

Mutant 
construction 

ΔluxS-Kan-R GAAGCAGCTCCAGCCTACACACAGATCAAACACGGT
GATTGC 

Mutant 
construction 

ΔluxS-Chk-F CGCTTCCTCGATCTGTTTATG Mutant 
verification 

ΔluxS-Chk-R CTCGTCGATGTCAGACTACCG Mutant 
verification 

ΔbioB-ISceI-F TAGGGATAACAGGGTAATGAACGTGTCGCCATGATA
ACC  

Mutant 
construction 

ΔbioB-ISceI-R TAGGGATAACAGGGTAATCTGTCACCACCAGTTGCT
GAC 

Mutant 
construction 

ΔbioB-Kan-F CTAAGGAGGATATTCATATGGGCAGAGGACAAGGAT
CTGC  

Mutant 
construction 

ΔbioB-Kan-R GAAGCAGCTCCAGCCTACACACTGGCGATGAATTTG
CTGC  

Mutant 
construction 

ΔbioB-Chk-F CTTTCATCCCATTCGCCATC Mutant 
verification 

ΔbioB-Chk-R CCACCAGCAACTCAGGCTTC Mutant 
verification 

Δpfs-ISceI-F TAGGGATAACAGGGTAATGAAACCACACAGCGATCA
TG 

Mutant 
construction 

Δpfs-ISceI-R TAGGGATAACAGGGTAATGGTAAACAGAGGATTCAT
GCC 

Mutant 
construction 

Δpfs--Kan-F CTAAGGAGGATATTCATATGGAAACAGTCGACTCTG
ATGGTC 

Mutant 
construction 

Δpfs-Kan-R GAAGCAGCTCCAGCCTACACACCGTTCAACTGGCCA
GTG 

Mutant 
construction 

Δpfs-Chk-F CTGCGCCCAGGTAAGATTC Mutant 
verification 

Δpfs-Chk-R ACCTGCTCACGGCTGACTTG Mutant 
verification 

Amplification of KanR cassette 

pKD4-F TGTGTAGGCTGGAGCTGCTTC  

pKD4-R CATATGAATATCCTCCTTAG  

Complementation constructs 

metB-BamH1-F TGGATCCGTCGCAGATGTGCGCTAATG  

metB-SalI-R TGTCGACCATAATGCCTGCGACACGC 

pfs-BamH1-F TGGATCCCTCATGCTCCGTCTTTACACC 

pfs-Sph1-R TGCATGCGAATAGCTGCTGACGCCAAC 

SahH-BamH1-F TGGATCCATGGACTACAAAGACCATGACGGTGATTATAAAGATCATG
ACATCGATTACAAGGATGACGATGACAAGATGGAACTGGTAGAAGAA
GGAG 

SahH-Sph1-R TGCATGCGATTTAGTTATCTTGACTAAATC 

Sequencing pGEM-Teasy 

M13-F CGCGGGAATTCGATT 

M13-R GAATTCACTAGTGATT 

Endonuclease restriction sites are underlined; kanamycinR-cassette specific sequences are in 
bold; F, forward (5’) primer; R, reverse (3’) primer. 
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2.7.6 Agarose Gel Electrophoresis 

Amplified products from PCR were analysed using agarose gel electrophoresis. For resolving 

PCR products, 1% -1.5% (w/v) agarose (Bio-Rad) gels were used. The agarose was melted in 

1× Tris-Acetate-EDTA (TAE) electrophoresis buffer (see Table 2-2 for composition of TAE 

Buffer) and DNA samples were mixed with 6x Gel Loading Dye (NEB) before loading. 100 

bp DNA ladder (NEB) or 1 kb DNA ladder (Promega) were used to estimate fragment size. 

Gels were electrophoresed at 95-100V for 45 min to 1 hour by using a Bio-Rad 200/2.0 

Electrophoresis Power Supply. SYBERSafe (Life Technologies) was used to stain the DNA 

present in agarose gels and DNA was observed with Gel Documentation System (Syngene). 

Digital images were taken using GeneSnap Version 7.07 Software (Syngene). 

2.7.7 Purification of DNA from an agarose gel 

A Wizard Gel and PCR Clean-up System (Promega) was used for the purification of PCR-

amplified DNA or DNA generated from other enzymatic reactions. DNA fragments were 

excised from agarose gel using a sterile scalpel blade and purified using a Gel Purification Kit 

(Promega) according to the manufacturer’s instructions. DNA was eluted in 50 µl MiliQ water 

and was stored at -20ºC. 

2.7.8 Determination of DNA concentration 

Generally, the concentration of PCR amplified and purified DNA, genomic DNA and plasmid 

DNA was determined by using a Nanodrop ND-2000 spectrophotometer (Thermo Fisher 

Scientific) as per manufacturer’s instructions.  

2.7.9 Restriction endonuclease reactions 

The reaction mixture of restriction enzyme digestion experiments was made up of: 0.5-2 µg of 

DNA, 5-10 U of restriction endonucleases (Promega or NEB), 2 µl of appropriate 10× buffer 

and the remaining volume (up to 20 µl) with sterile MiliQ water. The reaction mixture was 

incubated for 4-5 hours at the appropriate temperature (usually 37ºC). Digested DNA 

fragments were visualised by gel electrophoresis and subsequently purified prior to insertion 

into vectors.  
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2.7.10 dATP Tagging of PCR products 

The addition of a deoxyadenosine (dATP) overhang to the 3’-ends of blunt-ended purified PCR 

fragments facilitated the insertion of this fragment into the pGEM-Teasy vector (Promega). To 

create the overhang, 20 µl reaction mixture containing 0.1- 2 µg of DNA fragment, 0.2 mM 

dATP (Promega), 2.5 U Taq DNA Polymerase (NEB) and 2 µl of 10× reaction buffer (NEB) 

was then incubated at 72ºC for 20 min. 

2.7.11 DNA Ligation 

The A-tailed DNA fragment was ligated into pGEM-Teasy (Promega) through TA cloning. 

The molar ratio of insert to vector was 3:1, as per manufacturer’s instruction. The 10 µl reaction 

mixture consisted of 5 µl of 2× rapid ligation buffer (Promega), 50 ng pGEM-Teasy (Promega), 

3U of Ligase (Promega) and the amount of insert was calculated using the formula below. 

When DNA was inserted into the complementation plasmid pACYC184 (NEB), the reaction 

mixture was prepared as per manufacturer’s instruction. Ligation reactions were incubated at 

4ºC overnight.  

The formula to calculate the amount of insert: 

[(Amount of vector (ng) × size of insert (kb) / size of vector (kb)] × insert: vector  

= amount of insert (ng). 

2.7.12 DNA transformation 

Transformation of DNA into bacteria was mediated using either electroporation (for general 

plasmid DNA transformations) or TSS enhanced chemical transformation (for ligation 

reactions or plasmid DNA transformations). 

2.7.12.1 Initial preparation of the competent cells 

The transformation of DNA into Salmonella and E. coli was initiated by firstly growing the 

bacterial culture to mid-exponential phase. Cells were rapidly cooled by placing on ice for 

approximately 5 min followed by centrifugation (2,851 ×g for 10 min, 4ºC) to pellet. The pellet 

was resuspended in ice-cold, sterile PBS of equal volume to the original culture.  
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2.7.12.2 Electroporation 

To induce electro competency, cells were subjected to three centrifugations at 2,851 ×g, 10 

min and three washing steps with 10 ml, 5 ml and 3 ml of ice-cold sterile dH2O after which the 

cells were resuspended in a final volume of 500 µl sterile dH2O and placed on ice (according 

to the method described in Sambrook et al. 2001(444)). 80 µl of resuspended cells were mixed 

with 20-200 ng of DNA. The mixture was transferred into an electroporation cuvette (width 

0.1 cm) and placed into ice. Electroporation was conducted in a Gene Pulser (Bio-Rad 

Micropulser) at 1.8 V, 25 µF and 200 Ω. 1 ml of LB-Miller broth was immediately added to 

the electroporated cells after the electric pulse.  The cells were resuspended in the LB-Miller 

broth and then transferred to a fresh Eppendorf tube for incubation at 37ºC for 1.5-2 hours with 

shaking (180 rpm). Different dilutions were spread on agar plates with appropriate antibiotic(s) 

and the plates were incubated at 37ºC overnight.  

2.7.12.3 TSS enhanced chemical transformation 

After the initial preparation (as described in section 2.7.12.1), the 10 ml culture was centrifuged 

at 2,851 ×g for 10 min and the pellet was resuspended in 800 µl sterile ice-cold TSS broth 

(445). 20- 200 ng of DNA was resuspended in 80 µl ice cold TSS enhanced buffer which was 

then added to the resuspended cells in TSS broth. The mixture was incubated for 20 min on ice 

and 20 min at room temperature followed by the addition of 1 ml of LB broth to the cells. The 

cells were further incubated at 37ºC shaking (180 rpm) for 1-1.5 hours. Finally, the culture was 

centrifuged at 9,503 ×g for 3 min and resuspended in 0.6-0.8 ml LB-Miller broth. Different 

dilutions of the resulting bacterial suspension were spread on plates with appropriate 

antibiotic(s) and plates were incubated at 37ºC overnight.  

2.8 DNA Sequencing 

2.8.1 Standard DNA sequencing 

DNA sequencing was performed to confirm nucleotide sequences using the ABI PRISM Big 

Dye Terminators v3.1 Cycle Sequencing Kit (Applied Biosystems) as per manufacturer’s 

instructions. Reactions were analysed on an ABI3100 capillary sequencer (Applied 

Biosystems) at The Centre for Translational Pathology, Department of Pathology, The 

University of Melbourne.  
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2.8.2 Computer analysis of the sequence data 

Sequence data was edited and analysed using the sequence analysis program Finch TV v1.4.0 

to view all chromatogram files. Nucleotide and amino acid homology searches were performed 

using BlastN and BlastP programs available at the National Centre for Biotechnology 

Information (NCBI) website. 

2.8.3 Whole-Genome DNA sequencing 

Genomic DNA samples were isolated and quantified from S. Typhimurium strains of interest 

as described in sections 2.7.1 and 2.7.8. Whole genome sequencing was performed with MiSeq 

system (Illumina) according to the manufacturer’s instructions. Sequencing results for the S. 

Typhimurium mutant strains are shown in the Appendix.  

Velvet Assembler was used to assemble the DNA reads and to generate the initial contigs. 

Assembled and annotated sequences were analysed using Tablet which is a high-performance 

graphical viewer for alignments and assemblies. All sequences were compared to the S. 

Typhimurium SL1344 NCTC 13347 genome sequence (Wellcome Trust Sanger Institute 

Pathogen Genomic Group), EMBL accession number FQ312003. 

2.9 Site-directed mutagenesis in S. Typhimurium 

2.9.1 Gene gorging  

The gene gorging method  (446) was used to construct targeted site-directed gene deletions in 

S. Typhimurium strains. The process involves the incorporation of a DNA fragment containing 

a selectable antibiotic resistance marker (in this study the kanamycin resistance cassette) 

flanked by chromosomal sequence (approximately 500 bp at each end) homologous to the 

flanking regions of the target gene to be replaced. This DNA was introduced into a donor 

plasmid, pGEM-Teasy. The mutagenesis occurred through homologous recombination and 

allelic replacement, a rare event selected using kanamycin resistance, encoded by the 

kanamycin resistance ‘cassette’. 

2.9.2 The donor plasmid construction 

Approximately 0.5 kb regions flanking the upstream and downstream sequence of the target 

genes were amplified by using SL1344 genomic DNA as a template (Figure 2-1(1)). From 
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pKD4, a 1.6 kb kanamycin resistance cassette, containing a FLP recognition site (FRT) at either 

end, was amplified using primers pKD4-F and pKD4-R (Figure 2-1(2)). The primers used in 

the PCR contained overhangs complementary to either end of the kanamycin resistance cassette 

which facilitated joining of the three fragments (upstream, kanamycin cassette and 

downstream) together by overlapping extension PCR (Figure 2-1(3)). The -ISceI- primers used 

in the overlapping PCR had overhang sequences encoding the ISce-I restriction site. When the 

three fragments were joined together by overlapping extension PCR, this resulting knockout 

construct containing the ISce-I site was ligated into the high copy number plasmid pGEM-

Teasy (Promega). The insertion site of pGEM-Teasy contained 3’-terminal thymidines at either 

end, and the Taq polymerase used for the amplification adds single deoxyadenosines to the 3’-

end of the amplified products, which facilitated the ligation of the fragment into the targeting 

vector (Figure 2-1(4)).  

The resulting donor plasmid was introduced into the E. coli strains MC4100 or DH5α. Plasmids 

were isolated from E. coli grown in the presence of kanamycin and were digested with the 

restriction enzyme ISce-I. After restriction digestion, DNA was visualised on an agarose gel to 

confirm that both ends of the insert contain ISce-I sites, which produced 3.0 kb and 2.5 kb 

fragments. The donor plasmids that showed correct restriction digests profile, were sequenced 

using the M13F and M13R primers.  

Plasmids containing the correct sequence were transformed into S. Typhimurium BRD666 

strain. BRD666 is a restriction-negative modification-positive (r- m+) mutant and was used to 

modify the plasmid DNA with a Salmonella-specific methylation pattern. The kanamycin 

resistant colonies were selected for plasmid extraction and then that BRD666-modified plasmid 

was transferred into target S. Typhimurium strains. 
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Figure 2-1: Schematic representation of the ‘gene gorging’ method for constructing S. 
Typhimurium deletion mutants. (1) PCR amplification of 5’and 3’ flanking sequence of geneX 
from the wild-type SL1344 chromosomal DNA, (2) PCR amplification of the KanR cassette sequence 
from pKD4 plasmid, (3) the KanR cassette sequence was joined with 5’and 3’ flanking sequence by 
overlapping PCR, (4) ligation of this fragment into the donor plasmid pGEM-Teasy, (5) the mutagenesis 
plasmid pACBSR and the donor plasmid pGEM-Teasy were transformed into S. Typhimurium SL1344 
and transformants were selected by growing them on LB agar plates containing kanamycin (50 µg/ml) 
and chloramphenicol (30 µg/ml) antibiotics. A single colony was grown into LB broth containing 
chloramphenicol and 20% arabinose (6) to induce I-SceI and λ-Red recombinase, (7) the excision of 
KanR fragment from the donor plasmid occurs and facilitates, (8) homologous recombination with the 
targeted region in the chromosome. 

 

 

 

 



49 
 

2.9.3 Mutagenesis  

The mutagenesis plasmid pACBSR contains gene coding restriction endonuclease ISce-I, gene 

coding λ-Red under the control of an arabinose inducible promoter, pBAD and a 

chloramphenicol resistance cassette expressed from a constitutive promoter. Induction of ISce-

I results in donor plasmid cleavage, generating the linear dsDNA target, which is a substrate 

for λ-Red gene products. Homologous recombination of this fragment with genomic DNA is 

promoted by λ-Red recombinase. 

Donor plasmid pGEM-Teasy was transferred into S. Typhimurium SL1344 containing the 

pACBSR mutagenesis plasmid (Figure 2-1(5)) and transformed S. Typhimurium colonies were 

selected by kanamycin and chloramphenicol antibiotics at 50 µg/ml and 30 µg/ml, respectively.  

Single colonies were isolated and inoculated in 1 ml LB broth in an Eppendorf tube containing 

3 µl of 10 mg/ml chloramphenicol and 15 µl of 20% (w/v) arabinose to induce the ISce-I and 

λ-Red genes, and grown overnight with shaking at 30ºC, allowing for the excision of the KanR 

cassette containing fragment from the donor plasmid (Figure 2-1(7)), and homologous 

recombination of the cassette into the targeted region (Figure 2-1(8)). The appropriate dilutions 

were spread onto a LB plate containing kanamycin and incubated at 30ºC. In one typical 

experiment, 100-200 mutants were screened by replica plating on ampicillin and kanamycin 

plates, selecting for ampicillin sensitivity and kanamycin resistance which indicated the loss of 

donor plasmid and the integration of the KanR cassette into the targeted region. Mutagenesis 

was confirmed by colony PCR. If all deletion mutants were chloramphenicol-resistant, then 

one kanamycin resistant and ampicillin sensitive colony was picked, resuspended in LB broth 

supplemented with 15 µl of 20% (w/v) L-arabinose and incubated at 37ºC shaking overnight. 

This arabinose induction removed the mutagenesis pACBSR plasmid. Appropriate dilutions 

were spread on the kanamycin plates and 50-100 colonies were screened by replica plating on 

chloramphenicol and kanamycin plates for chloramphenicol sensitivity.  

2.9.4 P22 phage transduction  

P22 phage transduction was used to move the defined deletion sequence into a clean S. 

Typhimurium background. To generate the donor phage lysate, 50 µl of phage lysate was 

mixed with 1.5 ml mid-exponential culture of the donor bacterial stain and shaken (180 rpm) 

at 37ºC overnight. After the overnight incubation, 50 µl of chloroform was added and the 

suspension was shaken for 20 min at 37ºC. Then the culture was centrifuged at 16,060 ×g for 
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2 min at 37ºC and approximately 900 µl of supernatant was transferred to a fresh tube. 30 µl 

chloroform was added into that suspension which was grown shaking for 3 hours at 37ºC. After 

the addition of 30 µl chloroform, the donor/P22 phage suspension was filter-sterilised using a 

0.2 µm filter and stored at 4ºC. 50 µl of donor/P22 phage suspension was spread plated on LB-

agar plates (without antibiotic selection) and incubated at 37ºC to confirm there was no viable 

bacteria.  

To move the mutation into a clean wild-type S. Typhimurium SL1344 background, 0.5 ml 

serial 1:10 dilutions (10-1, 10-2, 10-3, 10-4) were prepared from donor/P22 phage suspension in 

LB-Miller broth and each dilution (including the original) were mixed with 0.5 ml of recipient 

mid-log culture (equal volume) and incubated at 37ºC, 180 rpm, 30 min. After incubation, 100-

200 µl culture were spread on Luria-agar plates containing kanamycin and incubated at 37ºC 

overnight. KanR colonies were confirmed by testing 5-10 colonies by colony PCR (section 

2.9.6). To purify the colonies from P22 phage, colonies were streaked onto EBU (Evans Blue 

Uranine) plates. The dark green colonies represented the presence of phage and the white 

colonies represented the absence of phage (447). Ca2+ is essential for P22 phage adsorption. 

EGTA acts as chelating agent which chelates Ca2+ to reduce phage adsorption and reinfection 

(447, 448).  Hence, white colonies were further streaked on LB-agar plates supplemented with 

EGTA 10 mM to obtain phage-free colonies. 

2.9.5 Removal of the KanR cassette 

The KanR cassette was excised through electroporation of kanamycin resistant mutants with 

plasmid pCP20 (443). pCP20 is a temperature-sensitive plasmid and contains the flp gene under 

the control of an arabinose-inducible promoter and must be maintained at 30ºC. The 

transformants were selected on chloramphenicol plates at 30ºC where plasmid replication 

occurs, and the FLP recombinase was expressed to recognise the FRT ends of the kanamycin 

cassette. This recombination eliminated most of the kanamycin cassette and left a small (~80 

nucleotide) scar region. A single colony was grown in LB broth at 42ºC shaking overnight. 

Different dilutions of the culture were plated on agar plates (containing no antibiotic) and were 

incubated at 42ºC overnight after which 25-50 colonies were screened by replica plating on 

kanamycin and chloramphenicol plates, selecting for sensitivity to both antibiotics. Mutants 

that were sensitive to both chloramphenicol and kanamycin were confirmed by colony PCR as 

described in section 2.9.6.  
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2.9.6 Confirmation of S. Typhimurium mutants  

The deletion mutants with KanR cassette were confirmed by using colony PCR that generated 

two bands using two sets of primers. One set of primers was the -ChkF- and -pKD4-F(RC) 

reverse primer pair. The -ChkF- primer corresponded to chromosomal sequence approximately 

100 bp upstream of the end of 5’ flanking sequence (500 bp) of the targeted gene and -pKD4-

F(RC) primer corresponded to the 5’-end of the KanR cassette. These primers amplified a 

0.7~0.8 kb product. Another set of primers -ChkF- and pKD4-Reverse pair corresponded to 

the 3’end of the KanR cassette and amplified an approximately 2.1 kb product. This result shows 

that the whole cassette was incorporated in the chromosome and confirmed the precise genomic 

location of the kanamycin cassette. After kanamycinR cassette excision, the colony PCR was 

conducted with primers -ChkF- and -ChkR- (Table 2-5). The primer -ChkR- was designed from 

sequence 100 bp upstream of the 3’ end of the other flanking region (500 bp) of the gene to be 

replaced. For KanR cassette excision, both primers were used to amplify the sequence, to 

confirm that the sequence was cleanly deleted leaving a short 80 nucleotide “scar”.  

2.10 Construction of complementation plasmids 

To construct complementation plasmids, the sequence of the gene to be complemented and the 

flanking regions that incorporated the genes’ native promoter and terminator (with the 

exception of heterologous complementation of sahH from Legionella pneumophila into 

Salmonella Typhimurium), was amplified by Phusion High Fidelity DNA Polymerase 

(Promega). The promoter and terminator were identified based on genome data from E. coli K-

12 substrain MG1655 and S. Typhimurium LT2 (available on www.biocyc.org). For 

complementation of the double mutant ΔmetNIQΔmetB, the metB sequence was PCR amplified 

with the primer pair metB-BamH1-F and metB-Sal1-R (Table 2-5) and for the 

complementation of the Δpfs mutant, pfs was PCR amplified with the primer pair pfs-BamH1-

F and pfs-Sph1-R (Table 2-5). The amplified DNA fragment was ligated into pGEM-Teasy, 

transformed into E. coli DH5α and sequenced. Sequencing confirmed the integrity of the gene 

in the complementation construct.  pGEM-Teasy was digested with appropriate restriction 

enzymes for 4 hours at 37ºC. Under similar conditions, the vector pACYC184, a medium-copy 

expression plasmid that is retained in Salmonella in the absence of selection (449), was also 

digested with the same restriction enzymes. After digestion, correctly sized fragments of vector 

and insert were recovered from agarose electrophoresis gels and ligated together. The resulting 

ligation mixture was transformed into E. coli DH5α, and the transformants were screened for 

http://www.biocyc.org/
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the correct size of insert and sequenced. After confirmation by sequencing, the plasmid was 

transformed into S. Typhimurium BRD666 and mutant S. Typhimurium strains.  

