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Abstract 

Autotransporters are some of the most abundantly secreted proteins in 

Gram-negative bacteria. Many of these proteins function as virulence factors. S. 

enterica serovar Typhimurium has five autotransporter proteins: SadA; ApeE; MisL; 

YaiU; and ShdA. Here, the outer membrane biogenesis and virulence properties of 

the S. Typhimurium autotransporters have been investigated. The outer membrane 

biogenesis of the multimeric autotransporter SadA was shown to be dependent 

upon BamA and BamD, which are essential components of the β-barrel assembly 

machinery complex, but the non-essential components, BamB, C and E, are not 

required. Contrary to a report in the literature, the translocation assembly module 

complex is also not required for SadA secretion. 

ApeE is a classical autotransporter that has a GDSL lipase motif. ApeE was 

shown to have phospholipase B activity, with the ability to cleave acyl chains of 

phospholipids. The phospholipase activity of ApeE was inhibited by the serine lipase 

inhibitor methyl arachidonyl fluorophosphonate. Using an in vivo murine infection 

model, bacterial survival at 21 days post-infection in gallbladders of mice, and 

efficient faecal shedding, required a functional ApeE protein. ApeE was also 

required for S. Typhimurium to utilise lyso-phosphatidylcholine as a sole carbon 

source for growth. It is proposed that Salmonella survival in the mouse gallbladder 

depends on the ability of ApeE to hydrolyse bile phospholipids for use as a nutrient 

source in vivo.  
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1.1 Salmonella enterica 

1.1.1 Salmonella enterica. 

 The genus Salmonella contains two species: S. bongori; and S. enterica. S. 

bongori is mainly associated with causing disease in cold blooded animals, whereas 

S. enterica is known to colonise both warm blooded animals and plants. S. enterica is 

distributed into six subspecies, with subspecies 1 containing the majority of clinically 

relevant isolates. Phylogenetic analyses of S. enterica subspecies 1 revealed that 

there are two major lineages termed clades A and B, with clade A containing most of 

the strains known to cause disease in humans (Timme et al., 2013). In a recent 

phylogenetic study, whole genome sequencing of 445 Salmonella isolates revealed an 

average genome size of 4.73 megabases (Mb), with the distribution of bacteriophage 

species and conservation of major virulence factors shown to be largely clade specific 

(Worley et al., 2018), suggesting evolutionary constraints, such as the host, have had 

major impacts on the S. enterica genome. 

Within S. enterica subspecies 1, there are >2500 different serovars, that are 

classified based on surface antigens, lipopolysaccharide (LPS) and flagella, and host 

specificity (Fierer and Guiney, 2001). Some serovars are capable of infecting multiple 

hosts such as S. enterica serovars Typhimurium and Enteritidis and are known as 

‘generalists’. Other serovars infect a narrow range of hosts or are specific to just one. 

Examples of S. enterica serovars that are only able to invade a specific host are 

serovars Typhi and Paratyphi, which are thought to be human-specific.  

S. enterica serovars Typhi and Paratyphi are the causative agents of typhoid 

and paratyphoid fever in humans, respectively (de Jong et al., 2012). These are 

systemic bacteraemia infections, also known as enteric fever, which are major causes 
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of death worldwide (Buckle et al., 2012). S. Typhi is restricted to a human host and has 

lost the ability to infect other animals, seemingly through the accumulation of mutations 

in more than 200 genes that might render them as pseudogenes (Baker and Dougan, 

2007).  

Examples of broad host range serovars are the non-typhoidal Salmonellae 

(NTS) serovars Typhimurium and Enteritidis. S. Typhimurium infection in humans 

causes acute gastroenteritis but can in rare circumstances, and predominantly in 

immunocompromised patients, cause systemic bacteraemia known as invasive NTS 

(iNTS) disease (Gordon, 2008). These iNTS infections are particularly problematic 

especially where they are associated with HIV or malaria co-infections in sub Saharan 

Africa. These coinfections lead to high mortality rates (MacLennan et al., 2010). 

To understand the dynamics of S. enterica diseases in humans, a S. 

Typhimurium murine models of infection  is commonly used (Strugnell et al., 2014) . 

The systemic disease cause by S. Typhimurium in mice is similar to that of typhoid 

fever in humans and thus a mouse model of S. Typhimurium infection is routinely used 

to try to elucidate the mechanisms of S. Typhi infection in humans (Santos et al., 2001). 