For heterologous expression of sahH from L. pneumophila into S. Typhimurium, a 3× FLAG-

tag sequence was attached at the 5’ end of sahH. The coding region of sahH including the 3× 

FLAG sequence was PCR-amplified using the primers SahH-BamH1-F and SahH-Sph1-R 

(Table 2-5) to include the restriction endonuclease site for BamH1 and Sph1. The DNA 

sequence was ligated into pGEM-Teasy and sequenced. The complementation sequence was 

excised and cloned into the restriction sites BamH1 and Sph1 of pACYC184 within the 

tetracycline-resistant region using the tetracycline-resistant gene (tetR) promoter for expression, 

instead of the native promoter of sahH, to form the complementation plasmid pACYC184 sahH 

(Lp). The plasmid pACYC184 sahH (Lp) was transformed into E. coli DH5α and sequenced. 

The plasmid with appropriate sequence was transformed into S. Typhimurium BRD666, 

extracted using method as described in section 2.7.2 and transformed into the S. Typhimurium 

Δpfs mutant. 

2.11 Western blotting 

3×FLAGSahH expression (from pACYC184 sahH (Lp)) was detected by Western blot analysis 

using a monoclonal mouse Anti-FLAG antibody (Sigma) at a concentration of 1:2000. S. 

Typhimurium whole cell lysates were prepared from overnight cultures. Samples were 

separated by sodium dodecyl sulphate (SDS)-polyacrylamide gel electrophoresis (PAGE) and 

transferred to iBlot2 NC Regular stack nitrocellulose (Thermo Fisher Scientific) using an 

iBlot2 Gel Transfer Driver (Life technologies, CA) at 20 V for 6-7 min. The membrane was 

blocked for 1 hour at 25ºC in rotating condition using blocking buffer (Table 2-2). The primary 

antibody was diluted in 1:2000 in the blocking buffer and incubated with the membrane at 4ºC 

overnight under rotating condition. The membrane was washed with 0.05% skim-milk in 

Tween-20 3 times, 10 min each under rotating condition. Anti-mouse antibody conjugated with 

Horseradish Peroxidase (HRP) (Biorad) was used as the secondary antibody at a concentration 

of 1:10,000 in the blocking buffer and the membrane was incubated under rotating condition 

for 1 hour at 25ºC.  The membrane was washed with 0.05% skim-milk in Tween-20 three times, 

10 min each, under rotating condition. Bound antibody was visualised with ECL Western 

Blotting Detection Reagents (Amersham Biosciences) according to the manufacturer’s 

instructions. The development step occurred typically within 2-3 minutes and the membrane 

was imaged by using DNR-Bioimaging System (MF-ChemiBis 3.2) 
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2.12 Mammalian cell culture methods  

2.12.1 Maintenance of mammalian cells  

HeLa epithelial cells were grown and maintained in DMEM (supplemented with 10% (v/v) 

heat inactivated fetal calf serum (FCS) and streptomycin 50 µg/ml) in a humidified 37°C, 5% 

CO2 incubator. The cells were split into a new tissue culture flask when they were 80-90% 

confluent.  To passage the cells, the growth media was removed from the flask and the flask 

was washed with PBS gently. Then 5-10 ml of Trypsin-EDTA (Media Preparation Unit, 

Department of Microbiology and Immunology, The University of Melbourne) was added into 

the flask which was incubated for 5-10 min in the humidified incubator at 37ºC and 5% CO2. 

After 5-10 min, 5 ml of fresh DMEM was added and the cells were resuspended in the media. 

The suspension was centrifuged at 524 ×g for 5 min and the supernatant was discarded. The 

pellet was resuspended with in fresh DMEM (supplemented with FCS). Cells were diluted in 

an appropriate amount (as required, splits were mostly of a 1:3 or 1:5 ratio) in a new flask 

containing fresh growth media. Cells were passaged every 2-4 days.  

2.12.2 Cell line storage 

Cells were centrifuged at 524 ×g for 5 minutes and resuspended in DMEM media 

(supplemented with FCS and 5% DMSO). Cells were stored at -80ºC for short-term storage 

and in liquid nitrogen for long-term storage. 

2.12.3 Viable cell count 

To quantify cell numbers, cell suspension was diluted in 0.4% Trypan blue (Sigma). Aliquots 

of 10 µl were mounted in a Neubauer Improved Haemocytometer (Hausser Scientific). The 

cells were visualised under a light microscope.  Cells in each of the four corner squares were 

counted and non-viable cells, permeable to the Trypan blue, were excluded.  

 2.12.4 Intracellular survival assay using HeLa cells 

HeLa cells were grown in DMEM supplemented with 10% (v/v) FCS, in a humidified 37°C, 

5% CO2 incubator. One day prior to infection HeLa cells were seeded in 24-well plates at 2 

×105 cells per well. For the preparation of bacterial inoculum see section 2.5.4. The bacterial 

inoculum was prepared such that 1×106 cfu/ml was obtained. Bacteria were revived from the 

frozen stocks, washed with PBS and resuspended in DMEM-Complete supplemented with 10% 
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(v/v) FCS and added to HeLa cell monolayers at a MOI of 5-10:1. The bacterial load of the 

inoculum was confirmed by plating out serial dilutions on LUS plates. Infected HeLa cells 

were centrifuged at 524 ×g for 5 min immediately after the addition of bacteria and then 

incubated for 1 hour at 37°C, with 5% CO2. Extracellular bacteria were removed by aspiration 

and the HeLa cells were washed twice with PBS. At this point (defined as time 1 hour) fresh 

media (DMEM with or without Met) containing 100 µg ml-1 gentamicin was added to kill 

extracellular bacteria (450, 451). The plates were further incubated for 1 hour at 37°C, 5% CO2 

and then media was replaced with DMEM with or without Met containing 10 µg ml-1 

gentamicin for the remainder of the experiment. To enumerate intracellular bacteria, cells were 

washed twice with PBS, lysed with 0.1% Triton X-100 (Sigma) for 15 min and serial dilutions 

were performed if necessary. The bacteria were enumerated by plating appropriate dilutions on 

LUS plates. The plates were incubated at 37°C, overnight. For intracellular 

replication/survival, intracellular bacteria were enumerated at 2, 5 and 10 hours after 

inoculation of tissue culture cells.  

2.13 Mouse experiments 

2.13.1 Housing, husbandry and ethical care 

All mice were bred and housed under specific pathogen free (SPF) conditions within the 

Biological Research Facility (BRF) at the Department of Microbiology and Immunology at 

The University of Melbourne. All mouse experiments were performed with approval from The 

Biochemistry & Molecular Biology, Dental Science, Medicine, Microbiology & Immunology, 

and Surgery Animal Ethics Committee, The University of Melbourne. Unless otherwise stated, 

6-8 weeks old male or female mice were used for all animal experiments. Mice were euthanised 

by CO2 asphyxiation at desired time points, or when adverse event threshold was reached. 

2.13.2 Mouse strains 

All transgenic and knockout mice (including IFN-γ-/-) were in a C57BL/6 genetic background 

and bred at the BRF.   

2.13.3 Intravenous infection of mice 

For the preparation of the bacterial inoculum, see the growth conditions (section 2.5.5). Before 

infection, mice were transferred into a new clean cage and the box was placed on a light-bulb 



55 
 

warmer box to heat up the mice for about 10-15 min which helps to dilate the blood vessels of 

the tail. The mice were restrained by transfer into a clean tube and held by the tail. The infection 

was initiated using 200 µl PBS containing 200 cfu of S. Typhimurium, which was injected into 

the tail vein using a 27gauge needle (Terumo).  

2.13.4 Oral infection 

For the preparation of the bacterial inoculum, see the growth conditions (section 2.5.5). Mice 

were first anesthetised with isoflurane and were administered with 100 µl sodium bicarbonate 

(10% w/v) via an 18 gauge, 50.2 cm animal feeding needle (Terumo) to neutralise stomach 

acidity. After 5-10 min, the mice were orally infected under anaesthesia with approximately 

5×107 cfu of S. Typhimurium strains resuspended 200 µl PBS.  

2.13.5 Determination of bacterial counts in the organs  

Mice were euthanised on the designated day and organs (spleen and liver) were collected in 

sterile homogenising bags (Sarstedt) and kept on ice for a maximum of 3 hours. Five ml of ice-

cold sterile PBS was added to the bags and organs were homogenised for 15 minutes in a 

Stomacher 80 homogeniser (Seward Medical). Serial dilutions were performed and spread onto 

LUS plates. The viable bacterial count was determined after incubation at 37ºC for 16-18 hours. 

2.14 Liquid Chromatography Mass Spectrometry 

2.14.1 Preparation of stock solutions and standards 

Stock solutions of the related underivatised metabolites were prepared in appropriate solvent 

and with a concentration of 1.0 mg/ml. Before using, the solutions were combined and diluted 

with water to give an appropriate standard metabolite mix solution. 13C15N-Aspartate 

(Cambridge Bioscience) was used as an Internal Standard at a concentration of 1 µM in water. 

All stock solutions were stored at -20ºC. 

2.14.2 Sample harvest (Metabolic arrest) for Liquid Chromatography Mass 

Spectrometry 

Ten ml of the exponential culture of each Salmonella strain was diluted into 30 ml of PBS in 

falcon tubes. The tubes were placed in an ice/water slurry for 5 min to chill. Then the cultures 

were centrifuged (931 ×g, 1ºC, 10 min). The supernatant was removed from each tube, the 
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pellet was resuspended in to 1 ml PBS and transferred into a 1.5 ml Eppendorf tube. The 

cultures were centrifuged (17,295 ×g, 30 seconds, 1ºC). The supernatant was removed and the 

pellet was washed with 1 ml PBS and then centrifuged again (17,295 ×g, 30 seconds, 1ºC).  

After this second washing step, all PBS was discarded carefully from each tube. Cell pellets 

were stored at -80ºC until metabolite extraction was carried out.  

2.14.3 Extraction of metabolites 

Cell pellets were resuspended with 400 µl of 3:1 methanol:water solution containing 1:1000 of 

Internal Standard. Cell lysis was ensured by repeated cycles of freeze-thaw for a total of 10 

times (cooling to -80ºC). Cellular debris was pelleted by centrifugation (17,295 ×g, 5 min, 

1ºC). The metabolic extract was transferred to a new tube and was stored on dry ice and 

transferred to Metabolomics Australia, The University of Melbourne at Bio21 Institute. 

2.14.4 Instrumentation 

A SeQuant ZIC-pHILIC column (5 µM, 150 x 4.6 mm, Millipore) coupled to a 1260 series 

HPLC system (Agilent) was used to separate metabolites. The method used was previously 

described (452) with slight modifications: - a flow rate of 0.3 mL/min with 20 mM ammonium 

carbonate in water and 100% acetonitrile as the mobile phase (452). A binary gradient was set 

up as follows:  0.5 min:  80% acetonitrile, 15.5 min:  50% acetonitrile, 17.5 min:  20% 

acetonitrile, 18.5 min: 5% acetonitrile, 21 min 5% acetonitrile, 23 min 80% acetonitrile and 

held at 80% acetonitrile until 29.5 min.  Detection of metabolites was performed on an Agilent 

Q-TOF mass spectrometer 6545 operating in negative ESI mode.  The scan range was 85-1200 

m/z between 2 and 28.2 min at 0.8 spectra/second. 

2.14.5 Calibration and validation 

LC-MS.d files were converted to .mzXML files using MS convert and analysed using the 

LCMS R package (453, 454). Following alignment, groups were extracted with a mass window 

of 10 ppm and statistical analysis performed using MetaboAnalyst 3.0 (455). The dataset was 

uploaded, filtered using the interquartile range, log transformed and a one-way ANOVA 

performed with Tukey’s HSD (p < 0.01). Data was analysed using MAVEN in parallel to 

validate the LCMS results (456). Following alignment, metabolites were assigned using exact 

mass (<10 ppm) and retention time (compared to a standards library of 150 compounds run the 
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same day). Scatter plots were generated for each pairwise comparison and statistical 

significance was determined using a P value < 0.05 with Benjamini correction. 

2.15 Statistical analysis:  

All statistical analyses were performed using GraphPad Prism version 7 (GraphPad software). 

For comparison of a two data groups at a single time or collection point, the two-tailed unpaired 

t-test was used. For comparison of three or more data groups at a single time or collection point, 

the two-tailed one-way ANOVA with Bonferroni’s post-test was used. p values below 0.05 

were considered statistically significant. Unless otherwise stated, all comparisons were made 

against wild-type S. Typhimurium SL1344 values.  
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3.1 Introduction 

Methionine (Met), a sulphur-containing amino acid, is required for several important cellular 

functions, including the initiation of protein synthesis (285, 286). Met is adenosylated as S-

adenosyl L-Met (SAM), which plays a vital role in the transfer of methyl groups to DNA, RNA 

and proteins, as well as the biosynthesis of cysteine, phospholipids and polyamines (228, 285). 

Met is a member of the aspartate family of amino acids and, in the cell, aspartate comes from 

oxaloactetate, a α-ketoacid of the TCA cycle (224, 228, 230). While aspartate provides the 

carbon backbone of Met, cysteine donates the sulphur to Met, and the methyl group of Mets is 

derived from the tetrahydrofolate that is produced in the one-carbon cycle (230, 457, 458) 

(Figure: 3-1).  

 

The de novo biosynthetic pathway of Met is present in prokaryotes. Bacteria can synthesise 

their own Met but higher eukaryotes such as mammals obtain this amino acid through external 

sources, including diet and gut flora (225, 226). The purpose of this study was to investigate 

the essentiality of de novo biosynthesis and transport of Met in the growth and virulence of 

Salmonella Typhimurium in vitro and in vivo. 

A model pathway for Salmonella Met biosynthesis has been previously reported (459)  . This 

pathway is initiated from homoserine to form O-succinyl L-homoserine, this is followed by L-

cystathionine, and then L-homocysteine and finally L-Met. The first three steps are catalysed 

by MetA (homoserine O-succinyltransferase), MetB (cystathionine γ-synthase) and MetC 

(cystathionine β-lyase). The final step of Met biosynthesis is catalysed by two alternate Met 

synthases MetE and MetH. The Met synthase MetH is vitamin B12-dependent and MetE is 

vitamin B12-independent (383, 384, 386, 460, 461). In this final step, homocysteine is 

condensed with methyltetrahydrofolate, which provides the methyl group. 

Methyltetrahydrofolate comes from one-carbon cycle (from methylenetetrahydrofolate) 

through methyltetrahydrofolate reductase (MetF) mediated reaction which leads to the 

synthesis of tetrahydrofolate and Met (Figure 3-1).   

In Salmonella, Met also gets recycled through an activated methyl cycle (232, 285-287). The 

primary methyl donor, S-adenosyl L-Met (SAM), is formed by the activation of Met through 

the condensation reaction with ATP by an S-adenosyl methionine synthase, encoded by metK 

(231, 287). SAM is used for a variety of methylation reactions, including the methylation of 
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DNA, RNA, protein, lipid and other macromolecules in the bacterial cell (233, 285, 361, 372, 

374, 376, 377, 380, 381, 462, 463). 

Transcriptional regulation of Met biosynthesis is achieved through two different mechanisms: 

The MetJ repressor and the MetR activator. (464-467). MetJ and its corepressor SAM repress 

the transcription of all met genes except metH. MetJ binds within the “met-box”, a 

transcriptional regulator binding site which has an eight-nucleotide consensus sequence  (465, 

468). On the other hand, MetR acts as an activator and is also known to control the expression 

of metA, metF, metE, metH and as well as autoregulate metR itself (469-471). Lastly, the 

presence or absence of vitamin B12 controls the function of the MetE and MetH proteins. When 

vitamin B12 is available, MetH which is more efficient than MetE, catalyses Met synthesis. 

When vitamin B12 is unavailable, MetE catalyses the reaction. Salmonella can only synthesise 

vitamin B12 under anaerobic conditions (382, 467, 472, 473).  

3.1.1 Met Biosynthesis  

Succinylation of Homoserine 

The first step in Met biosynthesis is the succinylation of homoserine, which comes from 

aspartate (224, 228, 230). This step is catalysed by homoserine O-succinyl-transferase (MetA), 

which is a 35.6 kDa protein encoded by metA. Both D- and L-homoserine are substrate for 

MetA (474, 475). Succinyl-CoA reacts with MetA to form a succinylated enzyme intermediate, 

which is then transferred to the γ-oxygen of homoserine to form O-succinyl L-homoserine 

(474, 475). Homoserine is subsequently activated for condensation with cysteine to form 

cystathionine. 

Cystathionine synthesis  

In the second step of Met biosynthesis, cystathionine γ-synthase (MetB), the metB gene 

product, catalyses a γ-replacement reaction. The reaction involves the targeting of O-succinyl 

L-homoserine by L-cysteine and the subsequent formation of L-cystathionine and succinate. 

Cystathionine γ-synthase is a homotetramer, where each subunit is 40 kDa (476-478). 

Homocysteine synthesis  

The β-elimination of L-cystathionine is catalysed by cystathionine β-lyase (MetC), the metC 

product, and after the β-elimination of L-homocysteine, pyruvate and ammonia are formed 
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(479, 480). Active cystathionine β-lyase exists as a homotetramer and the molecular weight of 

each subunit is 43 kDa (479, 480). 

Methyltetrahydrofolate synthesis  

For Met biosynthesis, one-carbon units are derived from methyltetrahydrofolate that forms part 

of one-carbon cycle (481, 482). Methylenetetrahydrofolate reductase (MetF), which is the metF 

gene product, catalyses the reduction of methylenetetrahydrofolate to methyltetrahydrofolate 

using NADH (481, 482). The active enzyme is a tetramer composed of identical 33 kDa 

subunits (481, 482). 

 
Synthesis of Met  

The last step of Met biosynthesis is the formation of Met from homocysteine. This reaction can 

be catalysed by two different enzymes, either vitamin B12-dependent Met synthase or vitamin 

B12-independent Met synthase which are the products of metH and metE, respectively (483). 

The methyl cycle and the one-carbon pathway are linked at this step. The methyl group is 

transferred from methyltetrahydrofolate to the sulphur of L-homocysteine to produce Met 

(483). The two Met synthases function differentially as described previously. The reaction 

catalysed by MetH is much faster than the reaction catalysed by MetE, which means that the 

vitamin B12-independent enzyme is less efficient than vitamin B12-dependent Met synthase 

MetH (473). The molecular weights of MetH and MetE are136 kDa and 84 kDa, respectively 

(483, 484). 
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Figure 3-1: The biosynthetic pathway of Met in S. Typhimurium. MetA syccinylates 
homoserine to form O-succinyl L-homoserine, which undergoes condensation reaction with 
cysteine to form L-cystathionine. This condensation reaction is catalysed by MetB. MetC 
catalyses the conversion of L-cystathionine to L-homocysteine, pyruvate and ammonia. The 
final step of Met biosynthesis is catalysed by two alternate Met synthases; MetE and MetH that 
function differentially; MetE is vitamin B12-independent and MetH is vitamin B12-dependent. 
In this final step, L-homocysteine is condensed with methyltetrahydrofolate, which provides 
the methyl group. Methyltetrahydrofolate comes from methylenetetrahydrofolate in the one-
carbon cycle, through the methyltetrahydrofolate reductase (MetF) mediated reaction 
tetrahydrofolate and Met are synthesised. Enzymes in this pathway are shown in red.  Arrows 
indicate the direction of catalytic reactions. The chemical structure of the metabolites has been 
shown on the left.  Figure adapted from (259) . 

3.1.2 Transport of Met 

Salmonella spp. can import Met into the cell though two different systems: high-affinity and 

low-affinity transport (263-265, 485). The high-affinity transporter (Km~0.1 μM) is composed 

of three proteins: an ATPase (encoded by abc), a permease (encoded by yaeE) and a substrate 

binding protein (encoded by yaeC), which are known as MetN, MetI and MetQ, respectively 

(260-262). The MetNIQ is a member of the Met Uptake Transporter (MUT) family (262). On 

the other hand, it is postulated that there is at least one cryptic low-affinity transporter, 

putatively called MetP (Km~20 to 40 μM) (263-265). The chromosomal location of the low 

affinity-transporter(s) remains unknown. In the absence of the high-affinity transporter, the 

low-affinity transporter is able to provide the cell with sufficient Met to grow in vitro (485), 
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however it is unclear whether this happens in vivo. It has been shown that S. Typhimurium 

lacking the high-affinity transporter was significantly attenuated in C3H/HeN mice, suggesting 

that de novo Met biosynthesis may not be sufficient for growth in mice (270).  

 

 
 
Figure 3-2: Schematic diagram of Met transport in S. Typhimurium. Met is transported in 
S. Typhimurium through two types of transporters. The high-affinity transporter is composed of three 
different proteins, MetN, MetI and MetQ; and low-affinity transporter/s (MetP) is cryptic. Adapted 
from (486). 
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3.2 Results 

3.2.1 Construction and confirmation of S. Typhimurium met mutants  

Defined deletions of sequence encoding the met biosynthesis genes metA, metB, metC, metE, 

metF, metH and Met high-affinity transporter metNIQ were generated in S. Typhimurium 

SL1344.  In total, 12 different mutant strains were constructed for this study: ΔmetA, ΔmetB, 

ΔmetC, ΔmetE, ΔmetF, ΔmetH, ΔmetEΔmetH, ΔmetNIQ, ΔmetNIQΔmetB, ΔmetNIQΔmetE, 

ΔmetNIQΔmetH and ΔmetNIQΔmetEΔmetH.  