However, studies using the S. Typhimurium murine model of Typhoid fever must 

consider the differences between Typhimurium and Typhi. In a recent comparative 

genomic study, 600 genes were identified as unique to Typhi and 480 unique to 

Typhimurium (Sabbagh et al., 2010). One of the largest differences between the two 

serovars is the presence of the Salmonella Pathogenicity Island 7 (SPI7) loci in Typhi 

which, is absent in Typhimurium. The SPI7 loci encodes various factors important for 

S. Typhi infection such as the ViaB loci that encodes the Vi antigen (Parkhill et al., 

2001). The Vi antigen forms a capsule that has immunosuppressive properties and 



4 
 

has been shown to mask Typhi from the innate immune response and thus permit 

systemic spread of Typhi in human hosts (Sharma and Qadri, 2004).  

Even though there are marked differences between Typhi and Typhimurium, 

the in vivo and in vitro models are used provide important insight into S. enterica 

infections.  

1.1.2 S. enterica lifecycle 

The majority of human S. enterica infections are contracted via the consumption 

of contaminated food or water. The bacteria can survive the acidity of the stomach and 

pass into the intestine. Within the small intestines, and frequently within the Peyer’s 

patches, Salmonella actively invade specialised microfold (M) cells (de Jong et al., 

2012). M cells are characterised by irregular shape and dispersed microvilli at the 

apical surface and an invagination at the basal surface. This invagination forms a 

pocket like structure that can house immune cells such as lymphocytes and 

macrophages (Jepson and Clark, 2001). Genes located on the Salmonella 

pathogenicity island 1 (SPI1) locus encode a Type 3 secretion system (T3SS) 

apparatus and effector molecules that are required for invasion into non-phagocytic 

cells (Galan, 1999). T3SS proteins assemble to form a needle-like structure that spans 

the entire cell envelope and out of the bacterial cell (Figure 1.1). This needle injects 

protein ‘effectors’ into the host cell cytoplasm (Ehrbar et al., 2002). Once internalised, 

these effector proteins cause re-arrangement of host cell actin cytoskeleton causing 

an effect known as membrane “ruffling”. The actin cytoskeleton rearrangements create 

an invagination at the host cell membrane that envelopes the invading Salmonellae 

into a vacuole known as the Salmonella containing vacuole (SCV) (Figure 1.2A). The 

re-arrangement of the actin cytoskeleton is essential for Salmonella replication inside 

the SCV (Meresse et al., 2001) and is partially mediated by the S. enterica SPI1  
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Figure 1.1. Type 3 secretion sytem overview. Type 3 secretion (T3SS) systems 

assemble into structures that span the inner and outer membrane, out of the bacterial 

cell and into the host cytosol. The T3SS transfers bacterial proteins synthesised in the 

cytoplasm directly into the host (reveiwed in (Coburn et al., 2007)).   
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effectors, SopB (Perrett and Zhou, 2013b), SipA (McIntosh et al., 2017) and SopE 

(Vonaesch et al., 2014). 

Once inside the SCV, the S. enterica two-component regulatory system PhoPQ 

is activated by signals such as low Mg2+ concentrations (Groisman, 2001). PhoQ is a 

histidine kinase that, upon stimulation, phosphorylates the transcription factor PhoP, 

which subsequently alters the expression of over 200 genes (Groisman, 2001). The 

genes regulated by PhoPQ include those found on another SPI known as SPI2.  Genes 

encoded on the SPI2 locus are involved in maintaining the SCV and limiting the impact 

of host innate defences on the replicating Salmonellae. Mutants of phoPQ are highly 

attenuated in murine models of infection (Miller et al., 1989), suggesting that this two-

component regulatory system is important for S. enterica virulence. 

Salmonella in the SCV can pass through the M cells exiting the basolateral 

surface where the bacteria encounter lymphocytes and macrophages. Salmonella can 

enter phagocytic cells such as macrophages and dendritic cells. Phagocytic cells are 

also known to phagocytose Salmonella as bacteria carrying null mutations in SPI1 (i.e. 

where there is no active host cell invasion) are still able to cause systemic disease 

(Vazquez-Torres et al., 1999). Post egress of the epithelial barrier, the resulting 

disease caused by Salmonella depends upon independent parameters such as the 

host immune system and the virulence of the infecting strain. Some infections result in 

self-limiting gastroenteritis while others may cause an invasive systemic disease. An 

understanding of the dynamics of human infections with S. enterica have come from 

studies in animal models, as well as clinical observations of human patients.  
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1.1.3 S. enterica acute infections 