“Gene gorging” (described in section 2.9) was used to remove defined chromosomal sequence 

to construct ΔmetA, ΔmetB, ΔmetC, ΔmetE. ΔmetF, ΔmetH and ΔmetNIQ.  The met gene 

sequences are single cistrons located at different sites on the bacterial chromosome except metB 

is the first gene in a two-gene operon with metL (based on genome data from E. coli substrain 

MG1655 and S. Typhimurium LT2 available in  www.biocyc.org). The three genes, metN, metI 

and metQ, that form the high-affinity transporter are in an operon. The target sequence to be 

deleted was replaced with KanR cassette by homologous recombination. To reduce the chance 

of affecting the expression of downstream genes, at least ~50 bp at the 3’ ends of the gene to 

be deleted, including the stop codon, was retained. Gene deletions were validated by PCR using 

primers that bind to the flanking regions of the deletion site. The mutants were confirmed by a 

colony PCR (described in section 2.9.6). 

The targeted deleted region of the mutants ΔmetA, ΔmetB, ΔmetC, ΔmetE. ΔmetF, ΔmetH and 

ΔmetNIQ was shown in Figure 3-3. KanR cassette was excised from the mutants ΔmetA, ΔmetB, 

ΔmetC, ΔmetE. ΔmetF and ΔmetH (shown in 3-4(A)). The purpose of the removal of the KanR 

cassette was to reduce the possible polar effect of the KanR cassette on the downstream genes.  

Also, the excision of the KanR cassette allowed construction of additional double and triple 

mutants (ΔmetEΔmetH, ΔmetNIQΔmetB, ΔmetNIQΔmetE, ΔmetNIQΔmetH and 

ΔmetNIQΔmetEΔmetH). The excision of the KanR cassette was done using pCP20, which is a 

temperature-sensitive plasmid that contains the flp gene (FLP recombinase) under the control 

of an inducible promoter (described in section 2.9.5). The recombination event excises the 

KanR cassette, replacing it with an 80-nucleotide scar sequence. The P22 phage was used to 

transduce the KanR mutation to a kanamycin-sensitive strain (described in section 2.9.4) and 

thus, the double and triple mutants ΔmetEΔmetH, ΔmetNIQΔmetB, ΔmetNIQΔmetE, 

ΔmetNIQΔmetH and ΔmetNIQΔmetEΔmetH were generated. The ΔmetE::kan was added to 

http://www.biocyc.org/
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the kanamycin sensitive ΔmetH mutant and the high-affinity transporter mutation 

ΔmetNIQ::kan was added to the Kan-sensitive biosynthetic mutants ΔmetB, ΔmetE, ΔmetH and 

ΔmetEΔmetH to construct the double and triple knockout strains: ΔmetNIQΔmetB, 

ΔmetNIQΔmetE, ΔmetNIQΔmetH and ΔmetNIQΔmetEΔmetH (shown in Figure 3-4(B, C, D, 

E)).  

The resulting Kan-sensitive ΔmetA, ΔmetB, ΔmetC, ΔmetE. ΔmetF and ΔmetH were confirmed 

by colony PCR using Chk-F and Chk-R primers (shown in Figure 3-4(A)). The Kan-excised 

mutants showed a smaller PCR product (size: 1.2-1.5 kb) than the wild-type SL1344 strain due 

to the KanR cassette removal. But the high-affinity transporter mutant ΔmetNIQ retained the 

KanR cassette and it also facilitated the construction of double and triple mutants. The 

confirmatory PCR was done using the same primers and the resulting product size was still 

smaller with the KanR ΔmetNIQ mutant than the wild-type because of the long sequence of the 

targeted metNIQ operon (shown in Figure 3-3(G) and 3-4(A)). All the PCR products shown in 

Figure 3-4 have been generated using Chk-F and Chk-R primers (listed in Table 2-5). The 

product size along with the description of the mutant strains are listed in the Table 3-1. The 

whole genome sequencing results of the mutant strains ΔmetA, ΔmetB, ΔmetC, ΔmetE, ΔmetF, 

ΔmetH and ΔmetNIQ has been described in the Appendix.  

 

 

 

 

 

 

 

 

 

 

 



66 
 

Table 3-1. The PCR product sizes (using Chk-F and Chk-R primers) with the respective 
mutant strains (Figure 3-4) 

 

 

 

 

 

Strain Description Product size 

ΔmetA  metA (KanR cassette excised) 1,441 bp (Figure 3-4A) 

ΔmetB metB (KanR cassette excised)  1,523 bp (Figure 3-4A) 

ΔmetC metC (KanR cassette excised) 1,605 bp (Figure 3-4A) 

ΔmetE metE (KanR cassette excised) 1,635 bp (Figure 3-4A) 

ΔmetF metF (KanR cassette excised) 1,635 bp (Figure 3-4A) 

ΔmetH metH (KanR cassette excised) 1,473 bp (Figure 3-4A) 

ΔmetNIQ ΔmetNIQ::kan  (Kan-resistant)    2,700 bp (Figure 3-4A) 

ΔmetEΔmetH 
ΔmetE::kan 
ΔmetH (KanR cassette excised)  

3,135 bp (Figure 3-4B) 
1,473 bp (Figure 3-4B) 

ΔmetNIQΔmetB 
ΔmetNIQ::kan  
ΔmetB (KanR cassette excised) 

2,700 bp (Figure 3-4C) 
1,523 bp (Figure 3-4C) 

ΔmetNIQΔmetE 
ΔmetNIQ::kan  
ΔmetE (KanR cassette excised) 

2,700 bp (Figure 3-4D) 
1,635 bp (Figure 3-4D) 

ΔmetNIQΔmetH 
ΔmetNIQ::kan  
ΔmetH (KanR cassette excised) 

2,700 bp (Figure 3-4D) 
1,473 bp (Figure 3-4D) 

ΔmetNIQΔmetEΔmetH 
ΔmetNIQ::kan  
ΔmetE (KanR cassette excised) 
ΔmetH (KanR cassette excised) 

2,700 bp (Figure 3-4E) 
1,635 bp (Figure 3-4E) 
1,473 bp (Figure 3-4E) 
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D) 
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G) 

 

 

 

 
 
Figure 3-3: Schematic representation of targeted deletions in metA, metB, metC, metE, 
metF, metH and metNIQ gene loci of S. Typhimurium SL1344 using gene gorging. The 
target gene metA (A); metB (B); metC (C); metE (D); metF (E); metH (F) and metNIQ (G) is represented 
in the 5’ to 3’ orientation as block arrow box in colour. Angled line arrow indicates the position of the 
promoter region (based on experimental and non-experimental evidence from the database of E. coli 
substrain MG1655 and S. Typhimurium LT2 available in www.biocyc.org) for targeted genes. The sites 
of flanking genes are shown as block arrow boxes in grey. The region of chromosomal DNA deleted in 
the mutant is represented between dashed colour lines, the boundaries of which were defined by the 
binding sites of Kan-R and Kan-F primers, indicated as short black arrows. Chk-F and Chk-R primers 
were designed to be ~100 bp upstream and downstream of the region that underwent homologous 
recombination and the size of the PCR product was used to confirm gene deletion, as shown in Figure 
3-4.  
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C)  
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E)   

 

Figure 3-4: PCR validation of site-targeted deletion of metA, metB, metC, metE. metF, 
metH and metNIQ genes in S. Typhimurium SL1344. The PCR products (using Chk-F and Chk-
R primers and corresponding sizes are mentioned in Table 3-1) which confirmed the target gene deletion 
in the mutants A) de novo biosynthetic single mutants and high-affinity transporter mutant; B) 
ΔmetEΔmetH; C) ΔmetNIQΔmetB; D) ΔmetNIQΔmetE and ΔmetNIQΔmetH; E) 
ΔmetNIQΔmetEΔmetH. BenchTop 1 kb DNA Ladder (Promega) was used. 

3.2.2 De novo Met biosynthesis is essential for S. Typhimurium in M9 minimal media  

With the defined collection of mutants in the Met biosynthesis pathway, the importance of Met 

for in vitro growth was determined. All mutants were tested for their ability to grow in minimal 

media (M9) with and without Met, and in rich media (LB). Where Met was supplied, the 

mutants grew as efficiently as wild-type in Met-supplemented M9 media (Figure 3-5) as well 

as in LB (data not shown), indicating that the mutants generated are capable of normal growth 

in the presence of available Met. In M9 minimal media, the ΔmetA, ΔmetB, ΔmetC, ΔmetE, 

ΔmetF and ΔmetEΔmetH mutants became Met auxotrophs whereas ΔmetH showed substantial 

growth over the 24-hour period, suggesting that MetH is not essential for de novo biosynthesis 

of Met under aerobic conditions (Figure 3-5). The growth of ΔmetH in M9 media was 

compensated by a functional Met synthase MetE.  



73 
 

 

Figure 3-5: The de novo biosynthetic mutants demonstrate Met-dependent growth in M9 
minimal media. The de novo biosynthetic mutants ΔmetA, ΔmetB, ΔmetC, ΔmetE, ΔmetF, ΔmetH 
and ΔmetEΔmetH were tested for growth in M9 minimal media with or without (+/-) Met supplemented 
at 100 µM concentration. Viable counts were determined after 24 hours of aerobic growth (shaking at 
180 rpm) at 37ºC. WT wild-type; Statistics: One-way ANOVA using Bonferroni’s Post-test. Error bar 
shows mean ± standard error of the mean. Data is pooled from two independent experiments.  
** p < 0.01 compared with wild-type.  

3.2.3 The demonstration of vitamin B12-dependency of S. Typhimurium ΔmetE strain 

To demonstrate the vitamin B12-dependency of MetH, the growth of the double mutant 

ΔmetEΔmetH was tested along with the individual mutants ΔmetE and ΔmetH for growth in 

M9, with or without vitamin B12 (Figure 3-6A). The individual mutants ΔmetE and ΔmetH 

grew in the presence of vitamin B12, however, ΔmetEΔmetH did not show any growth in the 

presence or absence of vitamin B12. The ΔmetE mutant which was reliant on MetH to 

synthesise Met, did not grow in absence of vitamin B12 but grew in presence of vitamin B12 

which validates the vitamin B12-dependency of MetH.  

As S. Typhimurium only synthesises vitamin B12 under anaerobic condition (383, 472, 473), 

the growth of the ΔmetEΔmetH, ΔmetE and ΔmetH were tested under anaerobic and aerobic 

condition in M9 media (without Met and vitamin B12 supplemented) in (Figure 3-6B). The 

ΔmetE mutant showed growth in the absence of oxygen, which supports the hypothesis that 

Salmonella can synthesise vitamin B12 only under anaerobic condition.  In contrast, the 

ΔmetEΔmetH mutant did not grow under aerobic or anaerobic conditions. 
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Figure 3-6: The demonstration of vitamin B12-dependency in Met synthase MetH. A) 
ΔmetE, ΔmetH and ΔmetEΔmetH mutants were tested for growth in M9 minimal media supplemented 
with or without vitamin B12 supplemented at 100 µM concentration. B) ΔmetE, ΔmetH and 
ΔmetEΔmetH mutants were tested for growth in M9 minimal media under anaerobic and aerobic 
conditions at 37ºC. Viable counts were determined at 24 hours. WT wild-type; statistics: One-way 
ANOVA using Bonferroni’s Post-test; Error bars represent mean ± standard error of the mean. Data is 
pooled from two independent experiments. NS Not significant, * p < 0.05 compared with wild-type. 

3.2.4 The Met synthase genes metE and metH are highly conserved in the Salmonella 

genus 

To investigate the frequency of sequence variation within key Met synthases metE and metH, 

a database of 2490 genome sequences was compiled from complete genome sequences from 

the NCBI and also draft genome sequences associated with population-based genomic datasets. 

This database constitutes genome sequences from S. bongori and S. enterica, and three of the 

seven S. enterica subspecies including enetrica, arizonae and diarizonae. The majority of 

genome sequences available were representatives of Salmonella enterica subsp enterica, 

predominantly S. Typhi (487) and S. Typhimurium NTS (488); a reflection of their clinical 

relevance to human health.  

Carriage of S. Typhimurium SL1344 metE (vitamin B12-independent) and metH (vitamin B12-

dependent) genes within the assembled genome database (n = 2490) was determined through 

BlastN analysis (blastn 2.3.0+) using the parameters of 80% sequence identity over a minimum 

of 80% length of the metE and metH gene sequence. Both metE and metH were present in 

>99% of genome sequences (Figure 3-7, bar blot) including representatives of S. bongori and 

S. enterica subspecies arizonae and diarizonae. Low levels of gene sequence variation were 

observed in metE and metH (Figure 3-7, whisker plot). This data highlights that MetE and 
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MetH are highly conserved, and their functionality is retained in this ecologically diverse 

pathogen. Thus, the ability to synthesise Met in vitamin B12-dependent anaerobic conditions 

(through MetH) and during aerobic growth (through MetE) is an important biological tool for 

Salmonella.  

 

 

Figure 3-7: metE and metH genes are highly conserved in Salmonella. Bar-and-whisker plot 
showing the frequency and nucleotide sequence variation of metE and metH from SL1344 within 2490 
genome sequences encompassing different Salmonella species and subspecies. The Right Y-axis refers 
to the bar plot (blue) showing the percent carriage of metE and metH within 2490 genome sequences.  
The left Y-axis refers to the whisker plot showing a high level of sequence conservation (%) within the 
metE and metH gene sequences. Error bars represent mean ± standard error of the mean with outliers 
(+) representing sequences beyond the SEM.  

3.2.5 In the absence of Met, de novo biosynthetic mutants become defective for 

intracellular replication 

The ability of Salmonella to survive and replicate in host cells within the SCV is considered as 

a key virulence trait (209). The role of Met in intracellular survival and replication was 

therefore assessed by enumerating intracellular bacteria at 2, 5 and 10 hours after infection of 

HeLa cells. The growth media used for the assay were DMEM-No Met (which did not contain 

Met) and DMEM-Complete (which contained Met) (described in section 2.2). When DMEM-

No Met was used, ΔmetA, ΔmetB, ΔmetC and ΔmetF showed significant attenuation for 

intracellular growth compared with the wild-type control (Figure 3-8). In contrast, ΔmetE 

displayed an increased lag, and then started to grow slowly after 5 hours because of the 
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functional MetH. ΔmetH also showed growth comparable to wild-type, indicating that a 

functional MetE is sufficient for supporting intracellular growth in HeLa cells (Figure 3-8A).  

When DMEM-complete was used as a growth medium where Met is present, none of the 

mutants showed any intracellular growth defect (Figure 3-8B), indicating that the presence of 

Met could fully restore the growth of the mutants.  
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B. 

 

Figure 3-8: The de novo Met biosynthetic mutants become defective for intracellular 
replication in HeLa cells when Met is absent in the tissue culture media. Salmonella strains 
were grown to exponential phase in LB and used to infect HeLa cells for 1 hour at 37ºC (MOI: 5-10). 
At this point, non-adherent bacteria were removed and extracellular bacteria were killed by gentamicin. 
To determine the intracellular survival/replication, intracellular bacteria were enumerated at 2, 5 and 10 
hours post-infection. A) The tissue culture media used for this experiment was DMEM-No Met; B) The 
tissue culture media used for this experiment was DMEM-Complete. Experiments were repeated at 
least three times independently and the data was pooled from all experiments. The difference was 
statistically tested at 10 hours using unpaired t-test. Error bars represent mean ± standard error of the 
mean. NS Not Significant p > 0.05; significant * p < 0.05; ** p < 0.01.  

3.2.6 De novo Met biosynthesis is not essential for S. Typhimurium virulence in mice  

The result from the intracellular survival assay experiments suggested that the absence of Met 

in the tissue culture media reduced the growth of bacteria in cells. Met present in the tissue 

culture media fully restored the intracellular growth of the mutants. Previous reports suggested 

that there is a connection between Met biosynthesis and virulence of the Salmonella in host 

(266, 268). The virulence of individual de novo biosynthetic mutants were examined in 

C57BL/6 mice infected intravenously and orally (Figure 3-9). 

Mice were infected with 200 cfu intravenously and, at day 5 post-infection, mice were culled 

and the bacterial load in the spleen and liver was determined as viable counts. The number of 

bacteria recovered from mice infected with the mutants was comparable to those from mice 

infected with the wild-type Salmonella (Figure 3-9A). None of the mutants showed any 

virulence defect in mice in the case of intravenous infection. 
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Oral infection was conducted to test the virulence of the de novo Met biosynthesis mutants 

ΔmetB, ΔmetE, ΔmetH and ΔmetEΔmetH. Mice were infected with 5 × 107 cfu and, at day 6 

post-infection, the bacterial loads in the spleen and liver was determined as viable counts. The 

number of the bacteria from mice infected with ΔmetB, ΔmetE, ΔmetH and ΔmetEΔmetH was 

comparable to those from mice infected with the wild-type S. Typhimurium (Figure 3-9B). 

None of these mutants showed any growth defect in mice in the case of oral infection.  

These data showed that de novo Met biosynthesis is not essential for the growth of S. 

Typhimurium in C57BL/6 mice regardless of the route of infection.  
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B. 

 

Figure 3-9: De novo Met biosynthesis is not essential for S. Typhimurium virulence. A) 
C57BL/6 mice were intravenously infected with 200 cfu of indicated strains of S. Typhimurium. At day 
5 post-infection, the liver and spleen were harvested and plated on Luria agar + streptomycin (LUS) 
media to determine the bacterial burden in the organs. B) C57BL/6 mice were infected via oral gavage 
with 5 ×107 cfu of indicated strains of S. Typhimurium. The liver and spleen were harvested and plated 
to determine the bacterial burden at day 6 post-infection. Error bars represent mean ± standard error of 
the mean. Statistics: One-way ANOVA with Bonferroni’s multiple comparison test; all comparisons 
were not statistically different p > 0.05. 

3.2.7 The high-affinity transporter mutant ΔmetNIQ is not growth attenuated in M9 

minimal media 

The de novo biosynthetic met mutants of S. Typhimurium were able to grow in vitro and in 

vivo in presence of Met because a highly efficient Met transport system could support the 

growth of S. Typhimurium. The high-affinity transporter mutant ΔmetNIQ was tested for its 

ability to grow in M9 minimal media with or without Met. The ΔmetNIQ mutant showed 

growth to levels equivalent to the wild-type in M9 minimal media without Met (Figure 3-10), 

indicating that this strain retains a fully functional de novo Met biosynthesis pathway. 
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Figure 3-10: The high-affinity transporter mutant ΔmetNIQ is able to grow in M9 
minimal media. The high-affinity transporter mutant ΔmetNIQ and WT S. Typhimurium were tested 
for growth in M9 minimal media with or without Met supplementation. The growth was tested under 
these conditions: 37ºC, aerobic growth, shaking. Viable count was determined at 24 hours. WT wild-
type; Error bars represent mean ± standard error of the mean. Data is pooled from three independent 
experiments. Statistics: unpaired T-test; all comparisons were not statistically different; p > 0.05. 

3.2.8 The high-affinity transporter mutant ΔmetNIQ is not attenuated for intracellular 

growth 

The high-affinity transporter mutant ΔmetNIQ was tested for intracellular growth in HeLa cells. 

The role of Met transport in intracellular survival and replication was assessed by enumerating 

intracellular bacteria at 2, 5 and 10 hours after infection of HeLa cells (Figure 3-11). The 

growth media used for the assay was DMEM-No Met and DMEM-Complete (described in 

Table 2-2). The ΔmetNIQ mutant did not show any attenuation for intracellular growth 

regardless of the tissue culture media used. This result suggests that de novo Met biosynthesis 

supports the intracellular growth of S. Typhimurium transporter mutant at the same rate as 

wild-type S. Typhimurium. 
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Figure 3-11: The high-affinity transporter-deficient S. Typhimurium mutant ΔmetNIQ is not 
attenuated for intracellular replication in HeLa cells. HeLa cells were infected with exponential LB 
cultures of S. Typhimurium ΔmetNIQ for 1 hour at 37ºC (MOI: 5-10). At this point, non-adherent 
bacteria were removed and extracellular bacteria were killed by gentamicin. To determine the 
intracellular survival/replication, intracellular bacteria were enumerated at 2, 5 and 10 hours. A) The 
tissue culture media used for this experiment was DMEM-No Met; B) The tissue culture media used 
for this experiment was DMEM-Complete. Experiments were repeated at least three times 
independently and the data was pooled from all experiments. The difference was tested at 10 hours. 
Error bars represent mean ± standard error of the mean. Statistics: unpaired T-test; NS Not Significant 
p > 0.05. 

3.2.9 The high-affinity transporter is not essential for virulence of S. Typhimurium in 

mice 

Previous studies have shown that the S. Typhimurium lacking the high-affinity transporter 

ΔmetNIQ is significantly attenuated in C3H/HeN mice. C3H/HeN mice are resistant to 

Salmonella infection because they carry the resistant allele named “Immunity to typhimurium” 

and denoted by (Ity) (Ityr dominant) which controls resistance and susceptibility to S. 

Typhimurium (489). This indicates that the de novo Met biosynthesis may not be sufficient for 

growth in some strains of mice (270). Although in our study the ΔmetNIQ was not attenuated 

for intracellular survival in mice carrying Ity-sensitive allele (ie. C57BL/6 mice), the virulence 

was tested in mice to see if it supports the previous data. The virulence of high-affinity 

transporter mutant ΔmetNIQ was tested in C57BL/6 murine host after intravenous and oral 

inoculation (Figure 3-12). 