 Many infections of S. enterica result in short term self-limiting gastroenteritis. In 

humans, serovars Typhimurium and Enteritidis are common causes of gastroenteritis 

(100 million+ cases annually) (Ao et al., 2015). These types of infections are typically 

limited to the gut as the host innate immune system is able to control the infection and 

prevent systemic spread of the bacteria. S. enterica gastroenteritis is characterised by 

fever, abdominal cramps and diarrhoea that resolves within a few days. The 

pathogenesis of the gastroenteritis is thought to be driven by release of the pro-

inflammatory cytokine Interleukin 8 (IL-8) from intestinal epithelial cells that recruits 

neutrophils (McCormick et al., 1995) resulting in local inflammation of the intestines 

and diarrhoea (Zhang et al., 2003). These infections usually do not require medical 

intervention, unless the host is immunocompromised, very young or elderly.  

1.1.4 Invasive systemic disease of S. enterica 

Systemic infections of Salmonella occur when the bacteria pass through the 

epithelial layer at the Peyer’s patches to invade the underlying phagocytes, usually 

macrophages, and these macrophages distribute Salmonella beyond the 

gastrointestinal tract (Vazquez-Torres et al., 1999). The serovars that cause systemic 

infections can be host-specific. S. Typhi and Paratyphi cause systemic infections in 

humans (McClelland et al., 2004) whereas S. enterica serovar Choleraesuis causes a 

systemic infection in pigs (Chiu et al., 2004).  

 Once the Salmonella are inside the phagocytes found at the basal surface of M 

cells, they can replicate inside the phagosome and SPI2 secreted effectors are thought 

to inhibit fusion of the bacteria-containing phagosome with toxic lysosomes (Santos et 

al., 2001). Within these specialised phagosomes, SPI2 effectors enable survival, 

replication and breakdown of the vacuole once the bacteria are ready to be released. 
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Phagocytes serve as cellular ‘taxis’, transporting Salmonella to secondary sites of 

infection such as the spleen, liver, gallbladder and bone marrow (reviewed by (Watson 

and Holden, 2010)). The bile within the gallbladder is continuously secreted into the 

intestines as part of normal gut function. When the gallbladder is infected with 

Salmonella, these bile secretions transport Salmonella from the gallbladder back into 

the intestine. Once in the intestine, the bacteria can be shed out of the host via 

contaminated faeces in a process described as faecal shedding. The lifecycle of 

Salmonella in the host is summarised in Figure 1.2. 

1.1.5 Host immune responses to S. enterica infections. 

 Many studies have investigated the protective immune responses towards S. 

enterica infections using murine models of invasive disease (reviewed in (Tsolis et al., 

2011)). It is important to note that wild-type S. Typhimurium, though causes a systemic 

disease in ‘sensitive’ mice, is invariably lethal, from doses as small as 10 organisms 

injected intravenously, or 104 bacteria given orally (Plant and Glynn, 1974). The 

sensitivity of mice to infection is dependent largely on the allele of nramp-1 (also known 

as Slc11a1, Lsh and Bcg) carried by the mice (Govoni and Gros, 1998).  The murine 

strain of choice to model Salmonella disease, C57BL/6, is Nramps/s, and hence carry 

the sensitive allele of Nramp-1 making them extremely sensitive to S. Typhimurium 

infections. For this reason, many studies use a growth attenuated mutant of S. 

Typhimurium, such as SL3261 (Hoiseth and Stocker, 1981) or BRD509 (Roberts et al., 

2000) to understand the dynamics of Salmonella infection beyond the initial lethal 

stage. 

Early immune responses to S. enterica infections are mainly driven by the 

recruitment of neutrophils to the sites of infection as part of the initial inflammatory 

response. Innate immune cell Pattern Recognition Receptors (PRRs) recognise  
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Figure 1.2. S. enterica infection. S. enterica are ingested usually via contaminated 

meat or vegetables and passes through the stomach to the small intestines (1). Here, 

the bacteria invade epithelial cells specifically in the Peyer’s patches (2) (de Jong et 

al., 2012). Salmonella invade specialised epithelial cells known as M cells (3) and are 

released into the submucosa, encountering and invading macrophages (4). Once 

inside macrophages, Salmonella replicate inside a Salmonella containing vacuole 

(SCV) (Santos et al., 2001). Salmonella are transported to the mesenteric lymph nodes 

(MEL) (5) and from here disseminate into organs such as the spleen and liver (6) 

(Ibarra and Steele-Mortimer, 2009). The bacteria are shuttled between the livers and 

spleens to the MEL, back to Peyer’s patches (7) and out of the host via faecal shedding 

(8).   
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conserved microbial signatures called Pathogen Associated Molecular Patterns 

(PAMPs) (reviewed by (Medzhitov, 2001)). These signatures are usually conserved 

features amongst microbial pathogens such as lipopolysaccharide (LPS), flagellin and 

DNA. One type of PRR are the Toll-like receptors (TLR). Different TLRs recognise 

different PAMPs. For example, TLR4 recognises LPS (Royle et al., 2003), whereas 

TLR5 recognises flagellin (Hayashi et al., 2001). The recognition of PAMPs by TLRs 

initiates a signalling cascade, which results in the production of pro-inflammatory 

cytokines (Weiss et al., 2004, Medzhitov, 2001). The production of pro-inflammatory 

cytokines is responsible for the recruitment of neutrophils and natural killer (NK) cells. 

These innate immune cells help to clear infections by ingesting invading pathogens 

(i.e. neutrophils) and the early production of interferon-γ (IFN-γ) (i.e. NK cells). The 

production of IFN-γ is essential for the maintenance and eventual clearance of S. 

infections, as transgenic mouse models that do not secrete IFN-γ succumb to the 

infection much more rapidly that wild-type mice (Kupz et al., 2014a).  

 Once S. enterica become intracellular, it is postulated that the bacteria become 

less visible to the host immune system. However, there are intracellular PRRs that can, 

when stimulated, activate caspase-1 (reviewed by (Bergsbaken et al., 2009)). The 

activation of caspase-1 induces production of IL-18 and IL-1β, which help to recruit 

IFN-γ producing cells including memory CD8+ T cells, NK cells and CD4+ T cells (Kupz 

et al., 2014b). Caspase-1 is also responsible for the initiation of a type of cell death 

known as pyroptosis (Bergsbaken et al., 2009).  

 The development of adaptive immunity and memory relies on the stimulation 

and activation of CD4+ and CD8+ T cells. The latter may be dispensable where CD4+ 

T cells are present, but become important where CD4+ T cells are depleted, as can 

happen in HIV/AIDS (Kupz et al., 2014a).  At the basolateral surface of M cells in the 
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Peyer’s patches, resident DC’s regularly sample antigen and have also been shown to 

reach between epithelial cells to access bacteria present in the gut lumen (Lelouard et 

al., 2012). DC’s can phagocytose Salmonella and subsequently degrade the bacteria 

to produce antigens which are presented on the surface of DCs via major 

histocompatibility complex II (MHC-II) molecules. Antigens presented on DC MHC-II 

might be recognised by naïve T-cells of the appropriate specificity via the surface T 

cell receptors (TCR) (Cheminay et al., 2005). Recognition of presented antigen by 

TCRs induces expression of the transcription factors including Tbet. Expression of T-

bet, a T-box transcription factor, by CD4+ T cells ‘polarises’ the T cells to the Th1 

phenotype and to secrete IFN-γ (Ravindran et al., 2005) (Figure 1.3).  

1.1.6 Asymptomatic chronic carriage of systemic Salmonella. 

 Approximately 1-4% of typhoid fever patients become chronic carriers of 

Salmonella. In some instances, these patients do not present with typhoid fever and 

have no history of disease. These carriers shed the bacteria from their faeces into the 

environment and therefore serve as a source of S. Typhi. A very famous example of a 

chronic asymptomatic carrier of S. Typhi is “Typhoid Mary” who was an early 20th 

century cook in New York. Typhoid Mary is believed to infected over 100 individuals 

with typhoid fever, including the deaths of at least five, although never presenting with 

an episode of typhoid herself (Marineli et al., 2013).  

The mechanism(s) employed by S. Typhi that enables chronic carriage has 

been studied, although the bacterial factors that facilitate chronic Salmonella carriage 

have not been fully elucidated. Studies from murine models of typhoid fever using S. 

Typhimurium indicate that one site for chronic carriage is the gallbladder. In murine 

models of Salmonellosis, mice can be induced to become chronic carriers (Crawford 

et al., 2010). Non-susceptible mouse strains (NrampR/R) fed a lithogenic diet of 1%  
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Figure 1.3. Adaptive immune response to S. enterica infections. (1) S. enterica 

traverse the epithelial barrier at the Peyers patches in a Salmonella containing vacuole 

(SCV) (2). Resident dendritic cells sample antigen at the Peyers patches (3) and can 

phagocytose Salmonella. Once inside the dendritic cell, the bacteria are processed to 

generate antigen (4). The processed antigen is displayed on MHC-II molecules (5). 