Mice were infected with 200 cfu of ΔmetNIQ intravenously and, at day 5 post-infection, the 

animals were culled and the bacterial load in the spleen and liver was determined as viable 

counts. The number of bacteria recovered from mice organs infected with ΔmetNIQ was 

equivalent to the bacterial load from the mice infected with the wild-type strain (Figure 3-12A).  
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Mice were also infected with 5 × 107 cfu of ΔmetNIQ orally and at day 6 post-infection, the 

bacterial load in the spleen and liver was determined as viable counts. The number of bacteria 

recovered from mice organs infected with ΔmetNIQ was equivalent with those from mice 

infected with the wild-type strain (Figure 3-12B).  

Given the above results, it could be hypothesised that the transport of Met through the high-

affinity transporter is not required for the virulence of S. Typhimurium because of the presence 

of a fully functional Met biosynthesis system, which can provide the Met that the bacteria 

require. 
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B.  

 

Figure 3-12: The high-affinity transporter-deficient S. Typhimurium ΔmetNIQ remains 
virulent in mice. A) C57BL/6 mice were infected intravenously with 200 cfu of wild-type. S. 
Typhimurium or ΔmetNIQ. The liver and spleen were harvested for plating to determine the bacterial 
burden at day 5 post-infection. Data are pooled from three independent experiments. B) C57BL/6 mice 
were infected orally with 5 × 107 cfu of wild-type S. Typhimurium or ΔmetNIQ. On day 6 post-infection, 
the liver and spleen were harvested for plating to determine the bacterial burden in the organs. Data are 
pooled from two independent experiments. Error bars represent mean ± standard error of the mean. 
Statistics: unpaired T-test; NS Not significant p > 0.05. 

3.2.10 The ΔmetNIQΔmetB, ΔmetNIQΔmetE and ΔmetNIQΔmetEΔmetH are Met 

auxotrophs in M9 minimal medium but ΔmetNIQΔmetH is not 

To characterise the growth and virulence trait of S. Typhimurium when both Met biosynthesis 

and high-affinity transport were absent from the bacterium, double and triple knockout strains 

that lack both high-affinity transport and de novo biosynthesis of Met were generated: 

ΔmetNIQΔmetB, ΔmetNIQΔmetE, ΔmetNIQΔmetH and ΔmetNIQΔmetEΔmetH by following 

the P22 phage transduction (section 3.2.1 and section 2.9.4). The ΔmetNIQΔmetB strain was 

complemented by expressing the metB gene with the putative metB promoter on the 

pACYC184 plasmid (section 2.10). 

The four mutant strains (i.e. combined mutants having deletion in biosynthesis and the high-

affinity transporter) ΔmetNIQΔmetB, ΔmetNIQΔmetE, ΔmetNIQΔmetH and 

ΔmetNIQΔmetEΔmetH, and the complemented strain ΔmetNIQΔmetB pACYC184 metB, were 

tested for their growth in M9 minimal media with or without Met (Figure 3-13). 
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ΔmetNIQΔmetB and ΔmetNIQΔmetEΔmetH mutants showed Met auxotrophy in M9 media 

without Met. This observation suggests a combined deficiency in both biosynthesis and high-

affinity transport in M9 minimal media (when no Met is present) is attenuating, as expected. 

The complementation with metB restored the growth of ΔmetNIQΔmetB pACYC184 metB 

strain to wild-type levels, indicating that the biosynthesis can fully restore the growth of the 

double mutant ΔmetNIQΔmetB. 

The ΔmetNIQΔmetE mutant was not able to grow in M9 media without supplemented Met. 

The ΔmetE mutant was not able to grow under aerobic condition (section 3.2.3) and that is 

most likely due to a dysfunctional MetH in the absence of its B12 cofactor. The 

ΔmetNIQΔmetH mutant did not show Met auxotrophy in M9 media (i.e. where no Met is 

supplemented) most probably because it had the functional, vitamin B12-independent Met 

synthase MetE which can fully compensate for the loss of MetH. The addition of Met into the 

media restored the growth of all these mutant strains, suggesting that the presence and activity 

of the putative low-affinity transporter (‘MetP’) was sufficient to enable Met uptake and 

facilitate growth (Figure 3-13). 

 

Figure 3-13: The mutants deficient in de novo Met biosynthesis and high-affinity transport show 
Met auxotrophy in M9 minimal media.  The double and triple mutants ΔmetNIQΔmetB, 
ΔmetNIQΔmetE, ΔmetNIQΔmetH, ΔmetNIQΔmetEΔmetH and a complemented mutant strain 
ΔmetNIQΔmetB pACYC184 metB were tested for growth in M9 minimal media (with and without Met 
supplementation). The growth was tested under conditions of 37ºC, aerobic growth, shaking. Viable 
count was determined at 24 hours. WT wild-type; Statistics: One-way ANOVA with Bonferroni’s 
multiple comparison test. Error bars represent mean ± standard error of the mean. Data is pooled from 
two different experiments. NS Not significant. 
 *  p < 0.05 compared with wild-type under the same condition. 
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3.2.11 The ΔmetNIQΔmetB and ΔmetNIQΔmetEΔmetH strains are attenuated for 

intracellular survival but ΔmetNIQΔmetE and ΔmetNIQΔmetH are not  

Four mutant strains, comprising of the 3 double ΔmetNIQΔmetB, ΔmetNIQΔmetE, 

ΔmetNIQΔmetH and the triple mutant ΔmetNIQΔmetEΔmetH were tested for intracellular 

growth in HeLa cells over 2 hours, 5 hours and 10 hours (Figure 3-14). DMEM-No Met and 

DMEM-complete were used as the tissue culture media (described in section 2.2). The mutants 

deficient in both biosynthesis and high-affinity transport, ΔmetNIQΔmetB and 

ΔmetNIQΔmetEΔmetH, were attenuated for intracellular growth in HeLa cells when DMEM-

No Met was used as tissue culture media (Figure 3-14A). The presence of Met in DMEM 

restored the growth of these two strains to wild-type levels (Figure 3-14B). The two other 

double mutants ΔmetNIQΔmetE and ΔmetNIQΔmetH grew to wild-type levels in HeLa cells. 
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B.  

 

Figure 3-14: The mutants deficient in de novo Met biosynthesis and high-affinity 
transport become defective for intracellular growth and replication in HeLa cells when 
Met is absent in tissue culture media. HeLa cells were infected with exponential LB cultures of 
the indicated strains of S. Typhimurium for 1 hour at 37ºC (MOI: 5-10). At this point, non-adherent 
bacteria were removed and extracellular bacteria were killed by gentamicin. To determine the 
intracellular survival/replication, intracellular bacteria were enumerated at 2 hours, 5 hours and 10 
hours. The strains tested were: ΔmetNIQΔmetB, ΔmetNIQΔmetE, ΔmetNIQΔmetH and 
ΔmetNIQΔmetEΔmetH. The tissue culture media used for this experiment was A) DMEM-No Met 
supplemented and B) DMEM-Complete. ΔmetNIQΔmetE and ΔmetNIQΔmetH were tested using only 
DMEM-No Met. The experiments were repeated at least three times independently and the data were 
pooled from all experiments. The difference was statistically tested at 10 hours. Error bars represent 
mean ± standard error of the mean. Statistics: unpaired T-test; NS Not Significant p > 0.05; *** p < 
0.001 

3.2.12 ΔmetNIQΔmetB and ΔmetNIQΔmetEΔmetH are attenuated in mice  

The virulence of the mutant strains ΔmetNIQΔmetB, ΔmetNIQΔmetEΔmetH and the 

complemented strain ΔmetNIQΔmetB pACYC184 metB were tested in C57BL/6 mice (Figure 

3-15).  

Mice were infected with 200 cfu of ΔmetNIQΔmetB, ΔmetNIQΔmetEΔmetH and 

ΔmetNIQΔmetB pACYC184 metB intravenously (Figure 3-15A). At day 5 post-infection, the 

mice were culled and the bacterial load in the spleen and liver was determined by viable count. 

The bacterial number of the mutants deficient in biosynthesis and high-affinity transport i.e. 

ΔmetNIQΔmetB and ΔmetNIQΔmetEΔmetH were approximately 105 and 104 in the organs 

which showed 1000-fold and 10,000-fold reductions in the bacterial load in the spleen and liver 

compared to the wild-type strain.  This data suggests that these mutants are severely attenuated 

for growth in mice. In contrast, analysis of the ΔmetNIQΔmetEΔmetH mutant showed 

approximately 10-fold reduction in bacterial burden compared to ΔmetNIQΔmetB, suggesting 
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a role for the active cycling of Met in optimal growth in sensitive mice (when high-affinity 

transporter is absent). 

In case of the oral infection, the mice were infected with 5×107 cfu of the ΔmetNIQΔmetB and 

ΔmetNIQΔmetEΔmetH (Figure 3-15B, 3-15C and 3-15D). Bacterial fecal shedding was 

assessed for ΔmetNIQΔmetB compared to wild-type over the infection period (Figure 3-13C). 

This data shows that at day 6 post-infection, the ΔmetNIQΔmetB mutant was found in a lower 

number (105 cfu) in the infected mice than in the wild-type (106 cfu) although the difference 

was not statistically significant. This data indicates that there was not any substantial difference 

in the fecal shedding of the ΔmetNIQΔmetB mutant and wild-type. At day 6 post-infection, 

mice were culled and the bacterial burden was determined from the spleen and liver (Figure 3-

15B and 3-15D). The viable bacterial number in the spleen and liver for ΔmetNIQΔmetB and 

ΔmetNIQΔmetEΔmetH is approximately 104 and 103 cfu, respectively (1,000-fold to 10,000-

fold reduced compared to the wild-type). This resembles the result found from intravenous 

infection with the ΔmetNIQΔmetB and ΔmetNIQΔmetEΔmetH, indicating that ΔmetNIQΔmetB 

and ΔmetNIQΔmetEΔmetH are attenuated in mice regardless of the route of infection. 
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D.  

 

Figure 3-15: S. Typhimurium mutants lacking the biosynthesis and high-affinity 
transport of Met are attenuated in mice. A) C57BL/6 mice were infected intravenously with 200 
cfu of different strains of S. Typhimurium. At day 5 post-infection, the liver and spleen were harvested 
for plating to determine the bacterial burden in the organs. Results are pooled from two independent 
experiments.  B) C57BL/6 mice were infected orally with 5×107 cfu of different strains of S. 
Typhimurium. At day 6 post-infection, liver and spleen were harvested for plating to determine the 
bacterial burden in the organs. Results were pooled from three independent experiments. C) The fecal 
burden was determined every 24 hours. Results were pooled from two independent experiments. D) 
C57BL/6 mice were infected intravenously with 200 cfu of indicated strains of S. Typhimurium.   Error 
bars represent mean ± standard error of the mean. Statistics: One-way ANOVA with Bonferroni’s 
multiple comparison test (3-15A) and unpaired T-test (3-15B, C and D); significant ** p < 0.01; **** 
p < 0.0001. 

3.2.13 The ΔmetNIQΔmetE and ΔmetNIQΔmetH are virulent in mice  

The virulence of the mutant strains ΔmetNIQΔmetE and ΔmetNIQΔmetH was tested in 

C57BL/6 mice (Figure 3-16). Mice were infected with 200 cfu of ΔmetNIQΔmetE or 

ΔmetNIQΔmetH intravenously and, at day 5 post-infection, the bacterial load in the spleen and 

liver was determined as viable counts. The mutants showed bacterial load equivalent to those 

of the wild-type S. Typhimurium in the spleen and liver, suggesting that these mutants are 

virulent for systemic infection in mice and demonstrated the redundancy of the two Met synthases 

MetE and MetH. 
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Figure 3-16: The ΔmetNIQΔmetE and ΔmetNIQΔmetH mutants are virulent in mice. 
C57BL/6 mice were intravenously infected with 200 cfu of indicated strains of S. Typhimurium. At day 
5 post-infection, the liver and spleen were harvested for plating to determine the bacterial burden in the 
organs. Error bars represent mean ± standard error of the mean. Statistics: One-way ANOVA with 
Bonferroni’s multiple comparison test; Not Significant p > 0.05. 

3.2.14 The role of the cryptic low-affinity transporter in a concentration-dependent L-

Met transport 

In addition to the characterised high-affinity Met transporter, MetNIQ, S. Typhimurium can 

take up Met through a cryptic low-affinity transporter/s, putatively referred to as MetP (263, 

264). This transporter/s is cryptic because the chromosomal location is still unidentified and it 

is unclear whether this capacity to import Met is dependent on one or more unknown 

transporters. This study shows that the supplementation of Met in M9 and DMEM media fully 

restores the growth of the S. Typhimurium double mutant ΔmetNIQΔmetB and triple mutant 

ΔmetNIQΔmetEΔmetH, hence validating the existence of another transporter which can 

transport L-Met (section 3.2.10, 3.2.11 and 3.2.12). To understand the concentration-dependent 

L-Met transport, the mutant strains ΔmetB, ΔmetNIQ and ΔmetNIQΔmetB were tested for their 

growth in M9 minimal media supplemented with 10 µM, 1.0 µM and 0.1 µM L-Met in 

comparison to wild-type (Figure 3-17). ΔmetB shows growth in M9 minimal media with L-

Met supplemented with 10 µM, 1.0 µM and 0.1 µM and this represents the efficient Met 
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transport mediated by the high-affinity transporter. MetNIQ can transport Met even when the 

concentration is as low as 0.1 µM.  The ΔmetNIQΔmetB mutant was able to grow in M9 

minimal media supplemented with 10 µM L-Met, although not as efficiently as the wild-type 

(p > 0.5) but cannot grow in L-Met when supplemented at 0.1 µM concentration over 96 hours 

(p < 0.01). This supports the previous studies showing that the putative low-affinity transporter 

is not as efficient as it’s high-affinity counterpart and the Km of this low-affinity transporter for 

L-Met is much higher than MetNIQ (263, 264). ΔmetNIQ did not show any growth attenuation 

because of the functional de novo Met biosynthetic pathway.   

 

Figure 3-17: Uptake of L-Met by low-affinity transporter “MetP” depends on L-Met 
concentration.  Growth of ΔmetB, ΔmetNIQ and ΔmetNIQΔmetB was monitored in M9 media with 
different concentration of L-Met added for up to 96 hours. Viable counts were determined at every 24 
hours.  Error bars represent mean ± standard error of the mean.  For ΔmetNIQΔmetB, in 1 μM Met:  p 
< 0.01; in 0.1 μM Met: p < 0.05 when compared with wild-type.   

3.2.15 The low-affinity transporter “MetP” ineffectively transports D-Met  

It has been shown that E. coli high-affinity transporter mutant ΔmetNIQ is unable to grow in 

D-Met (485). There is also evidence that S. Typhimurium ΔmetNIQΔmetB shows a slow 

response to D-Met when the concentration is increased to 670 µM and depicts that low-affinity 

transporter has a higher Km for D-Met compare to L-Met (264). To test whether the low-affinity 

transporter can transport D-Met, the ΔmetB and ΔmetNIQΔmetB mutants were grown in M9 
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minimal media supplemented with D-Met in two different concentrations, 100 µM and 700 

µM, and growth was monitored for 96 hours (Figure 3-18). The ΔmetB mutant showed growth 

in M9 minimal media supplemented with D-Met at 100 µM and 700 µM, demonstrating that 

high-affinity transporter can take up the D-isomer of Met, which supports Salmonella growth. 

On the other hand, the ΔmetNIQΔmetB mutant displayed growth deficiency in M9 media 

containing D-Met at 100 µM, but showed restored growth when the concentration was 

increased to 700 µM, indicating that the low-affinity transporter MetP is in fact able to take up 

the D-isomer when D-Met, but the uptake of D-Met occurs less efficiently than L-Met. 

 

Figure 3-18: The low-affinity transporter inefficiently imports D-Met. The growth of ΔmetB 
and ΔmetNIQΔmetB was monitored in M9 minimal media with D-Met for 96 hours. Viable count was 
determined at 96 hours. Statistics: Unpaired t-test. Error bars represent mean ± standard error of the 
mean. Data is pooled from two independent experiments. ** p < 0.001 

3.2.16 Metabolite profiling in S. Typhimurium Met biosynthetic and high-affinity 

transporter mutants  

To generate novel insights about the Met biosynthesis pathway in S. Typhimurium, the change 

in the intracellular concentration of the metabolites were examined through liquid-

chromatography- mass spectrometry (LC-MS). A well-established method was used to extract, 

identify and quantify intracellular pool size of the intermediates of the Met biosynthesis 

pathway in S. Typhimurium wild-type SL1344 and mutants lacking either or both of the de 

novo biosynthesis pathway and the high-affinity transporter of Met. The intracellular level of 

the metabolites was compared between S. Typhimurium SL1344 mutants and the wild-type. 
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The conditions for growing the S. Typhimurium SL1344 mutants and the wild-type have been 

described in section 2.5.2 and 2.5.3.   

The ΔmetB mutant exhibited a significantly elevated pool of O-succinylhomoserine compared 

to the wild-type strain, consistent with the disruption of the conversion of O-

succinylhomoserine to cystathionine via MetB enzyme and concomitant build-up of the 

enzyme’s substrate (Figure 3-19A). Accumulation of O-succinylhomoserine was also observed 

in the ΔmetNIQΔmetB mutant but the levels were not significantly different compared to wild-

type. Analysis of the mutant strains ΔmetE, ΔmetH, ΔmetNIQ and ΔmetNIQΔmetEΔmetH 

failed to reveal any intracellular accumulation of this metabolite (Figure 3-19A).  

The conversion of homocysteine to Met is mediated by two Met synthases: MetE and MetH. 

Disruption of MetE led to no noticeable change in any observable intermediates. In contrast, 

ΔmetH and ΔmetNIQΔmetEΔmetH mutants carried an approximately 10-fold and a 15 to 30-

fold increase of 5-methyltetrahydrofolate levels, respectively, compared with wild-type which 

were significantly different (Figure 3-19A). Significant accumulation of 5-

methyltetrahydrofolate, a mediator of the methyl group transfer, suggested that the one-carbon 

cycle is perturbed in these strains.  

The ΔmetB mutant also had an increased S-adenosylmethionine (SAM) pool (up ~ 5.5-fold 

higher than wild-type). Intracellular accumulation of SAM was also found in ΔmetNIQΔmetB 

(up ~ 5-fold higher than wild-type). Both mutants had elevated SAM pool but for the ΔmetB 

mutant it was significantly higher (p-value < 0.01) whereas for the ΔmetNIQΔmetB mutant this 

change was not statistically significant.  

An untargeted mass/charge (m/z) feature analysis was performed to detect any unexpected 

metabolite changes due to each mutant (Figure 3-19B). Pair-wise comparisons were performed 

and a p-value of <0.05 (with multiple hypothesis testing corrected; Benjamini) was used to 

filter interesting m/z features. Several unexpected features were significantly elevated in the 

ΔmetB mutant compared to the wild type (Figure 3-19B), including glycerate, adenine, hexose-

6-phosphate, 3-phosphoglycerate and gluconate. The concentration of these metabolites 

significantly increased in the ΔmetB mutant compared to the wild type.  In comparison, ΔmetE 

did not show any significantly different m/z features (Figure 3-19C); whereas only the m/z 

feature corresponding to 5-methyltetrahydrofolate was significantly different in the ΔmetH 

mutant (Figure 3-19D).  
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Interestingly, several m/z features corresponding to peptidoglycan biosynthetic intermediates 

were significantly different for the ΔmetB mutant, including UDP-N-acetyl-muraminate-

alanine-glutamate (Figure 3-19B), suggesting an association between Met biosynthesis and 

peptidoglycan biosynthesis. Disruption of metB led to a decrease in intracellular concentrations 

of UDP-N-acetylmuraminate and a dramatic increase of UDP-N-acetylmuramoyl-L-alanine 

(12-fold), UDP-N-acetylmuramoyl-L-alanyl-D-glutamate (1400-fold) and UDP-N-acetyl-

muramoyl-L-alanyl-D-γ-glutamyl-meso-2,6-diaminopimelate (4-fold) (Figure 3-19E). A 

decrease in UDP-N-acetylmuraminate and an increase in UDP-N-acetylmuramoyl-L-alanine 

(9-fold), UDP-N-acetylmuramoyl-L-alanyl-D-glutamate (1000-fold) and UDP-N-

acetylmuramoyl-L-alanyl-D-γ-glutamyl-meso-2,6-diaminopimelate (5-fold) was also 

observed in the double mutant ΔmetNIQΔmetB (Figure 3-19E). 
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Figure 3-19: Metabolite perturbations following genetic disruption to Met biosynthesis, one-
carbon cycle and activated methyl cycle. Total metabolite pools in each strain were detected and 
quantitated using an LC-QTOF (Liquid Chromatography-Quadrupole Time-of-flight). (A) 
Intermediates of the Met biosynthetic pathway, activated methyl cycle and one-carbon cycle: O-
succinylhomoserine, 5-methyl-tetrahydrofolate, Met and S-adenosylmethionine.  Data are presented as 
the mean fold change of each mutant strain compared to the wild-type from three independent biological 
replicates (± SEM). * represents statistical significance as determined by a one-way ANOVA (p < 0.01), 
except for S-adenosylmethionine (SAM) which was not extracted via LC-MS (Liquid Chromatography-
Mass Spectrometry). For this metabolite, statistical testing was performed in MAVEN using a p < 0.05 
with Benjamini correction. (B-D) depicts the scatter plots of wild-type compared to ∆metB, ∆metE, and 
∆metH respectively. Each dot represents a single extracted m/z feature with each axis depicting the 
arbitrary ion count. m/z features which are no different between conditions plot along the diagonal. The 
colour intensity indicates the confidence of the difference (greater intensity equates to lower variance 
across biological replicates). Yellow highlight indicates a subset of confirmed metabolites with a 
statistically significant difference in a pair-wise comparison (p < 0.05 with Benjamini correction. (E) 
The four metabolites associated with peptidoglycan synthesis- (Left to right) UDP-acetyl-muraminate, 
UDP-acetyl-muramoyl-alanine, UDP-acetyl-muramoyl-alanine-glutamate, UDP-acetyl-muramoyl-
alanine-glutamate-diaminopimelic acid; Data are presented as the mean fold change of each knockout 
line compared to the wild-type line from three independent biological replicates (± SEM). * represents 
statistical significance as determined by a one-way ANOVA (p < 0.01). 
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3.3 Discussion:   

Met metabolism and transport is an important part of the interconnected and interdependent 

amino acid metabolism of bacteria (269). In this study, we investigated the essentiality of Met 

biosynthesis and transport in Salmonella Typhimurium virulence. 

De novo biosynthetic mutants ΔmetA, ΔmetB, ΔmetC, ΔmetE, ΔmetF and ΔmetEΔmetH grown 

under aerobic conditions required Met supplementation in M9 minimal media (Figure 3-5), as 

expected based on a previous report that a S. Typhimurium ΔmetC mutant showed Met 

auxotrophy (266). Salmonella either synthesise vitamin B12 under anaerobic conditions or they 

derive it exogenously (383, 385, 472, 473). In this study, the ΔmetE mutant, which retains the 

B12-dependent Met synthase, did not grow in M9 media under aerobic conditions (Figure 3-

6). In contrast, ΔmetH was able to grow in absence of Met in M9, through the use of MetE 

(Figure 3-6). The use of two Met synthases, expressed and active in different environments, is 

seen in most bacteria (490, 491). It was also depicted from the bioinformatics analysis (section 

3.2.4) that metE and metH are highly conserved in Salmonella which may reflect an ecological 

strategy with which Salmonella are associated.   

Met is present in all living cells including eukaryotic cells such as HeLa cells and S. 

Typhimurium can access this amino acid during intracellular proliferation, where it is provided 

in excess, e.g. in the tissue culture media. When the media is depleted of Met, lack of de novo 

synthesis within S. Typhimurium reduced the intracellular growth of the bacteria. De novo Met 

biosynthetic mutants ΔmetA, ΔmetB, ΔmetC, ΔmetF and ΔmetEΔmetH were defective for 

intracellular replication when compared with wild-type in HeLa cells but the addition of Met 

in DMEM fully restored the growth of met mutants (Figure 3-8). Mutants ΔmetE and ΔmetH 

did not show any defect for intracellular survival and replication even under Met depleted 

conditions (Figure 3-8), suggesting that MetH could complement a ΔmetE mutant through 

either the exogenous acquisition of vitamin B12 (from fetal calf serum which is a good source 

of vitamin B12 and supplemented in DMEM), or through anaerobic growth within the SCV 

and the production of vitamin B12. 

Previous studies found that Met auxotrophs became defective for intracellular survival in 

macrophages and epithelial cells (209, 215). Ejim et. al showed that Met auxotrophy was linked 

with S. Typhimurium avirulence when a ΔmetC mutant of S. Typhimurium LT2 was inoculated 

into mice. After 3 days, there was a 100-fold reduction in bacterial spleen and liver counts 
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(266). It was also observed that mice that were orally inoculated with wild-type S. 

Typhimurium died earlier than those infected with the metC mutant strain, suggesting that metC 

has a role in the virulence of S. Typhimurium in mice. Subsequently, a high throughput screen 

for inhibitors of E. coli MetC revealed several compounds that inhibited MetC function, but 

the in vitro or in vivo activity of these compounds was not reported (267). A metC mutation in 

S. Gallinarum, a poultry pathogen, was found to be attenuated in 1-day old chickens (268). 

Previously, it was shown that mutations in the regulation of Met metabolism, affecting MetR 

and MetJ, attenuated Vibrio cholerae in suckling mice and that MetR plays a role in 

colonisation of the mouse intestine (269). A recent study also concluded that a S. Typhimurium 

ΔmetEΔmetH mutant was avirulent in mice and the Met transport system could not fully 

compensate for the lack of the biosynthesis system (492). These data supported a hypothesis 

that the enzymes in the Met biosynthesis pathway play an important role in S. Typhimurium 

virulence, and the systematic analysis of in vitro and in vivo “essentiality” of the genes involved 

in Met biosynthesis in S. Typhimurium, using the mouse as a model system, was conducted in 

this thesis.  

Mice resistance or susceptibility to intracellular pathogens, such as Salmonella spp. and 

Mycobacteria spp., is largely conferred by an important macrophage/monocyte-expressed gene 

known as natural resistance associated protein-1 (Nramp-1)  (493-495). C57BL/6 mice strains 

possess a sensitive allele of Nramp-1 (496).  Loss of the Met biosynthetic pathway did not 

affect the fitness of bacteria for in vivo replication in these mice, when compared with wild-

type S. Typhimurium, and there was no loss of virulence after five-six days (following i.v. 

infection and oral infection) (Figure 3-9). This data conflicts with the above-mentioned reports 

(266, 492). The mouse assay used in this study was different from one of the above-mentioned 

studies (492). In the studies reported here, mice were infected with a single strain, whereas 

previous studies typically used competitive infections, where wild-type and mutant strains 

compete in the same infected animal. The latter assay may put more pressure on the 

performance of the mutant to grow in this competitive environment, and it is not uncommon to 

have divergent results from single infection and competitive infection (497, 498). 

In S. Typhimurium, Met can be transported through a highly efficient high-affinity transporter 

MetNIQ and a cryptic low-affinity transporter/s named in the literature as MetP (485). A 

previous report found that high-affinity transporter mutant was attenuated in C3H/HeN female 

mice, which are more resistant to S. Typhimurium infection because they carry the resistant 
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allele named “Immunity to typhimurium” denoted as (Ity) Ityr/Nramp-1. This allele controls 

mice resistance and susceptibility to S. Typhimurium (270, 489). Studies reported in this 

chapter show that S. Typhimurium de novo Met biosynthetic mutants were fully virulent in 

C57BL/6 mice suggesting that the pool of Met available in the animal was sufficient for normal 

growth; where the MetNIQ transporter was absent, de novo synthesis could satisfy the 

requirements for the amino acid. The high-affinity transporter mutant ΔmetNIQ was equivalent, 

measured by in vitro and in vivo fitness, to wild-type S. Typhimurium in M9 minimal media, 

HeLa cells and mice (Figure 3-10, 3-11 and 3-12).  

In section 3.2.6, it was shown that de novo Met biosynthesis is not required for S. Typhimurium 

virulence. The high-affinity transporter was also not essential for in vivo fitness (section 3.2.9). 

Studies were conducted to determine whether the putative and cryptic low-affinity Met 

transporter, MetP, could replace the requirements for de novo Met synthesis or acquisition 

through the high-affinity transporter. The sub-terminal and terminal steps of de novo Met 

biosynthesis is blocked in double ΔmetNIQΔmetB and triple mutants ΔmetNIQΔmetEΔmetH, 

respectively. These mutants were able to grow in M9 minimal media supplemented with L-

Met which supports the presence of MetP (Figure 3-13 and 3-17). They showed a 3-log and a 

4-log reduction of the bacterial load in spleen and liver following intravenous or oral infection, 

respectively (Figure 3-15). This suggests that the host-supply of Met, acquired through MetP, 

is insufficient to sustain the growth observed with the wild-type S. Typhimurium. Although the 

complemented strain ΔmetNIQΔmetB pACYC184 metB did not fully restore the growth to the 

level of the MetNIQ mutation alone, growth was significantly increased. The reduced growth 

and intracellular proliferation of ΔmetNIQΔmetB and ΔmetNIQΔmetEΔmetH during the 

survival in epithelial cells (when DMEM-No Met used) (Figure 3-14) also suggests that 

insufficient Met may be present to sustain maximal replication during the proliferation within 

the SCV itself. These results also demonstrated that the high-affinity transporter MetNIQ was 

not essential for growth of S. Typhimurium in animals provided de novo Met biosynthesis was 

intact and the growth of ΔmetNIQΔmetB and ΔmetNIQΔmetEΔmetH was reduced during the 

survival in HeLa cells (when DMEM-No Met used) (Figure 3-12 and Figure 3-14). 

The differences in in vivo growth between the ΔmetNIQΔmetEΔmetH and ΔmetNIQΔmetB 

mutants suggest that the Met recycling through the activated methyl cycle, missing in the 

former mutant with Met synthase block, is required for full virulence (when high-affinity 

transporter is absent), even if Met is acquired extrinsically through low-affinity transporter/s. 



100 
 

The literature suggests that S. Typhimurium spp. have at least one low-affinity transporter 

which is cryptic and can provide the pathogen with Met when the high-affinity transporter is 

absent (264). In this chapter, it was shown that the presence of L-Met in vitro could fully restore 

the growth of ΔmetNIQΔmetB and triple mutant ΔmetNIQΔmetEΔmetH where the bacteria are 

dependent on the low-affinity transporter for Met acquisition (Figure 3-13). This data confirms 

the existence of at least one low-affinity Met transporter. But this transporter is not as efficient 

as high-affinity transporter because it could not fully compensate the bacterial virulence in vitro 

and in the murine host when de novo biosynthesis and high-affinity transporter were both 

absent. 

S. Typhimurium has two Met synthases, MetE and MetH, which can catalyse the last step in 

Met biosynthesis. They are differentially functional – MetH is vitamin B12-dependent whereas 

MetE is not. When vitamin B12 is not present MetH is not functional (383, 385, 472, 473). The 

presence of vitamin B12 represses constitutive metE expression by forming a B12-MetH-

Holoenzyme, which represses transcription of metE (460, 467, 499). There is also a previous 

report demonstrating that B12-MetH-Holoenzyme produces sufficient Met and diminishing the 

level of homocysteine which is an activator of metE gene in S. Typhimurium (500). Salmonella 

spp. can either synthesise vitamin B12 under anaerobic condition or obtain the vitamin 

exogenously (385). 

Previous global analysis of the metabolism of S. Typhimurium highlighted the redundancy in 

the key metabolic pathway (185); MetE and MetH are examples of this redundancy. The single 

ΔmetE and ΔmetH mutants grew at wild-type rates in HeLa cells and mice, though, depending 

on the growth conditions, replication in minimal media in the absence of added Met revealed 

differences that were very likely attributable to the production of vitamin B12 since the growth 

differences in the single mutants in M9 were abrogated when vitamin B12 was added. In HeLa 

cells, neither of the mutants were growth attenuated. In mice, both mutants (ie. ΔmetE and 

ΔmetH) grew at levels equivalent to the wild-type suggesting that the growth attenuation seen 

in ΔmetE in the absence of added vitamin B12 in M9, was not mirrored in mice (Figure 3-9). 

This suggests that either B12 levels were sufficient or the conditions necessary for more 

optimal metH expression within ΔmetE were found in vivo – anaerobiosis and/or the presence 

of B12, like wild-type. For further confirmation, the high-affinity transporter mutant was 

combined with either of the Met synthases individually, ie. ΔmetNIQΔmetE and 

ΔmetNIQΔmetH were generated. Neither of these mutants showed any attenuation in mice 
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which again supports the hypothesis that the two Met synthases are functionally redundant in 

C56BL/6 mice (Figure 3-16).  

To generate novel insights about the Met biosynthesis pathway in S. Typhimurium, the change 

in the intracellular concentration of the metabolites (when some key steps are inactivated the 

pathway) was examined (Figure 3-19). This analysis allowed us to revalidate the proposed 

model of Met biosynthesis pathway. A validated mass spectrometry method was used to 

identify and quantify the intracellular intermediates of the pathway of the S. Typhimurium 

SL1344 Met biosynthetic mutants ΔmetB, ΔmetE, ΔmetH; a high-affinity transporter mutant 

ΔmetNIQ and mutants lacking both Met de novo biosynthesis and the high-affinity transporter 

ΔmetNIQΔmetB. The data obtained from the untargeted m/z feature analysis of S. 

Typhimurium SL1344 ΔmetB to wild type led to many putative metabolite identifications. 

Some of them were across disparate metabolic pathways, making it unclear how disruption to 

a single enzyme in Met biosynthesis could be causing such widespread perturbations. This 

analysis revealed that, surprisingly, the intracellular concentration of several metabolites such 

as UDP-acetyl-muramoyl-alanine, UDP-N-acetylmuramoyl-L-alanyl-D-glutamate and UDP-

N-acetylmuramoyl-L-alanyl-D-γ-glutamyl-meso-2,6-diaminopimelate, linked with 

peptidoglycan synthesis, were profoundly increased in the ΔmetB and ΔmetNIQΔmetB mutants 

(Figure 3-19E).  

In E. coli (representative of the Enterobacteriaceae family), the glycan backbone of 

peptidoglycan consists of alternating molecules of N-acetylglucosamine and N-acetylmuramic 

acid and that are linked by a beta 1,4-glycoside bond. N-acetylmuramic acid have an attached 

tetrapeptide of L-alanine, D-glutamate, diaminopimelic acid (DAP) and D-alanine. The 

tetrapeptide chains that stretch out from the backbone, can be connected by an interpeptide 

bridge between a free amino group on DAP and a free carboxyl group on a nearby D-Alanine 

(in Gram-positive bacteria, this corresponds to pentaglycine bridge) (501). Because Met 

biosynthesis and meso-diaminopimelic acid biosynthesis are interconnected and linked with 

aspartate (502, 503), the perturbation of the intracellular metabolite pool related to Met 

biosynthesis could also impact peptidoglycan synthesis. The alteration in the peptidoglycan-

related metabolites could have some implications on the antibiotic sensitivity and resistance, 

and therefore, the ΔmetB is subjected for future study to determine any alteration in antibiotic 

sensitivity and resistance phenotype.    
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O-succinylhomoserine condenses with cysteine to form cystathionine in a reaction catalysed 

by MetB.  Disruption of metB leads to the observed increased intracellular concentration of the 

glycolytic intermediates e.g. hexose-6-phosphate, gluconate and 3-phosphoglycerate (3-PG). 

Presumably, disturbance of the TCA cycle might occur when serine is accumulated - serine is 

synthesised from 3-PG by a pathway of reversible reactions. Because serine can be directly 

converted: (1) to pyruvate and from there can enter the TCA cycle or be metabolised through 

pyruvate metabolism; and or (2) to glycine and can enter one-carbon cycle; and/or (3) to O-

phosphatidyl-serine and can enter glycerophospholipid metabolism pathways; (4) to 3-PG 

hydroxyl-pyruvate (on its way to 3-PG), and can enter glyoxylate metabolism (504). 

The intracellular pool size of S-adenosylmethionine (SAM) is significantly higher in ΔmetB 

compared to wild-type, indicating that ΔmetB may be unable to metabolize SAM efficiently. 

However, ΔmetE and ΔmetH mutants did not show any significant change in intracellular 

concentration of SAM. This observation may reflect that in the ΔmetB mutant, homocysteine 

(which will be eventually converted into SAM) cannot be derived through the de novo 

biosynthesis and fed into the activated methyl cycle. Moreover, accumulation of homocysteine 

is toxic for the bacterial cell (505, 506). In this scenario, there is a reduced need for the 

provision of homocysteine through the activated methyl cycle, leading a build-up of SAM. In 

ΔmetE and ΔmetH mutants, de novo homocysteine biosynthesis is fully functional and 

homocysteine feeds into the activated methyl cycle. As a result, there is a requirement for 

continuous running of the activated methyl cycle to prevent intracellular homocysteine 

accumulation which, in turn, would  inhibit SAM accumulation. The ΔmetB mutant showed a 

statistically significant (5.5-fold) increase in intracellular SAM concentration. The 

ΔmetNIQΔmetB double mutant showed a 5-fold increase, albeit this difference was not 

statistically significant. The lack of statistical significance may reflect the variation observed 

in the biological replicates and suggests that the experiments were underpowered to extract all 

the biologically-relevant differences. In the ΔmetNIQΔmetEΔmetH triple mutant, Met can only 

be transported from the growth medium into the cell through the putative low-affinity 

transporter. The loss of the activated methyl cycle in ΔmetNIQΔmetEΔmetH possibly could 

account for the observed increased intracellular pool of SAM.  

The deletion of vitamin B12-dependent Met synthase MetH either in ΔmetH or in 

ΔmetNIQΔmetEΔmetH leads to a profound difference in 5-methyltetrahydrofolate level, a 

metabolite in the one carbon cycle (Figure 3-19). As can be expected, in the ΔmetH  mutant 
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the deletion of MetH (in presence of the vitamin B12-independent MetE) leads to a 10-fold 

higher intracellular concentration of the substrate (5-methyltetrahydrofolate), because MetE is 

much less efficient than MetH (473, 507). The ΔmetNIQΔmetEΔmetH mutant (i.e. deficient in 

both Met synthases) is unable to metabolize 5-methyltetrahydrofolate because of the loss of 

the activated methyl cycle and hence shows 25-fold higher pool size than the wild-type for this 

metabolite.  

The data obtained from the mass spectrometry analysis with the complemented mutant 

ΔmetNIQΔmetB (denoted as ΔmetNIQΔmetB C in the Figure 3-19A and 3-19E) carrying 

pACYC184 metB did not completely restore the metabolite levels as seen in the ΔmetNIQ 

mutant. However, this is not unusual since genetic complementation using a plasmid will differ 

from the native level due to plasmid copy number; this might therefore account for the partially 

complemented phenomena that is observed. 

3.4 Summary of findings 

The research described in this chapter has significantly contributed to the knowledge of S. 

enterica Met metabolism within the mammalian host. Previous studies had shown a 

relationship between Met biosynthesis and S. enterica virulence in host. The findings from this 

comprehensive analysis would suggest that de novo Met biosynthesis is unlikely to represent 

high value targets for antibiotic development. Met acquisition in vivo was observed in mutants 

unable to synthesise Met. The putative cryptic low-affinity transporter termed MetP cannot 

fully compensate when de novo biosynthesis and high-affinity Met transport both are absent. 

Lastly, the individual Met synthases, MetE and MetH, are functionally redundant during S. 

Typhimurium growth in murine host. 

 

 

 

 

 

 



104 
 

 

 

 

 

 

Chapter 4 

Exploring the importance of the 
activated methyl cycle and an 
incomplete methionine salvage 

pathway in Salmonella Typhimurium 
 

 

 

 

 

 

 

 

 



105 
 

4.1 Introduction 

The prevalence of antibiotic resistance of Salmonella Typhimurium has, like many other 

pathogens, increased, highlighting the need for new antimicrobial drug targets (17, 182, 185, 

508-511). The metabolic differences between prokaryotes and eukaryotes can be exploited to 

provide novel drug targets. The activated methyl cycle is the central metabolic pathway, 

responsible for providing the methyl donor for the methylation of cellular components, and for 

the recycling of methionine (Met) (232, 233). S-adenosylmethionine (SAM) is an essential 

component in the activated methyl cycle and is synthesised from Met (232, 285). The methyl 

group of Met is activated by ATP to form SAM, and this reaction is catalysed by the enzyme 

SAM synthetase (MetK) (512) (Figure 4-1). SAM is essential to the bacterial cell; as the enteric 

bacteria such as E. coli and S. Typhimurium have no transporter for SAM, non-functional 

mutation or deletion of  SAM synthetase (MetK) is lethal (293-296). Within the methyl cycle, 

the methyl group is transferred from SAM to form S-adenosylhomocysteine (SAH), which is 

then immediately converted to homocysteine and is finally recycled to Met to complete the 

methyl cycle (Figure 4-1). SAM is the predominant methyl donor in the cell and is responsible 

for methylation of a variety of macromolecules including DNA, RNA, proteins, hormones, 

lipids and metabolites by a variety of SAM-dependent methyltransferases (232, 285, 286) 

(Figure 4-1).  

In S.  Typhimurium and E. coli, the conversion of SAH to homocysteine is a two-step process. 

SAH is converted to S-ribosylhomocysteine (SRH) and then from SRH to homocysteine by 

MTA/SAH nucleosidase (Pfs) and S-ribosylhomocysteine lyase (LuxS), respectively. During 

the conversion of SRH to homocysteine, autoinducer-2 (AI-2) is produced which is an integral 

component of quorum-sensing. AI-2 purportedly functions in intraspecies and interspecies 

communication, which is driven by cell density and the metabolic potential of the environment 

(339, 340). In eukaryotes and some bacteria, SAH is converted to homocysteine through a one-

step process by S-adenosylhomocysteine hydrolase (SahH)  (232, 303). 

Besides methylation, SAM also participates in other reactions; most importantly, it provides a 

critical activated methyl group donor for the synthesis of polyamines, predominantly 

spermidine and spermine (232, 288). Spermidine synthesis proceeds with the decarboxylation 

of SAM and is catalysed by SAM decarboxylase (SpeD). Decaroboxylated SAM donates an 

aminopropyl group to putrescine to produce spermidine and 5’-methylthioadenosine (MTA), 

and this reaction is catalysed by spermidine synthase (SpeE). MTA is further converted to 



106 
 

methylthioribose (MTR) by Pfs (Figure 4-1). E. coli and Salmonella excrete the MTR from the 

cell (234-236, 431, 432) and do not possess any functional Met salvage system due to the lack 

of a kinase; hence MTR is thought to be the dead-end of an incomplete salvage pathway in E. 

coli and Salmonella (234-236, 431, 432).  