The antigens are recognised by naïve T cells expressing a T cell receptor that is 

complementary to the antigen. This binding induces the expression of T-bet (6), which 

is a transcriptopn factor that induces realease of inteferon γ (7).  
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cholesterol and 0.1% cholic acid induced gallstone formation (Crawford et al., 2010) 

and had higher Salmonella colonisation in the gallbladder than mice that did not have 

gallstones (Crawford et al., 2010). Approximately 90% of human typhoid carriers have 

gallstones and some chronic carriers subsequently develop gallbladder carcinomas 

(Koshiol et al., 2016). Other studies suggest that gallstones are correlated with 

Salmonella carriage and show that cholesterol gallstones can act as a surface for 

biofilm formation in vivo and in vitro (Prouty et al., 2002, Crawford et al., 2010).There 

is also evidence that Salmonella can replicate inside gallbladder epithelium and form 

biofilms on the epithelial cell layer (Gonzalez-Escobedo and Gunn, 2013). Salmonella 

can also live as planktonic cells in bile, and have adapted mechanisms to avoid bile 

salt induced death (Hernandez et al., 2012). The colonisation of the gallbladder by 

Salmonella is summarised in Figure 1.4.  

 The gallbladder contains bile, which is first synthesised by liver hepatocytes and 

then transported to intrahepatic bile ducts (Reshetnyak, 2013). Human bile is 

comprised of a mixture of compounds with the most abundant being bile salts (67%) 

and phospholipids (22%) (Reshetnyak, 2013). Phosphatidylcholine (PC) is a 

zwitterionic phospholipid that comprises approximately 95% of the bile phospholipid 

content (van Berge Henegouwen et al., 1987). The biosynthetic pathway to make PC 

does not exist in S. enterica (Sohlenkamp and Geiger, 2016). PC in bile has been 

shown to form mixed micelles with bile salts to solubilise cholesterol (Halpern et al., 

1993). It is currently unknown whether colonisation of S. Typhi in humans causes 

gallstone formation, or if the gallstones develop independent of S. Typhi infection and 

the bacteria form opportunistic biofilms on gallstones in these patients. In a recent 

study, mice that developed S. Typhimurium biofilms on gallstones in vivo were 

subsequently treated or not with ciprofloxacin (Gonzalez et al., 2018). It was found that  
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Figure 1.4. S. enterica lifecycle inside host gallbladders. There is considerable 

evidence that S. enterica  can survive in bile as biofilm on cholesterol gallstones (1), 

as planktonic cells in bile (2) and within gallbladder epithelial cells (3). 
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S. Typhimurium biofilms on gallstones were less susceptible to ciprofloxacin treatment 

in mice than when no gallstone biofilm had formed, thus demonstrating the importance 

of biofilms for antibiotic resistance (Gonzalez et al., 2018). This ability to form drug-

resistant biofilms is especially concerning given the rise of multi-drug resistant strains 

of S. Typhi, and the observation that antibiotic treatment does not always clear infection 

in chronic carriers (Gunn et al., 2014). Therefore, understanding the bacterial factors 

that mediate biofilm formation, survival in bile and faecal shedding is of great 

importance to understanding the mechanism(s) behind gallbladder chronic carriage. 

Bile salts, which include compounds such a sodium deoxycholate and cholic 

acid, are like detergents that are capable of solubilising lipids in biological membranes 

and inducing DNA damage (Merritt and Donaldson, 2009). S. enterica have evolved 

mechanisms to overcome the bactericidal properties of bile salts, and S. Typhimurium 

can be adapted to ‘bile stress’ by growth in 5% deoxycholate (Hernandez et al., 2012). 

Not only has S. Typhimurium evolved mechanisms to overcome bile salt stresses, but 

it can replicate rapidly in whole mouse bile in vitro with a rate comparable to growth in 

rich LB medium (Menendez et al., 2009). Therefore, host bile contains all the required 

nutrients to permit efficient Salmonellae growth. Included in this nutrient requirement 

is a carbon source. A recent study investigating the metabolites that differed between 

naïve mice and those infected with S. Typhimurium, identified bile phospholipids as 

potential carbon sources in vivo and in vitro (Antunes et al., 2011). In particular, the 

hydrolysis of a bile phospholipid (lyso-phosphatidylcholine) permitted growth in vitro 

(Antunes et al., 2011). The bacterial factors that permitted growth on host 

phospholipids were not identified in this study. It must be noted that the decrease of 

metabolites in vivo by pathogens might be for a variety of reasons. For example, 
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phospholipids might be used as a carbon and/or phosphate source, therefore the exact 

function for the depletion of phospholipids in bile needs further investigation.  

 

1.2 Pathogen interaction with host phospholipids 

1.2.1 Host Phospholipids.  

 Phospholipids are fatty acid acyl chains connected to a phosphate based head 

group via 2 ester bonds at the sn-1 and sn-2 positions. The majority of lipid species in 

biological membranes are phospholipids. In eukaryotes, the major lipid species in the 

outer leaflet of cellular membranes are PC and sphingomyelin (SM) whereas the most 

abundant species in the inner leaflet are phosphatidylethanolamine (PE) and 

phosphatidylserine (PS) (Leventis and Grinstein, 2010, Yamaji-Hasegawa and 

Tsujimoto, 2006). PE, PC and SM are zwitterionic and have an overall neutral charge 

whereas PS is anionic and has an overall negative charge (Summarised in Figure 1.5). 

These lipids maintain structural integrity of the cellular membrane and are important in 

cell signalling. For example, if the membrane becomes damaged, PS becomes surface 

exposed on the outer leaflet and this signals to macrophages that the cell is damaged 

and induces phagocytosis (Birge et al., 2016). Another important class of phospholipid 

for signalling are the phosphatidylinositides (PtdIns), which are involved in regulating 

cell vesicular traffic (Roth and Sternweis, 1997). PtdIns lipids possess an inositol ring 

connected to 2 acyl chains at the sn-1 and sn-2 position (Figure 1.5). The inositol ring 

has 6 carbons that can be phosphorylated by specific PtdIns kinase (PIK) enzymes to 

generate mono, bi or tri phosphorylated PtdIns (De Matteis and Godi, 2004). These 

phosphorylated PtdIns lipids are important for various cellular functions such as  
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Figure 1.5. Chemical structure of host cellular lipids. Phospholipids are glycerol 

phosphate head groups attached to 2 acyl chains via 2 ester bonds. The head group 

(red) can be anionic or zwitterionic. The R1 and R2 acyl chains can vary in number of 

carbons and saturation.   
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induction of a phagosome-endosome fusion by phosphatidylinositol-3-phsophate 

(PI(3)P) (Simonsen et al., 1998). 

1.2.2 Intracellular pathogens and host lipids  

Pathogens have evolved secreted effectors that can interfere with host 

phospholipids. Some of these effectors are phospholipases, which exist in 4 classes 

(Figure 1.6). Phospholipase A1 (PLA1) enzymes cleave the ester bond at the sn-1 

position, phospholipase A2 (PLA2) enzymes cleave the ester bond at the sn-2 position 

and phospholipase B (PLB) enzymes can cleave both ester bonds. Whereas 

phospholipases C and D (PLC and PLD respectively) cleave either before (PLC) or 

after (PLD) the phosphate bond and are also known as phosphatase enzymes. The 

roles of phospholipases in bacterial pathogenesis are summarised in Table 1.1. S. 

Typhimurium has a dedicated PtdIns phosphatase termed SopB, which is a SPI1 

secreted effector that is required for S. Typhimurium intracellular growth (Hernandez 

et al., 2004). SopB has also been shown to reduce the negative charge of the SCV by 

depleting lipids such as PS and phosphatidylinositol-3-4-bisphosphate (PI(3,4)P2), 

thereby inhibiting the SCV interaction with late endosome markers such as Rab35 

(Bakowski et al., 2010). Rab35 is a eukaryotic GTPase involved in regulating the 

cytoskeleton (Chua et al., 2010). By inhibiting the interaction of the SCV with Rab35, 

SopB prevented the SCV fusing with the lysosome (Bakowski et al., 2010).  