MTA/SAH nucleosidase is encoded by pfs, which is present in many bacteria including E. coli 

and Salmonella. Pfs catalyses the conversion of SAH to SRH to quickly remove it from the 

cell. Pfs also catalyses the hydrolysis of 5’-methylthioadenosine (MTA) to 5’-methylthioribose 

(MTR) and adenine (313, 322, 513). Previous studies have shown that the deletion of Pfs causes 

a growth defect in E. coli (312, 417) and E. coli Δpfs was shown to phenocopy a biotin synthase 

(bioB gene product) mutant (312, 417). BioB is a member of SAM-dependent enzymes, and 

uses SAM as an oxidizing agent to accomplish sulphur insertion. BioB inserts sulphur into 

dethiobiotin to produce biotin and a highly reactive by-product 5’-deoxyadenosine (5’-DOA) 

(Figure 4-2). 5’-DOA is a potent inhibitor of BioB function, and accumulated 5’-DOA levels 

inhibit biotin synthesis (514). Deletion mutants of pfs are unable to perform adenine salvage 

from 5’-DOA, which is otherwise used as a substrate to form adenine and 5’-deoxyribose. 

Therefore, the lack of Pfs leads to accumulation of 5’-DOA which inhibits BioB function, and 

biotin supplementation can restore the normal growth of a E. coli Δpfs strain (312, 417).  

Based on previous studies, the hypothesis is that the activated methyl cycle and the incomplete 

Met salvage pathway, which are also involved in Met and SAM recycling and utilisation, are 

essential for Salmonella virulence in vivo and may be exploited as a novel antibiotic target. 

Salmonella mutants with defined mutation in every enzyme of these pathways were generated, 

phenotypically validated using defined growth media, tested for their ability to grow 

intracellularly in vitro, and to cause systemic disease in the murine host.  
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Figure 4-1: Proposed activated methyl cycle and incomplete Met salvage pathway in 
S. Typhimurium. Boxes represent metabolites and arrows represent the direction of enzymatic 
reactions. MetK, S-adenosylmethionine synthetase; Pfs, S-adenosylhomocysteine/methylthioadenosine 
nucleosidase; LuxS, S-ribosylhomocytseine lyase; SpeD, S-adenosylmethionine decarboxylase; SpeE, 
Spermidine synthase.  
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Figure 4-2: Proposed relationship between biotin synthesis and Pfs in S. Typhimurium. 
BioB, biotin synthase; Pfs, S-adenosylhomocysteine/Methylthioadenosine nucleosidase; SAM, S-
adenosylmethionine; BioB uses SAM and inserts sulphur into dethiobiotin to produce biotin and a 
highly reactive component 5’-deoxyadenosine (5’-dADO). 5’-dADO is a potent inhibitor of BioB 
enzyme and is converted to 5’-deoxyribose and adenine by Pfs. The deletion of Pfs leads to 
accumulation of 5’-dADO.  

4.2 Results 

4.2.1 Construction and confirmation of S. Typhimurium mutants  

“Gene gorging” (described in section 2.9) was used to remove defined chromosomal sequences 

to construct ΔspeD, ΔspeE, ΔluxS, ΔbioB and Δpfs in S. Typhimurium SL1344. The speD and 

speE are in an operon, and the pfs is the first gene in a three-gene operon which consists of pfs, 

btuf and yadS. The remaining sequences were single cistrons located at different sites around 

the chromosome (based on genome data from E. coli substrain MG1655 and S. Typhimurium 

LT2 available in www.biocyc.org). The target sequence to be deleted is replaced with KanR 

cassette by homologous recombination. To limit the impact of the deletions on downstream 

genes, at least ~50 bp at the 3’ ends of the gene to be deleted including the stop codons, was 

left intact. Gene deletions were validated by PCR using primers that bind to flanking regions 

of the deletion site. The KanR mutants were selcted by antibiotic selection and were confirmed 

by a colony PCR (described in section 2.9.6).   

The targeted deleted region of the mutants ΔspeD, ΔspeE, ΔluxS, ΔbioB and Δpfs is shown in 

Figure 4-3. The KanR cassette was excised from all mutants (except Δpfs). The resistance 

cassette was removed to reduce possible polar effect of the KanR cassette on downstream genes. 

Plasmid pCP20 mediated the excision of the cassette. KanR mutants were transformed with 

pCP20, which carries a temperature-sensitive plasmid replicon and encodes flp (FLP 

recombinase) under the control of an inducible promoter. The recombination event excises the 

http://www.biocyc.org/
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KanR cassette, leaving an 80 nt ‘scar’ sequence (section 2.9.5). The resulting Kan-sensitive 

mutants were confirmed by colony PCR using Chk-F primer and a downstream chromosome-

annealing primer termed Chk-R (shown in Figure 4-4). The Chk-F and Chk-R primers are listed 

in Table 2-5. The Kan-excised mutants showed a smaller PCR product (size: 1.2-1.5 kb) than 

the wild-type SL1344 strain due to deletion created through the KanR cassette removal. For 

Δpfs which contained the KanR cassette, the confirmatory PCR was done using the same 

primers, and the resulting product size was bigger with the KanR Δpfs mutant than the wild-

type because the KanR cassette which replaced the sequence of pfs gene, was retained (shown 

in Figure 4-4). The product size along with the description of the mutant strains are listed in 

the Table 4-1. 

Table 4-1. The PCR product sizes (using Chk-F and Chk-R primers) with the respective 
mutant strains (Figure 4-4) 

 

 

 

 

 

 

 

Strain Description Product size 

ΔspeD speD (KanR cassette excised) 1,484 bp (Figure 4-4A) 

ΔspeE speE (KanR cassette excised) 1,479 bp (Figure 4-4A) 

ΔluxS luxS (KanR cassette excised) 1,627 bp (Figure 4-4A) 

ΔbioB bioB (KanR cassette excised) 1,674 bp (Figure 4-4A) 

Δpfs pfs::kan (Kan resistant) 2,974 bp (Figure 4-4A) 
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D) 

 

E) 

 

 

Figure 4-3: Schematic representation of the targeted deletions in speD, speE, luxS, bioB 
and pfs gene loci of S. Typhimurium SL1344 using gene gorging. The target gene speD (A), 
speE (B), luxS (C), bioB (D) and pfs (E) is represented in the 5’ to 3’ orientation by the arrowed 
corresponding coloured box. Angled line arrow indicates the position of promoter regions (based on 
experimental and non-experimental evidence from the database of E. coli substrain MG1655 and S. 
Typhimurium LT2 available in www.biocyc.org) for the targeted genes. The sites of flanking genes are 
shown as grey arrow boxes. The region of chromosomal DNA deleted in the mutant is represented 
between the dashed coloured lines, the boundaries of which were defined by the binding sites of Kan-
R and Kan-F primers, indicated as short black arrows. Chk-F and Chk-R primers were designed to be 
~100 bp upstream and downstream of the region that underwent homologous recombination and the 
size of the PCR product was used to confirm gene deletion, as shown in Figure 4-4. 
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Figure 4-4: Confirmation of site-targeted deletion of speD, speE, luxS, bioB and pfs in 
S. Typhimurium SL1344. The PCR products (using Chk-F and Chk-R primers and corresponding 
sizes are mentioned in table 4-1) which confirmed the target gene deletion in the mutants ΔspeD (4-
3A), ΔspeE (4-3B), ΔluxS (4-3C), ΔbioB (4-3D) and Δpfs::kan (4-3E). The ladder used: BenchTop 1 
kb DNA Ladder (Promega).  

4.2.2 S. Typhimurium ΔspeD, ΔspeE and ΔluxS mutants do not show defective growth in 

M9 minimal media  

The metabolic phenotype of S. Typhimurium ΔspeD, ΔspeE and ΔluxS mutants was verified 

by assessing their capacity to grow in M9 minimal media in comparison with the wild-type 

Salmonella. The ΔspeD, ΔspeE and ΔluxS mutants were able to grow in M9 minimal media 

without requiring additional supplement, and the growth over time was indistinguishable from 

that of the wild-type, as all four strains demonstrated similar growth kinetics, reached 

exponential phase growth at a similar time, and achieved similar maximal viable counts at 

stationary phase (Figure 4-5).   
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Figure 4-5: S. Typhimurium ΔspeD, ΔspeE and ΔluxS mutants can grow in M9 minimal 
media. ΔspeD, ΔspeE and ΔluxS were grown in M9 minimal media, at 37ºC shaking, and compared 
to wild-type. The viable bacterial count was determined at 3, 8, 12, 16, 48 and 72 hours in M9 minimal 
media. Error bar represents mean ± standard error of the mean. Data is pooled from three independent 
experiments. The broken line denotes the limit of detection of the viable count. 

4.2.3 S. Typhimurium ΔspeD, ΔspeE and ΔluxS mutants are not attenuated for 

intracellular growth 

Intracellular growth is strongly correlated with virulence in the development of systemic 

salmonellosis in the murine host (209). A variety of cells of the reticuloendothelial system, 

such as the spleen and liver, provides Salmonella with an intracellular growth niche (108, 134, 

515). The intracellular replication and survival of S. Typhimurium ΔspeD, ΔspeE and ΔluxS 

mutants was assessed in HeLa cells and intracellular bacteria number was quantified as an 

indication of bacterial growth over a 10-hour period. After 1 hour of initial infection, non-

adherent bacteria were removed by washing with PBS and gentamicin was added to kill 

extracellular bacteria. Intracellular survival and multiplication was determined by enumerating 

intracellular bacteria at 2, 5 and 10 hours post-infection. The three mutant strains (ΔspeD, 

ΔspeE and ΔluxS) grew at similar rates to the wild-type (Figure 4-6). 

The data suggests that the spermidine decarboxylase (SpeD) and spermidine synthase (SpeE), 

responsible for polyamine, particularly spermidine, synthesis (288, 391, 415), are not required 

for Salmonella to replicate in mammalian cells. Similarly, the ΔluxS mutant did not show any 

detectable growth defect, when compared with wild-type. These data indicate that S-

ribosylhomocysteine lyase (LuxS) is not essential for intracellular growth and survival of 

S. Typhimurium in HeLa cells.  
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Figure 4-6: S. Typhimurium ΔspeD, ΔspeE and ΔluxS mutants are not attenuated for 
intracellular growth in HeLa cells. HeLa cells were infected with exponential LB cultures of the 
indicated strains of S. Typhimurium for 1 hour at 37ºC (MOI: 5-10). At this point, non-adherent bacteria 
were removed and gentamicin was added to kill extracellular bacteria. To determine the intracellular 
survival and replication, intracellular bacteria were enumerated at 2, 5 and 10 hours post-infection. The 
cell culture media used for this experiment was DMEM-Complete. 2H on the Y-axis means 2 hours; 
The experiment was performed at least three times independently and the data are pooled from the three 
experiments. Error bars represent mean ± standard error of the mean. Statistical differences were 
analysed at 10 hours by unpaired T-test. NS Not Significant p > 0.05. 

4.2.4 S. Typhimurium ΔspeD, ΔspeE and ΔluxS are virulent in mice 

The role of SpeD, SpeE and LuxS enzymes in the virulence of S. Typhimurium was examined 

by testing the growth of each of the mutants in C57BL/6 mice. Mice were infected with 200 

cfu intravenously, and at day 5 post-infection mice were culled and the bacterial load in the 

spleen and liver was determined as viable counts. There was no significant difference in the 

number of bacteria recovered from the spleen and liver of mice infected with ΔspeD, ΔspeE 

and ΔluxS when compared with the bacterial burden found in the organs of mice infected with 

wild-type. This result indicates that the enzymes SpeD, SpeE and LuxS are not essential for 

growth of S. Typhimurium in C57BL/6 mice (Figure 4-7). 
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Figure 4-7: S. Typhimurium ΔspeD, ΔspeE and ΔluxS are not attenuated in mice. C57BL/6 
mice were infected intravenously with 200 cfu of indicated strains of S. Typhimurium. At least five 
mice were infected per group. At day 5 post-infection, the liver and spleen were harvested and plated 
to determine the bacterial burden. Data points represent individual mice, and data are pooled from two 
independent experiments. WT, wild-type. Error bars represent mean ± standard error of the mean. 
Statistical differences were analysed by One-way ANOVA with Bonferroni’s post-test. Groups were 
not statistically different p > 0.05.  

4.2.5 S. Typhimurium Δpfs mutant shows severe growth defect in M9 minimal media 

The metabolic phenotype of the S. Typhimurium Δpfs mutant was determined by assessing the 

ability of the deletion mutant to grow in M9 minimal media. The S. Typhimurium Δpfs mutant 

was unable to grow in M9 minimal media (without Met and biotin) (Figure 4-8A) but was able 

to grow in nutrient-rich LB media (Figure 4-8D), indicating that the Δpfs mutant is an 

auxotroph that requires additional nutrient to support growth in culture. To confirm that the 

deleted pfs gene was responsible for this loss of growth capacity, a complementation plasmid 

was constructed, where Pfs was expressed under the control of the pfs promoter in pACYC184 

(described in section 2.10) and reintroduced into the Δpfs mutant. The complemented strain, 

named Δpfs pACYC184 pfs, was able to grow in M9 minimal media at levels comparable to 

the wild-type (Figure 4-8A) demonstrating that the restored phenotype was associated with 

having functional pfs gene present. 

To further characterise the specificity of auxotrophy in the Δpfs mutant, it was grown in M9 

media supplemented with either Met (100 µM) or biotin (100 µM), and supplementation of 

either was able to support the growth of the Δpfs mutant (Figure 4-8B and 4-8C).  This result 

indicates that the presence of Met and biotin can support the growth of the Δpfs mutant.   
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Figure 4-8: The S. Typhimurium Δpfs mutant requires supplementation of either biotin 
or Met to grow in M9 minimal media. A) S. Typhimurium wild-type, Δpfs and Δpfs pACYC184 
pfs were grown in M9 minimal media (without Met and biotin), at 37ºC shaking, compared to wild-
type. The genetically complemented mutant strain Δpfs pACYC184 pfs grew at an equivalent rate to 
wild-type. B), C) and D): S. Typhimurium wild-type and Δpfs mutant were grown in M9 minimal 
media with biotin (100 µM) and Met (100 µM) supplemented, and in LB broth respectively. Viable 
count was determined at 24, 48 and 72 hours. The inoculum was plated on LUS (Luria Agar + 
streptomycin) plated at indicated time-point to determine the viable count. Statistics: Mann-Whitney 
test. Error bars represent mean ± standard error of the mean. Data is pooled from three independent 
experiments. Significant * p < 0.05. The broken line denotes the limit of detection of the viable count. 
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4.2.6 The S. Typhimurium Δpfs mutant is attenuated for intracellular growth and 

replication 

The intracellular replication of S. Typhimurium Δpfs mutant was assessed in HeLa cells over 

a 10-hour period as described previously (section 4.2.3). The cell culture media used for this 

assay was DMEM-Complete. The deletion of the MTA/SAH nucleosidase (Pfs) led to a 

significant attenuation of intracellular survival and replication in HeLa cells, in contrast with 

the parent wild-type S. Typhimurium SL1344. Over 10 hours, the bacterial number of Δpfs 

within HeLa cells remained approximately constant whereas, for wild-type, the bacterial count 

increased over 15-fold (Figure 4-9). This attenuated growth phenotype of Δpfs was 

complemented by expression of pfs from its native promoter on pACYC184 (Δpfs pACYC184 

pfs) confirming that Pfs activity is required for intracellular survival and replication in HeLa 

cells (Figure 4-9). The complementation of the mutant by pACYC184 pfs restored growth of 

Δpfs mutant in HeLa cells to the similar level seen with wild-type. This data demonstrates that 

the MTA/SAH nucleosidase known as Pfs is essential for bacterial replication in mammalian 

cells. 

 

Figure 4-9: S. Typhimurium Δpfs mutant is attenuated for intracellular growth in HeLa 
cells. HeLa cells were infected with exponential LB cultures of the wild-type, Δpfs and complemented 
strain Δpfs pACYC184 pfs of S. Typhimurium for 1 hour at 37ºC (MOI: 5-10). At this point, non-
adherent bacteria were removed and extracellular bacteria were killed by gentamicin. To determine the 
intracellular survival/replication, intracellular bacteria were enumerated at 2, 5 and 10 hours post-
infection. The strains tested were: Δpfs and complemented strain Δpfs pACYC184 pfs. The cell culture 
media used for this experiment was DMEM-Complete. 2H at Y-axis means 2 hours. The experiments 
were repeated at least three independent times and the data is pooled from all experiments. Error bars 
represent mean ± standard error of the mean. Statistical differences were analysed at 10 hours by 
unpaired T-test. NS Not Significant p > 0.05, Significant ** p < 0.01 
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4.2.7 The S. Typhimurium Δpfs mutant is attenuated in mice 

The role of Pfs in the virulence of S. Typhimurium was examined by testing the growth of the 

mutant in C57BL/6 mice and comparing it to that of the wild-type strain. C57BL/6 mice were 

infected with the Δpfs mutant intravenously and orally (Figure 4-10).  

C57BL/6 mice were infected intravenously with 200 cfu of the wild-type strain, Δpfs mutant 

or the complemented strain Δpfs pACYC184 pfs (Figure 4-10A) and at day 5 post-infection, 

mice were culled, the spleen and liver were removed and bacteria in the organs were 

enumerated as viable counts. There was 4-fold less ∆pfs mutant recovered compared to wild-

type and there were equivalent numbers of bacteria recovered from liver and spleen for each 

of the strains tested. The results showed that the growth of the Δpfs mutant was significantly 

attenuated in mice. 

Another group of C57BL/6 mice were infected orally with 5 × 107 cfu of wild-type and the 

Δpfs mutant (Figure 4-10B). To determine the bacterial burden, the mice were culled on day 6 

post-infection, and the spleen and liver was removed and the number of bacteria enumerated 

by viable count. There was 4-fold less ∆pfs mutant recovered compared to wild-type and there 

were equivalent numbers of bacteria recovered from liver and spleen for each of the strains 

tested. The results showed that the growth of the Δpfs mutant was significantly attenuated in 

mice.  

This data indicates that MTA/SAH nucleosidase (Pfs) is essential for replication of S. 

Typhimurium in mice. 

 

 

 

 

 

 

 



119 
 

A.  

 
B.  

 

Figure 4-10: S. Typhimurium Δpfs is severely attenuated in mice. A) C57BL/6 mice were 
infected intravenously with 200 cfu of different strains of S. Typhimurium. The strains tested were Δpfs 
mutant and the complemented strain Δpfs pACYC184 pfs and compared with wild-type. Data represents 
from three independent experiments. At least five mice were infected per group. On day five post-
infection, liver and spleen were harvested and plated to determine the bacterial burden in the organs. 
The experiments were repeated at least three independent times and the data is pooled from all 
experiments. At least five mice were infected per group. Statistical differences were analysed by One-
way ANOVA Bonferroni’s post-test; Error bars represent mean ± standard error of the mean; NS Not 
significant p > 0.05; significant **** p < 0.0001. B) C57BL/6 mice were infected orally with 5 × 107 
cfu of wild-type S. Typhimurium and the Δpfs mutant. At least five mice were infected per group. Six 
days after infection, liver and spleen were harvested and plated to determine the bacterial burden in the 
organs. WT, wild-type. Error bars represent mean ± standard error of the mean. Statistical differences 
were analysed by unpaired t-test; Significant **** p < 0.0001.  
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4.2.8 Met and biotin support the growth of S. Typhimurium Δpfs in a concentration-

dependent manner 

The growth of S. Typhimurium Δpfs was assessed in M9 media in the presence of biotin and 

Met at different concentrations in order to identify the lowest concentration of biotin or Met 

that can support the growth of the Δpfs mutant. Growth was defined as increased vible bacterial 

count, which were enumerated by plating serial dilutions of bacteria on LUS (Luria agar + 

streptomycin) every 24 hours (Figure 4-11A and 4-11B). The growth of the Δpfs mutant lags 

behind that of the wild-type, but reach at the level similar to the wild-type in the presence of 

100 uM biotin or Met after 40 hours. The data suggests a slowing of the growth of the mutant, 

even in high concentrations (<100 µM) of biotin or Met.   

 

 

Figure 4-11: The growth kinetics of the S. Typhimurium Δpfs mutant in M9 minimal 
media supplemented with different concentration of biotin and Met. S. Typhimurium wild-
type and Δpfs mutant were grown in M9 minimal media with various biotin and Met concentration, at 
37ºC shaking. A) Viable count was determined at every 24 hours in M9 minimal media with biotin 
supplemented at concentration 100 µM, 10 µM, 1 µM and 0.1 µM and B) with Met supplemented at 
concentration 100 µM, 10 µM, 1 µM and 0.1 µM. The inoculum was plated on LUS (Luria Agar + 
streptomycin) plates at every time-point. Error bars represent mean ± standard error of the mean. Data 
is pooled from two independent experiments. The broken line denotes the limit of detection of the viable 
count. 
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4.2.9 S. Typhimurium ΔbioB mutant is unable to grow in M9 minimal media 

E. coli Δpfs was shown to phenocopy a biotin synthase (bioB gene product) mutant (312, 417) 

and the proposed relationship between Pfs and BioB is shown in Figure 4-2. As the addition of 

biotin restored the growth of S. Typhimurium Δpfs in minimal media, the S. Typhimurium 

ΔbioB mutant, which is unable to convert dethiobiotin to biotin using SAM as a donor (as 

depicted in Figure 4-2), was characterised in M9 minimal media to compare the growth levels 

with that of the wild-type (Figure 4-12). As expected, the ΔbioB mutant was unable to grow in 

minimal media when compared with wild-type (p < 0.01), but the supplementation with biotin 

(100 µM) restored the growth of ΔbioB to levels similar to those of the wild-type (Figure 4-

12). 

 

Figure 4-12: The S. Typhimurium ΔbioB mutant is unable to grow in M9 minimal media. 
A) The ΔbioB mutant was tested in M9 minimal media (without biotin) at 37ºC shaking and compared 
with wild-type. The viable bacterial count was determined at 3, 8, 12, 16, 48 and 72 hours in M9 minimal 
media (no biotin). Statistical difference was analysed using Mann-Whitney test. ** p < 0.01. B) The 
viable bacterial count was determined by 8, 16, 24, 48 and 72 hours in M9 minimal media with biotin 
supplemented (100 µM). The addition of biotin restored the growth of the ΔbioB mutant like wild-type 
strain. Error bars represent mean ± standard error of the mean. Statistics: Mann-Whitney test. Data is 
pooled from three independent experiments. The broken line denotes the limit of detection of the viable 
count. Significant ** p < 0.01. 
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4.2.10 S. Typhimurium ΔbioB is not attenuated for intracellular growth and replication 

The intracellular replication of S. Typhimurium ΔbioB mutant and wild-type was investigated 

in HeLa cells over a 10-hour period as described previously (section 4.2.3). The cell culture 

media used for this assay was DMEM-Complete. The ΔbioB mutant showed a similar 

intracellular growth pattern to wild-type (Figure 4-13), suggesting that biotin synthase is not 

required for Salmonella to grow inside of HeLa cells. Perhaps the mutant acquired biotin from 

FCS (Foetal Calf Serum) which was supplemented in DMEM-Complete (516).  

 

Figure 4-13: The S. Typhimurium ΔbioB mutant is not attenuated for intracellular 
growth in HeLa cells. HeLa cells were infected with exponential LB cultures of S. Typhimurium 
ΔbioB and wild-type for 1 hour at 37ºC (MOI: 5-10). At this point, non-adherent bacteria were removed, 
and extracellular bacteria were killed by gentamicin. To determine the intracellular survival/replication, 
intracellular bacteria were enumerated at 2, 5 and 10 hours. The cell culture media used for this 
experiment was DMEM-Complete. 2H at Y-axis means 2 hours. The experiments were repeated at least 
three independent times and the data is pooled from all experiments. Error bars represent mean ± 
standard error of the mean. Statistical differences were analysed at 10 hours by unpaired T-test. NS Not 
Significant p > 0.05. 

4.2.11 The S. Typhimurium ΔbioB mutant is virulent in mice 

As the S. Typhimurium Δpfs mutant showed severe attenuation in mice and showed biotin 

auxotrophy in M9 minimal media, the ΔbioB mutant was tested for growth in the murine host. 

C57BL/6 mice were infected intravenously with 200 cfu of the ΔbioB mutant or wild-type 

(Figure 4-14). The bacterial load in the organs from the mice infected with the ΔbioB mutant 

was a moderately (but significantly) higher than the wild-type bacterial load. This shows that 

ΔbioB was fully virulent over five days of systemic infection. 
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Figure 4-14: S. Typhimurium ΔbioB mutant is virulent in mice. C57BL/6 mice were infected 
intravenously with 200 cfu of S. Typhimurium wild-type and ΔbioB mutant. On day five post-infection, 
the liver and spleen were harvested and plated to determine the bacterial burden in the organs. Data are 
pooled from two independent experiments. At least five mice were infected per group. WT, wild-type; 
Error bars represent mean ± standard error of the mean. Statistical differences were analysed by 
unpaired t-test.  *** p= 0.0004 and * p= 0.01 

4.2.12 Investigating the importance of removal of S-adenosylhomocysteine (SAH) from 

the S. Typhimurium Δpfs mutant  

It was previously established that SpeD, SpeE and LuxS are not essential for S. Typhimurium 

growth in vitro and in vivo (Section 4.2.2, 4.2.3 and 4.2.4). SpeD and SpeE are upstream of Pfs 

in the incomplete Met salvage pathway (as depicted in Figure: 4-1) where SAM acts as 

aminopropyl group donor, and LuxS is located downstream of Pfs in the activated methyl cycle 

(Figure: 4-1). The lack of attenuation in the upstream and downstream mutants (i.e. ΔluxS, 

ΔspeE and ΔspeD) suggests that the severe attenuation of S. Typhimurium Δpfs mutant is 

unlikely to be due to the deficiency of the enzymes which are located upstream (such as SpeD 

and SpeE) and downstream (such as LuxS) of Pfs in the pathway.  

In E. coli and Salmonella, the conversion of SAH to homocysteine is a two-step process that 

occurs via S-ribosylhomocysteine (SRH) (232, 303). SAH, through Pfs, is converted to SRH, 

and SRH is converted into homocysteine via LuxS, liberating the quorum sensing autoinducer-

2 (AI-2) (Figure 4-1). This cycle is then reinitiated when Met is synthesised from homocysteine 

by one or both Met synthases, and the one carbon cycle. In some prokaryotes and many 

eukaryotes, this pathway is different, and the SAH is converted directly to homocysteine 

through S-adenosylhomocysteine hydrolase (SahH) (300, 311). Previous reports suggest that 
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SAH is a potent inhibitor of SAM-dependent methyltransferases (315-317). The immediate 

removal of SAH from the cell may support optimal methylation (232, 285, 286). 

It is hypothesised that the heterologous expression of an exogenous SAH hydrolase (SahH) in 

S. Typhimurium Δpfs might resolve whether the accumulation of the inhibitory metabolite, 

SAH, is important in the attenuation of the Δpfs mutant. To address this specifically, the 

heterologous expression of an exogenous SAH hydrolase (SahH) that restores one of the three 

enzymatic functions of Pfs is used to complement the S. Typhimurium Δpfs mutant. To do this, 

a heterologous complemented strain, S. Typhimurium Δpfs pACYC184 sahH(Lp), was 

constructed. DNA encoding SahH from Legionella pneumophila was ligated with DNA 

encoding a 3× FLAG-Tag at its N-termimus, to facilitate detection of the expression of SahH. 

The L. pneumophila protein was expressed under the promoter of the tetR gene in pACYC184. 

FLAG is a hydrophilic eight-residue tag that acts as an antigenic region to which a FLAG-

specific antibody binds (517). Given that the FLAG tag is a short peptide, there is reduced 

possibility that it will interfere with the function of the tagged protein (517). The construction 

of the pACYC184 sahH(Lp) FLAG fusion is described in section 2.10.  

Western blot was used to confirm the expression of S-adenosylhomocysteine hydrolase (SahH) 

from L. pneumophila in S. Typhimurium Δpfs pACYC184 sahH(Lp) by detecting whether 

FLAG-SahH was expressed in the complemented strain. Cell pellets collected from 1 ml 

culture of the Δpfs mutant, the complemented strain Δpfs pACYC184 pfs, the heterologously 

complemented strain Δpfs pACYC184 sahH(Lp) strain and the wild-type strain grown in M9 

minimal media supplemented with Met and biotin were used to analyse the SahH protein 

expression (Figure 4-15). Cell lysate was resuspended in Laemmli sample buffer and proteins 

were separated by SDS-PAGE. Proteins were transferred on to nitrocellulose and probed with 

an antibody against the FLAG-Tag. The result indicates that the 48 kDa S-

adenosylhomocysteine hydrolase (SahH) was expressed in the complemented strain Δpfs 

pACYC184 sahH(Lp).  
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Figure 4-15: Western blot confirms the expression of S-adenosylhomocysteine hydrolase 
(SahH) in S. Typhimurium Δpfs pACYC184 sahH(Lp). Pellets were collected from 1 ml culture 
of the Δpfs mutant, the complemented mutant Δpfs pACYC184 pfs, the heterologously complemented 
strain Δpfs pACYC184 sahH(Lp) and wild-type strain, grown in M9 minimal media supplemented with 
Met (100 µM) and biotin (100 µM). The western blot was probed against the FLAG-Tag on SahH 
protein. SahH is observed as a 48 KDa protein which has two bands, possibly because of some post-
translational modifications. 

4.2.13 S. Typhimurium Δpfs pACYC184 sahH(Lp) can grow in M9 minimal media 

The growth of Δpfs pACYC184 sahH(Lp) in M9 minimal media was compared with that of 

the Δpfs mutant, the complemented strain Δpfs pACYC184 pfs and wild-type (Figure 4-16). 

The data showed that heterologous complementation rescued growth of the Δpfs mutant 

because it grew in M9 minimal media at a similar rate to the Δpfs pACYC184 pfs strain, and 

to the wild-type, SL1344.  
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Figure 4-16: The heterologously complemented strain Δpfs pACYC184 sahH(Lp) can 
grow in M9 minimal media. The indicated strains of S. Typhimurium were grown in M9 minimal 
media at 37ºC shaking compared to wild-type. Viable count was determined at 3, 8, 12, 24, 48, 72 hours 
(without Met, without biotin). The inoculum was plated on LUS (Luria Agar + streptomycin) plates at 
every time-point. Error bars represent mean ± standard error of the mean. Statistics: Mann-Whitney 
test. Data is pooled from three independent experiments. The broken line denotes the limit of detection 
of the viable count. Significant * p < 0.05 

4.2.14 S. Typhimurium Δpfs pACYC184 sahH(Lp) is not attenuated for intracellular 

replication 

Using a systematic approach as with other Salmonella studied earlier in this chapter, the HeLa 

cell infection model was used to determine whether the heterologous complementation with 

SahH restores the intracellular growth capacity for the Δpfs mutant. Similar as described 

before, HeLa cells were infected with exponential LB cultures of S. Typhimurium wild-type 

and Δpfs pACYC184 sahH(Lp) over a 10-hour period post-infection (Figure: 4-17). S. 

Typhimurium Δpfs pACYC184 sahH(Lp) replicated to levels comparable to those of the wild-

type in HeLa cells, suggesting that the removal of SAH is important for intracellular growth.  
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Figure 4-17: S. Typhimurium Δpfs pACYC184 sahH(Lp) is not attenuated for 
intracellular growth. HeLa cells were infected with exponential LB cultures of the strains Δpfs 
pACYC184 SahH(Lp) and wild-type for 1 hour at 37ºC (MOI: 5-10). At this point, non-adherent 
bacteria were removed and extracellular bacteria were killed by gentamicin. To determine the 
intracellular survival/replication, intracellular bacteria were enumerated at 2, 5 and 10 hours. The cell 
culture media used for this experiment was DMEM-Complete. The experiments were repeated at least 
three independent times and the data is pooled from all experiments. 2H at Y-axis means 2 hours. Error 
bars represent mean ± standard error of the mean. Statistical differences were analysed at 10 hours by 
unpaired T-test; NS Not Significant p > 0.05. 

4.2.15 S. Typhimurium Δpfs pACYC184 sahH(Lp) is virulent in mice 

To examine the virulence of S. Typhimurium Δpfs pACYC184 sahH(Lp) in the murine host, 

C57BL/6 mice were intravenously infected with the S. Typhimurium wild-type, the Δpfs 

mutant, Δpfs mutant complemented with endogenous pfs gene (Δpfs pACYC184 pfs) or the 

heterologous sahH gene (Δpfs pACYC184 sahH(Lp)). The bacterial burden in the spleen and 

liver was determined by organ removal and viable count on day 5 post-infection (Figure: 4-

18). The bacterial counts from the organs showed that complementation with the sahH gene in 

S. Typhimurium Δpfs fully restored growth in the mice. This result suggests that the 

accumulation of SAH in the Δpfs mutant may be attenuating in vivo. 
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Figure 4-18: Virulence phenotype of S. Typhimurium Δpfs pACYC184 sahH(Lp) in mice. 
C57BL/6 mice were infected intravenously with 200 cfu of different strains of S. Typhimurium. The 
strains tested were wild-type, Δpfs mutant, Δpfs pACYC184 pfs and Δpfs pACYC184 sahH(Lp). The 
experiments were repeated at least two independent times and the data is pooled from all experiments. 
Five days after infection, the mice were killed and the liver and spleen were removed for plating to 
determine the bacterial burden in the organs. WT, wild-type. Error bars represent mean ± standard error 
of the mean. Statistical analyses were done by One-way ANOVA with Bonferroni’s post-test. NS Not 
Significant p > 0.05; significant **** p < 0.0001  

4.2.16 S. Typhimurium Δpfs causes delayed systemic infection in IFN-γ deficient mice 

IFN-γ is a key cytokine in the control of Salmonella infections (518, 519). To determine 

whether the growth attenuation observed in the Δpfs mutant was intrinsic, or whether it required 

host innate intervention to control the infection, experiments were conducted to contrast the 

growth of the well-documented aromatic amino acid biosynthesis deletion mutant of S. 

Typhimurium SL1344, known as BRD509 (aroA-) (180, 436), with that of the Δpfs mutant of 

S. Typhimurium SL1344. 

In the first experiment, groups of IFN-γ-/- mice were intravenously infected with one of four 

strains of S. Typhimurium: wild-type, the Δpfs mutant, the complemented strain Δpfs 

pACYC184 pfs, and the aromatic amino acid mutant (BRD509) (Figure 4-19). Up until day 

five post-infection, mice infected with either the Δpfs mutant or BRD509 did not show any 

disease symptoms. IFN-γ-/- mice infected with S. Typhimurium Δpfs pACYC184 pfs showed 

weight loss equivalent to those infected with wild-type bacteria (Figure 4-19A). At day five 
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post-infection, the bacterial burden in the spleen and liver of IFN-γ-/- mice infected with the 

Δpfs mutant was smilar to those infected with BRD509 (p > 0.05), whereas the Δpfs 

pACYC184 pfs strain grew in both liver and spleen at levels comparable to the wild-type strain. 

This result indicated that S. Typhimurium Δpfs and BRD509 (aro-) show a similar level of 

attenuation in IFN-γ deficient mice during the first 5 days of infection. 

A.  

 

B.  

 

Figure 4-19: S. Typhimurium Δpfs and BRD509 (aro-) show a similar level of attenuation 
in IFN-γ deficient mice during the first 5 days of infection. IFN-γ-/- mice were infected 
intravenously 200 cfu of Δpfs mutant, Δpfs pACYC184 pfs, BRD666 and wild-type. A) Mice were 
weighed daily and the pattern of weight loss over the course of the infection. Statistical analyses: Two-
way ANOVA with Bonferroni’s post-test. B) The liver and spleen were harvested and plated to 
determine the bacterial burden at day 5 post-infection. WT, wild-type. Error bars represent mean ± 
standard error of the mean. Statistical analyses: One-way ANOVA with Bonferroni’s post-test. NS Not 
Significant p > 0.05; significant** p < 0.01; **** p < 0.0001 
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In the second experiment, the growth of the Δpfs mutant in mice was compared with that of 

BRD509 in IFN-γ-/- mice over ten days of infection (Figure 4-20). IFN-γ-/- mice infected 

intravenously with Δpfs started to lose weight after day five. From day eight post-infection the 

mice infected with Δpfs became visibly unwell with ruffled fur and started showing common 

disease symptoms such as weight loss, hunching and reduced activity. No disease signs were 

observed in the IFN-γ-/- mice infected with BRD509 (Figure 4-20A). All mice were culled at 

day ten, and the organs were collected to determine the bacterial load. Viable count from the 

spleen and liver demonstrated that when the host is deficient for IFN-γ, the Δpfs mutant was 

capable of growing and causing disease albeit significantly delayed compared to wild-type 

(Figure 4-20B).   

 

A.  
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B.  

 

Figure 4-20: Mice lacking IFN-γ have increased sensitivity to S. Typhimurium Δpfs 
mutant compared to BRD509 over the course of a 10-day infection. IFN-γ-/- mice were 
infected intravenously with 200 cfu of the Δpfs mutant or BRD509. A) The pattern of weight loss over 
the course of the infection. Statistical analyses: Two-way ANOVA with Bonferroni’s post-test. B) The 
liver and spleen were harvested and plated to determine the bacterial burden at day 10 post-infection. 
WT, wild-type. Error bars represent mean ± standard error of the mean. Statistical analyses: Unpaired 
t-test. NS Not Significant p > 0.05; significant **** p < 0.0001 

In the third experiment, the growth of the Δpfs mutant was studied in IFN-γ-/- mice and wild-

type C57BL/6 mice (Figure 4-21). In C57BL/6 mice, no disease symptom or weight loss was 

observed during the experimental period, whereas IFN-γ-/- mice started to lose weight after day 

five (Figure 4-21A). On day ten post-infection, both groups of mice were culled, and the 

bacterial numbers in the liver and spleen were estimated by viable count. The viable count of 

the Δpfs mutant from the organs of IFN-γ-/- mice were higher than the number obtained from 

organs of wild-type C57BL/6 mice. This data suggests that IFN-γ plays a major role in 

controlling growth and multiplication of the Δpfs mutant in C57BL/6 mice (Figure 4-21B).  
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A.  

 

B.  

 

Figure 4-21: Mice deficient of IFN-γ are sensitive to S. Typhimurium Δpfs, but the wild-
type mice are not. Wild-type C57BL/6 mice and IFN-γ-/- mice were infected intravenously 200 cfu 
of S. Typhimurium Δpfs mutant. A) The pattern of weight loss over the course of the infection. 
Statistical analyses: Two-way ANOVA with Bonferroni’s post-test. B) The liver and spleen were 
harvested and plated to determine the bacterial burden at day 10 post-infection. WT, wild-type. Error 
bars represent mean ± standard error of the mean. Statistical analyses: Unpaired t-test. NS Not 
Significant p > 0.05; significant **** p < 0.0001. 



133 
 

4.3 Discussion 

Knowledge of pathways involving Met that are critical to the growth of S. Typhimurium and 

its virulence in vivo could be applied to the development of a novel antibiotic against 

S. Typhimurium and related pathogens. The findings presented in this chapter address several 

important points regarding the essentiality of recycling of Met through the activated methyl 

cycle. Additionally, this chapter also revealed the utilisation of Met (via SAM) during 

polyamine particularly spermidine synthesis, and the requirement of the SAH/MTA 

nucleosidase (Pfs), in the virulence of the pathogen. Site-directed mutagenesis and 

complementation, in vitro intracellular growth assay and murine infection, were employed to 

create an understanding of the individual components of Met metabolism that contribute to 

virulence. 

Polyamines are present in all living cells including in epithelial cells and macrophages. In this 

study, it was shown that S. Typhimurium ΔspeD and ΔspeE, which are purportedly unable to 

synthesise spermidine, can grow in M9 minimal media (Figure 4-5). The ΔspeD and ΔspeE 

mutants did not show any defect for intracellular growth when compared with wild-type in 

HeLa epithelial cells (Figure 4-6). When these strains were tested in the murine host, they were 

as virulent as wild-type in mice, causing a systemic infection (Figure 4-7). Together these data 

demonstrate that spermidine biosynthesis is not essential for S. Typhimurium virulence.   

Previous studies have shown that polyamine mutants in S. Typhimurium and S. Gallinarum 

were able to grow in minimal media (410, 415), similar to the data presented here. S. 

Gallinarum spermidine mutants were not defective for intracellular replication in chicken 

macrophages (415).  In contrast, a S. Typhimurium polyamine mutant, with deletion of speB, 

speC, speE and speF, showed reduced intracellular growth and replication in epithelial cells 

and also had reduced competitive fitness compared to the wild-type (410). In the later study, 

the polyamine mutant had a deletion of the four different genes and was not able to synthesise 

either spermidine and putrescine.  The single mutants in the present study reported here, ΔspeD 

and ΔspeE, were designed to allow the bacterium to retain de novo putrescine biosynthesis, and 

the transport systems for putrescine and spermidine, encoded by potABCD and potFGHI were 

left intact. The ability to synthesise putrescine, when spermidine biosynthesis is absent, and 

transport of polyamines from the environment would likely not lower the intracellular 

concentration of polyamines and could be sufficient to support the growth of the bacterium 

during systemic infection in mice. In E. coli, putrescine is the most predominant polyamine in 
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terms of intracellular concentration, followed by spermidine (520). Also, the order of 

preference for extracellular polyamine uptake in E. coli is putrescine > spermidine > spermine 

(520). It is therefore not unexpected that S. Typhimurium spermidine biosynthetic mutants 

were still fit to grow and exihibited full virulence in the murine host. Interestingly, spermidine 

biosynthesis was shown to be essential for virulence of S. Gallinarum in chicken (415), through 

examination of a ΔspeE mutant, but complementation was not reported (415). The 

gastrointestinal environments of birds and mammals are quite different (521) which could 

account for the different phenotypes reported in different hosts. Moreover, a recent study has 

shown that spermidine biosynthesis is not required for virulence of S. Typhimurium in mice 

(522). In concert with the research presented here, that study revealed that spermidine 

biosynthesis might be dispensable for virulence of S. Typhimurium because of the functional 

spermidine uptake system (522).  

While the data presented here suggests that spermidine biosynthesis is not essential for the 

virulence of S. Typhimurium in vivo, this study, which focussed on Met and SAM metabolism, 

did not address whether putrescine is required for virulence in the host. Putrescine biosynthesis 

occurs through a separate pathway, which is not dependent on SAM (288, 391, 410, 523).   

LuxS was also found to be not essential for growth of S. Typhimurium in minimal media 

(Figure 4-5), which suggests that Met recycling through the activated methyl cycle is not an 

essential process for growth in vitro under minimal nutrients. This observation is supported by 

some previous studies where it has been shown that E. coli and Salmonella lacking LuxS do 

not show any growth defect in vitro (308, 333, 334, 524). The present study shows that the 

ΔluxS mutant was not defective for intracellular growth in HeLa cells compared with wild-type 

(Figure 4-6). Finally, the virulence of the ΔluxS mutant was also found to be equivalent to wild-

type in its ability to cause systemic infection in C57BL/6 mice (Figure 4-7). LuxS appeared as 

dispensable for  the virulence of S. Typhimurium in mice, which also supported a previous 

report where female BALB/c mice were orally infected with S. Typhimurium  ΔluxS, and the 

ΔluxS mutant was found to be virulent (337). 