The hydrolysis of phospholipids by PLA2 enzymes produces lyso-phospholipids 

(Figure 1.7). Lyso-phospholipids have one acyl chain connected to a phosphoryl head 

group via one ester bond at the sn-1 position. An example of a lyso-phospholipid is 

Lyso-phosphatidylcholine (Lyso-PC). Some PLA2 enzymes have Glycerophospholipid: 

Cholesterol Acyl Transferase (GCAT) activity whereby the enzyme will hydrolyse the 

acyl chain from a host phospholipid (usually PC) and transfer this to cholesterol to form  
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Table 1.1. Bacterial effectors that interact with host lipids 

Protein Species Function Reference 

SopB S. Typhimurium PtdIns phosphatase, recruits 

Rab5 to the SCV, causes 

accumulation of PI(3)P in the 

SCV. 

(Mallo et al., 2008) 

IgpD Shigella flexneri Phosphatase, converts PI(4,5)P2 

to PI(5)P 

(Niebuhr et al., 

2002) 

FplA Fusobacterium 

nucleatum 

Phospholipase A1, binds PtdIns (Casasanta et al., 

2017) 

PlpD Pseudomonas 

aeruginosa 

Phospholipase A1, binds PtdIns (Salacha et al., 

2010) 

SseJ S. Typhimurium PLA2, CGAT activity in the 

presence of RhoA GTPase 

(Lossi et al., 2008) 

ExoU P. aeruginosa PLA2, major virulence factor, 

disrupts eukaryotic membranes 

(Sato et al., 2003) 

VipD Legionella 

pneumophila  

PLA1, activated by Rab5, and 

cleaves PI(3)P to disrupt 

endosome fusion 

(Gaspar and 

Machner, 2014) 

PldA Helicobacter 

pylori 

PLA1, haemolytic activity (Dorrell et al., 

1999) 

SapM Mycobacterium 

tuberculosis 

Hydrolysis PI(3) to prevent 

phagosome-endosome fusion 

(Vergne et al., 

2005) 
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Figure 1.6. Phospholipase characterisation. Phospholipases exist in 4 classes. 

Phospholipase A1 (PLA1) enzymes cleave the ester bond at the sn-1 position, 

phospholipase A2 (PLA2) enzymes cleave the ester bond at the sn-2 position and 

phospholipase B (PLB) enzymes can cleave both ester bonds. Phospholipase C (PLC) 

enzymes cleave the phosphate bond before the phosphate and phospholipase D 

(PLD) enzymes cleave the phosphate bond after the phosphate.   
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Figure 1.7. Lyso-phospholipid production. The hydrolysis of a phospholipid by a 

PLA2 enzyme results in the production of a lyso-phospholipid and free fatty acid.  
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cholesterol esters (CE) and a lyso-phospholipid as a break down product. An S. 

Typhimurium SPI2 secreted effector termed SseJ has been experimentally proven to 

have PLA2 and GCAT activity in the presence of RhoA GTPase (Lossi et al., 2008, 

Christen et al., 2009). SseJ is expressed inside the SCV and the GCAT activity of SseJ 

to generate CE is hypothesised to maintain fluidity of the SCV (Lossi et al., 2008). 

 

1.3 Salmonella virulence factors 

1.3.1 The Salmonella Outer Membrane.  

 Salmonella is a Gram-negative rod shape bacterium with a typical envelope 

comprising two membranes termed the outer membrane and the inner membrane. 

There are two cellular compartments of Gram-negative bacteria: the cytoplasm and 

the periplasm. The cytoplasm and the periplasm are separated by the inner membrane 

and the periplasm is separated from the external environment by the outer membrane. 

The inner membrane is a bilayer comprised of phospholipids and the outer membrane 

is an asymmetric bilayer with the inner leaflet comprised of phospholipids and the outer 

leaflet with lipid A/LPS (Figure 1.8). The major phospholipid species of S. enterica are 

PE, phosphatidylglycerol (PG), cardiolipin (CL) and acyl-PG (Olsen and Ballou, 1971) 

(Figure 1.8). Separating both membranes and maintaining the cellular shape and 

integrity is a thin layer of peptidoglycan that is made up of repeating units of alternating 

peptide cross-linked N-acetyl-glucosamine and N-acetyl-muranic acid (Quintela et al., 

1997). The cell envelope of Gram negative bacteria provides protection to the 

extracellular environment as the outer membrane is intrinsically resistant to certain 

antibiotic stresses (Delcour, 2009). However, as the cell envelope is comprised of two 
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Figure 1.8. Outer membrane architecture of S. Typhimurium. The cell envelope of 

Gram-negative bacteria comprises the outer membrane (top), a layer of peptidoglycan 

and inner membrane (bottom). The outer membrane is an asymmetric bilayer with the 

outer leaflet comprised of lipopolysaccharide (LPS) and the inner leaflet comprised 

mainly of phospholipids. LPS is made up of Lipid A, which is attached to the inner core 