LuxS plays a potential role in two different aspects of S. Typhimurium pathogenesis; in the 

recycling of Met and in quorum sensing. Many pathogenic bacteria synthesise LuxS and, in 

some bacteria, LuxS is involved in the control of virulence gene expression such as in Vibrio 

cholarae, Streptococcus pyogenes, Shigella flexneri and Clostridium perfringenes (525-528). 

Even though Streptococcus pneumoniae ΔluxS could colonise the nasopharynx of mice, the 
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ΔluxS mutant was not able to disseminate to the lungs and the bloodstream (307). In Neisseria 

meningitidis, LuxS is required for bacteraemia and meningococcal pathogenesis in mice (304). 

In E. coli and Salmonella, LuxS is required to complete the activated methyl cycle which can 

replenish Met from homocysteine (303, 305-308). It was shown, in the present study, that Met 

recycling and Met replenishment through LuxS is not essential for S. Typhimurium virulence 

in vivo. Also, it can be concluded that AI-2 mediated quorum sensing is also dispensable for S. 

Typhimurium growth and virulence during systemic infection in mice (Figure 4-7).  

In the present study reported in this chapter, it has been shown that Pfs (SAH/MTA 

nucleosidase) is essential for growth of S. Typhimurium in minimal media (Figure 4-8). The 

growth phenotype of S. Typhimurium Δpfs in M9 minimal media was restored, with different 

kinetics, by the addition of Met and biotin to M9 (Figure 4-8). These results suggested that the 

deletion of pfs led to a Met and biotin auxotrophy in S. Typhimurium. Additionally, the Δpfs 

mutant was significantly attenuated for intracellular survival and replication in the Salmonella-

containing vacuole in HeLa cells (Figure 4-9). Most importantly, Pfs was found to be essential 

for virulence in S. Typhimurium to cause systemic disease in the murine model. The Δpfs 

mutant showed a 10,000-fold reduction in the bacterial load in spleen and liver compared with 

wild-type in C57BL/6 mice, after intravenous or oral infection (Figure 4-10). This result 

suggests that the murine supply of Met or biotin is insufficient to offset the growth defects of 

the Δpfs mutant. The complemented strain of the Δpfs mutant grew with similar kinetics to the 

wild-type in vitro in M9 media and in HeLa cells, and in vivo in C57BL/6 mice (Figure 4-8, 4-

9 and 4-10).  

Previous reports have shown that the E. coli Δpfs mutant is growth defective in minimal media  

(417) and the addition of Met or biotin partially restored the growth of the E. coli Δpfs mutant 

(312). Recent findings in some other bacteria such as in Staphylococcus aureus, Neisseria 

meningitides and Borrelia burgdorferi suggested that Pfs is essential for their virulence (329, 

338, 529).  

How might the mouse infection attenuation of the Pfs mutant be explained if mutation of the 

downstream activated methyl cycle (LuxS), polyamines (SpeD, SpeE) and biotin synthetic 

pathway (BioB) showed full virulence? Presumably, deletion of Pfs leads to the accumulation 

of SAH and MTA in the cell (300, 302, 421). The elevated level of SAH leads to the inhibition 

of the SAM-dependent methyltransferases (315-317). The elevated level of MTA is inhibitory 

for polyamine synthases and SAM-dependent methyltransferases (422, 530). Having shown 
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that SpeD, SpeE, LuxS and BioB are dispensable (Figure: 4-7), the hypothesis that SAH 

accumulation is attenuating was tested through the heterologous expression of SahH. 

It is argued that the heterologous expression of SahH (S-adenosylhomocysteine hydrolase) 

enzyme from Legionella pneumophila into the S. Typhimurium Δpfs mutant, helped to remove 

SAH from the cell while leaving MTA unaffected (Figure 4-16, 4-17, 4-18). Removal of SAH 

restored the growth and virulence of the Δpfs mutant in M9 minimal media, HeLa cells and the 

murine host (Figure 4-16, 4-17, 4-18). This result suggests that accumulated SAH is likely to 

suppress the SAM-dependent methyltransferases and that the removal of SAH helps to restore 

growth in vitro and in vivo. While the expressed level of MTA was not examined directly, it is 

expected that this intermediate is unaffected by SahH expression, because SahH lacks the 

multifunctional, and multi-substrate activities of Pfs (300-302, 310, 423). 

Cytokines play a key role in the control of S. Typhimurium infections, none more so than IFN-

γ (518, 519, 531)  IFN-γ is predominantly produced by T cells and natural killer cells (532). 

IFN-γ controls infection by activating the ability of the macrophages to inhibit Salmonella 

growth (531, 533-535). In the present study, IFN-γ was also implicated in controlling infection 

of S. Typhimurium Δpfs mutant as is evident from its severe attenuation in C57BL/6 mice 

compared to IFN-γ-/- mice that showed significant body weight loss and hugher bacterial load 

in spleen and liver (Figure 4-21). 

Th effect of Δpfs mutant on the health of IFN-γ-/- mice was compared to a well-known vaccine 

strain BRD509 which is an avirulent aromatic amino acid biosynthetic mutant with a deletion 

of the aroA gene affecting the pre-chorismate pathway (180, 436). BRD509 was initially 

designated as an aroA aroD double mutant. BRD509 lacks the ability to synthesise three 

aromatic amino acids tryptophan, phenylalanine and tyrosine, as well as para- amino benzoate, 

and di-hydroxy benzoate (180, 436). In IFN-γ-/- mice, the Δpfs mutant and BRD509 grew to 

similar numbers in the spleen and liver during the first five days of infection but by day 10 

post-infection, the IFN-γ-/- mice were more sensitive to the Δpfs mutant than BRD509 (Figure 

4-19 and 4-20). The Δpfs mutant caused systemic disease in those mice, whereas BRD509 

remained at a lower level throughout the 10-days infection. Previous studies by Kupz et al. 

suggested that BRD509 would be controlled in IFN-γ deficient mice for approximately for 3-

4 weeks after which the mice succumb to infection (518). This present study reveals that the 

Δpfs mutant acts differently from BRD509 when IFN-γ is absent in the host. The Δpfs mutant 

can grow faster than BRD509, meaning that the attenuation resulting from SAH accumulation 
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(which may reflect a slow growth) is ultimately absent in IFN-γ deficient mice. Also, both 

being a metabolic mutant, the virulence trait of the Δpfs mutant depends on the host (the 

presence or absence of IFN-γ) for attenuation. IFN-γ controls the intracellular growth of the 

pathogens but the cytokine’s function usually does not kill the bacteria making IFN-γ more 

bacteriostatic than bacteriocidal (535, 536). IFN-γ works at the early stage of the infection, but 

the clearance of the pathogen is not dependent on this cytokine (535, 536). Therefore, it can be 

assumed that the absence of IFN-γ results in an inadequate host immune response which in turn 

leads to uncontrolled growth of the Δpfs mutant and eventually progression to a high bacterial 

burden at the later stage of the infection. In wild-type C57BL/6 mice, IFN-γ elicits a desired 

immune response that can assert control over the growth of the Δpfs mutant in the initial stage 

of the infection, but this growth attenuation in the absence of this cytokine is not sustained over 

a longer period of time. 

4.4 Summary of finding 

The importance of the activated methyl cycle and an incomplete Met salvage pathway in 

virulence of S. Typhimurium, SAM recycling and Met replenishment through activated methyl 

cycle, was found to be non-essential for bacterial growth and virulence in the murine host. 

Autoinducer-2 mediated quorum sensing was not essential for bacterial growth and virulence 

in vitro and in vivo. Similarly, spermidine synthesis was also dispensable during growth and 

virulence of S. Typhimurium. Pfs (S-adenosylhomocysteine/Methylthioadenosine 

nucleodsidase), a multi-functional enzyme, was found to be essential for bacterial growth in 

the murine host, and represents a potential target for novel therapeutics. The removal of S-

adenosylhomocysteine (SAH) from the S. Typhimurium Δpfs mutant through expression of a 

putative monofunctional S-adenosylhomocysteine hydrolase (SahH) from L. pneumophila 

suggests that accumulation of SAH was responsible for the severe attenuation of the Δpfs 

mutant. This accumulation of SAH is likely to suppress essential SAM-dependent 

methyltransferase(s). 
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General Discussion 

Salmonella enterica is a faecal-orally transmitted bacterial pathogen that, depending on 

serovar, causes a range of local and systemic diseases in humans, ranging from gastroenteritis, 

diarrhoea, bacteraemia to enteric (typhoid) fever. In addition to the 200,000 deaths caused by 

typhoid fever annually (5, 6, 537), infection with invasive non-typhoidal Salmonella (iNTS) 

serovars is responsible for significant morbidity and mortality in sub-Saharan Afirica, where 

co-infection with HIV results in an estimated 1 million deaths every year (30, 538). Antibiotics 

are used to treat S. enterica infections, however, strains of S. enterica that are resistant to drugs 

are now wide spread and increasing in incidence (17, 509). The increasing prevalence of 

antibiotic resistance in S. enterica is already limiting treatment options (e.g. typhoid and 

ciprofloxacin (55, 59, 539, 540)) and poses a significant threat to public health. There is an 

urgent need to identify novel antibiotic targets against this pathogen (17, 509). 

To address this growing crisis of resistance, it is necessary to identify drug targets in microbial 

physiology that will provide alternatives to the current drugs targets where antibiotic resistance 

has occurred. Current antibiotics target three broad areas including cell wall synthesis and 

remodelling (e.g., beta-lactams), nucleic acid synthesis (e.g., quinolones) and protein synthesis 

(e.g., chloramphenicol) (181, 509).  

Metabolism is essential in all living cells. Currently, a small number of antibiotics target 

microbial metabolism such as folate synthesis (e.g., sulphonamides and trimethoprim) (181, 

182). Metabolic pathways which are conserved across both microbes and their hosts are often 

not suitable for the antibiotic target, as inhibitors designed to block the bacterial pathways can 

interfere with host metabolism, resulting in toxicity (183).  On the other hand, a number of 

metabolic pathways exist exclusively in microbes and it is likely that such metabolic pathways 

can make ideal targets for novel antimicrobial therapy.  

The virulence of intracellular bacterial pathogens such as Salmonella and Mycobacterium is 

largely linked with their growth in vivo though the recent discovery of a toxin in S. Typhi (541) 

might impact this thinking. Therefore, the ability of these pathogen to synthesise and/or acquire 

nutrients is absolutely critical to their capacity to cause disease. There are reports which showed 

that pathogens might acquire and metabolise nutrients differently in vivo compared to growth 

under nutrient-rich in vitro conditions (182, 183, 542). S. enterica has a diverse metabolic 

network and it has access to a variety of host nutrients during infection, adding to the challenge 
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of developing specific growth targeting inhibitors (184, 195). This diversity in substrate choice 

leads to an extensively redundant S. enterica metabolism in the host and renders this pathogen 

independent of individual biosynthetic and catabolic pathways (184, 195). Some of this 

putative redundancy comes only from metabolic modelling; the experimental data that show in 

vivo “essentiality” or redundancy is lacking (184). Becker et al. (2006) suggested that, due to 

considerable amount of differences between S. enterica and their human and animal host, 

viable antimicrobial targets remain and majority of these metabolic pathways should be 

thoroughly and systematically investigated in this pathogen (184). 

Methionine (Met) is a sulphur-containing amino acid that participates in a number of important 

biological processes in a living cell. Formylated Met is required for the initiation of protein 

translation (228, 229). Met reacts with ATP to form S-adenosylmethionine (SAM), a major 

methyl donor in the cell (285, 286, 348). It is classed as an “essential” amino acid in mammals 

because they are forced to acquire it from diet and gut flora (225, 226). In contrast, de novo 

Met biosynthesis is present in prokaryotes. Therefore, this unique pathway in S. Typhimurium 

was chosen for essentiality studies and to determine the need for various metabolites in the 

synthesis of Met, and in its subsequent use in the activated methyl cycle and polyamine 

synthesis, in growth by the bacterium in the laboratory mouse, and in tissue culture. The studies 

presented in this thesis were therefore designed to explore Met metabolism of S. Typhimurium 

and contribute to the existing knowledge of bacterial metabolism. If essentiality can be proven, 

then the pathway can be explored further for antibiotics that inhibit the pathway and hence 

growth of S. enterica. 

It was hypothesised that Met is essential for S. Typhimurium growth and virulence in host. In 

support of this hypothesis, there are some previous reports that showed Met biosynthesis is 

essential for virulence of S. Typhimurium in mice (266) and S. Gallinarum in new-born chicken 

(268). It was also shown that the S. Typhimurium Met high-affintiy transporter mutant was 

attenuated in C3H/HeN mice (270). The essentiality of the key enzymes specifically required 

for Met biosynthesis and transport in S. Typhimurium virulence was systematically analysed 

in this study. In Chapter 3, it was shown that de novo Met biosynthesis does not have any 

impact on the virulence of S. Typhimurium in mice. This result indicated that the apparent 

redundancy is due to the ability of the bacteria to acquire Met from the host when they cannot 

synthesise the amino acid. The high-affinity Met transport system was also found dispensable 

in vivo. However, some attenuation of growth occurred when both de novo biosynthesis and 
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the high-affinity transporter were absent. This data suggests that Met biosynthesis pathway 

does not offer any obvious novel drug targets. The in vitro and in vivo data also suggested that 

the low-affinity transporter, termed MetP (263-265, 485), can at least partially replace the 

function of the high-affinity transporter, since the putative low-affinity transporter cannot fully 

compensate for the requirement of Met in vivo when both de novo biosynthesis and transport 

are absent. The cryptic MetP was not identified, though a strategy to find the transporter was 

developed, assuming that MetP is a single transporter, and not the function of promiscuous 

transporters of other related amino acids. In this approach, the S. Typhimurium 

ΔmetNIQΔmetB mutant strain is complemented with a pBAD cloning vector where metB gene 

is placed under control of the arabinose promoter. Following transposon mutagenesis, mutant 

trains that were capable of growing on arabinose (ie. intrinsic production of Met) but which 

were incapable of growing on minimal medium complemented by L-Met, would be selected 

and characterised. Growth of these mutants is rescued by arabinose selection, and they can be 

enriched by adding e.g. ampicillin to minimal medium cultures grown with L-Met (ie. killing 

all dividing bacteria).  

The role of two Met synthases MetE and MetH (vitamin B12-independent and vitamin B12-

dependent, respectively) in vivo was also analysed. S. enterica either synthesise vitamin B12 

under anaerobic conditions or they derive it exogenously (383, 467). In Chapter 3, it was shown 

that the ΔmetE mutant grew in presence of vitamin B12 and under anaerobic condition but 

ΔmetEΔmetH did not, which clearly demonstrated the in vitro dependency of MetH function 

on vitamin B12, and on the absence of oxygen. It was also found that the two Met synthases 

are redundant for S. Typhimurium virulence in vivo. The requirement for vitamin B12 for MetH 

activity highlights the complexity and interconnectivity within the network of different 

metabolic pathways in S. enterica. The murine host can either 1) supply enough vitamin B12 

to S. enterica during infection, and/or S. enterica converts the microenvironment in Salmonella 

Containing Vacuole (SCV) to be low oxygen, which enables synthesis of vitamin B12 and 

makes MetH functional, which then efficiently catalyses Met biosynthesis. Met is recycled and 

replenished through the activated methyl cycle (232, 285-287) where SAM is synthesised from 

Met. The methyl group of SAM is used for methylation of cellular macromolecules such as 

DNA, RNA, proteins and lipids (232, 285-287). An integral metabolite of the activated methyl 

cycle is autoinducer-2 (AI-2), which plays a role in quorum sensing (303-305, 332, 339, 340). 

Once SAM is synthesised, it also donates the aminopropyl group for spermidine synthesis (349, 

391, 407, 409, 543); following donation of the aminopropyl group, the remainder of the SAM 



142 
 

proceeds through a quasi-salvage pathway as S. enterica lacks a 5’-methylthioribose kinase 

(234, 235, 432, 434). 5’-methylthioribose kinase is required to run a functional salvage 

pathway; this pathway is present in some bacteria such as Klebsiella pneumoniae and Bacillus 

subtilis, and facilitates the recycling of Met (234, 235, 432, 434). In Chapter 4, the essentiality 

of the activated methyl cycle and the incomplete Met salvage pathway in S. Typhimurium 

virulence was investigated.  

Polyamines were found to be essential in S. Typhimurium (410) and S. Gallinarum (415) in 

some recent reports. In Chapter 4, it was shown that spermidine synthesis is not required for S. 

Typhimurium virulence in the murine host which supports a recent study which was conducted 

by Jelsbak and colleagues (522). However, this thesis focussed on the utilisation of SAM and 

the role of the enzymes involved in putrescine biosynthesis in S. Typhimurium were not 

explored. AI-2 mediated quorum sensing was also found to be non-essential to the pathogenesis 

of S. Typhimurium infection in the murine host.  

One important finding of the research in this dissertation is that SAH/MTA nucleosidase (Pfs) 

is essential for virulence of S. Typhimurium in mice, suggesting that Pfs represents a potential 

antibiotic target. Recent studies in other bacteria such as Staphylococcus aureus, Neisseria 

meningitides and Borrelia burgdorferi also suggested that Pfs could be a novel drug target  

(338, 423, 529). The X-ray crystal structure of Pfs from E. coli has been solved to show the 

active site of the enzyme (318, 319, 544). Several highly effective inhibitors such as imidazole, 

purine and deazopurine-based chemicals were identified for Pfs by screening virtual compound 

libraries (545, 546). However, the antimicrobial activity e.g., against N. meningitides of these 

inhibitors was only modest perhaps due to poor drug transport (545, 546). One future activity 

might be the screening of Pfs inhibitors specifically for growth inhibition of S. enterica. 

As the Pfs is involved in multiple pathways it is necessary to understand which are critical for 

virulence. To test the hypothesis that S-adenosylhomocysteine (SAH) accumulation plays a 

role in the attenuation observed in the S. Typhimurium Δpfs mutant, SahH was expressed in 

the mutant. By complementing with the SahH from Legionella pneumophila, it was 

demonstrated that the removal of accumulated SAH from the cell is necessary for full virulence 

of S. Typhimurium. Accumulation of SAH is likely to suppress SAM-dependent 

methyltransferases which are responsible for methylation of DNA, RNA, proteins and lipids. 

In future studies, the methylation level in DNA in the Δpfs mutant and wild-type S. 
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Typhimurium might be determined, which could act as a proxy for the intracellular 

accumulation of SAH, if the levels of SAH cannot be determined. 

Generally, during an infection the net bacterial load observed in host tissues represents the 

result of total bacterial growth in that tissue less the bacteria removed by host defences. IFN-γ 

is a major immune cytokine, produced by T cells and natural killer cells, and plays a critical 

role in controlling Salmonella infection (531, 533-535). IFN-γ works at the early stage of the 

infection, but the eventual clearance of the pathogen is not dependent on this cytokine (535, 

536). To determine if the attenuation of the S. Typhimurium Δpfs mutant is dependent on host 

clearance mediated through IFN-γ, the Δpfs mutant was tested in immunocompromised mice 

(IFN-γ-/-) and the in vivo growth compared with the well characterised pre-chorismate mutant 

of S. Typhimurium strain BRD509. The S. Typhimurium Δpfs mutant was similarly attenuated 

as BRD509 in IFN-γ-/- mice early in infection, but began growing more quickly when the 

infection was prolonged for 10 days. The ability of the Δpfs mutant to grow despite the toxic 

levels of SAH suggests that the strain may have adapted to the accumulation of SAH. This 

hypothesis was not tested but future work could look at sequencing of the Δpfs mutants 

recovered from the mice to determine whether there were point mutations in the genes of the 

Met biosynthesis or activated methyl cycle pathways that could account for bacterial growth. 

In the wild-type mice, the S. Typhimurium Δpfs infection was controlled and the progression 

of the disease was stopped.  

S. enterica is an excellent model organism to study bacterial pathogenesis and metabolic 

requirements on a model mammalian host. This study made a contribution with the first 

comprehensive analysis of Met biosynthesis, the transport and downstream usage of Met in S. 

enterica. By deleting each known enzyme in the Met pathway, transport and metabolism, this 

research systematically explored this component of Salmonella metabolism. It must be 

acknowledged that the work has been carried out using just one strain of S. Typhimurium and 

the mouse infection differs from infections of humans and possibly other animal species, so 

the generalizability of the findings are not fully resolved. Equally, it is also recognised that 

results generated from a single cell line, HeLa in this study, speak to growth of the bacteria in 

all mammalian cells types.  The characterisation of S. Typhimurium metabolic mutants 

described in this thesis will add to the existing knowledge of S. enterica metabolism in the host. 

This study demonstrated the role of Pfs in virulence of S. Typhimurium and showed that it 

could be an attractive target for an antibiotic against S. Typhimurium, albeit the loss of 
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attenuation seen in the IFN-γ deficient mice suggests that, like many other antibiotics, an 

antibiotic targeting the synthesis or function of Pfs could be dependent on the function of host 

defences for efficacy (547). This work also opens up opportunities for further investigation of 

the ability of a S. Typhimurium Δpfs mutant to act as a vaccine for S. enterica infections.  
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Appendix  

 

Schematic representation of the deleted region of the mutants from the 
whole genome sequencing 

 

1. S. Typhimurium ΔmetA:  

 

 
 
 

2. S. Typhimurium ΔmetB:  
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3. S. Typhimurium ΔmetC:  
 

 
 
 
 
 
 
 

4. S. Typhimurium ΔmetE:  
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5. S. Typhimurium ΔmetF:  

 

 

 

 

 

6. S. Typhimurium ΔmetH:  
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7. S. Typhimurium ΔmetNIQ: 
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