(3-deoxy-D-manno-oct-2-2-ulosonic acid and heptose). The inner core is linked to the 

outer core, which consists of hexose and hexosamine sugars. Attached to the outer 

core is the O-antigen polysaccharide (Caroff and Karibian, 2003). The inner membrane 

is comprised of the phospholipids cardiolipin (CL), acyl-phosphatidylglycerol (acyl-PG), 

phosphatidylglycerol (PG) and phosphatidylethanolamine (PE) (left to right). 
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membranes, and protein synthesis occurs in the cytoplasm, Gram negative bacteria 

have evolved protein secretion mechanisms to transport polypeptides that are 

synthesised in the cytoplasm through the cell envelope to their intended destination 

(Costa et al., 2015). 

 

1.4 Protein secretion in Gram negative bacteria 

1.4.1 Inner membrane translocation 

 The first barrier for secreted proteins, which are synthesised in the cytoplasm, 

is to cross the inner membrane. Broadly, there are two main systems that facilitate 

inner membrane translocation: the Sec pathway and the twin Arginine translocation 

(TAT) pathway with the Sec pathway involved in secreting unfolded proteins and the 

TAT pathway responsible for secreting folded proteins (Kudva et al., 2013). The Sec 

pathway is comprised of the SecYEG translocon, which is located at the inner 

membrane and forms a pore that opens laterally to secrete proteins through the inner 

membrane (du Plessis et al., 2009). The Sec pathway is responsible for the 

translocation of unfolded proteins and this translocation can occur post-translationally 

or co-translationally (Kudva et al., 2013). The co-translational pathway is usually 

involved in the secretion of integral inner membrane proteins that have a highly 

hydrophobic signal sequence (Chou and Kendall, 1990). This signal sequence is 

recognised by the signal recognition particle (SRP), which targets polypeptides exiting 

the ribosome (Luirink and Sinning, 2004, Jomaa et al., 2016). SRP directs the whole 

complex to SecYEG at the inner membrane and in conjunction with YidC, inserts the 

protein into the inner membrane (Sachelaru et al., 2017).  
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 Proteins that are not intended for the inner membrane, such as lipoproteins or 

outer membrane proteins typically aren’t targeted by SRP, and have a signal sequence 

that typically has a charged N region, hydrophobic H region and polar C region (Chou 

and Kendall, 1990). SecB transports the unfolded polypeptide to the SecYEG 

translocon at the inner membrane where the ATPase SecA, inserts into the SecYEG 

translocon and facilitates inner membrane translocation in an ATP dependent manner 

(Bechtluft et al., 2010). At the periplasmic face of the inner membrane, the signal 

sequence is cleaved (Dalbey et al., 1997).   

1.4.2 Protein secretion overview 

Gram-negative bacteria have evolved various methods to secrete proteins out 

of the cell. Some of these bypass both membranes and the periplasmic space, whilst 

others transport proteins sequentially from the cytoplasm, through the inner 

membrane, periplasm and outer membrane. At least six secretion systems to-date 

have been described in Gram- negative bacteria, Types 1-6 (Costa et al., 2015). These 

6 systems encompass various methods to secrete a protein synthesised in the 

cytoplasm of the cell, through the periplasm and outer membrane into the extracellular 

space. The research presented in this dissertation will mainly focus on Type 5 

secretion, however the others will be introduced briefly (Figure 1.9). Type 1 secretion 

systems are composed of 3 proteins: the ATP binding cassette transporter; membrane 

fusion protein; and outer membrane protein that come together to form a complex that 

is able to secrete proteins from the cytoplasm directly into the extracellular space. The 

most widely studied Type 1 protein is α- haemolysin (Thanabalu et al., 1998). Types 

2, 3, 4 and 6 are multi-protein complexes. Type 2 secreted proteins are first exported 

from the cytoplasm to the periplasm in a Sec or Tat-depended manner and from the 

periplasm to the extracellular space via the secretory machinery  
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Figure 1.9 Overview of secretion systems in Gram negative bacteria. Schematic 

overview of the protein secretion systems in Gram negative bacteria. From left to right: 

Type 1 secretion system; type 2 secretion system; type 3 secretion system; type 4 

secretion system; and type 6 secretion system. Types 1, 3, 4 and 6 transport substrates 

directly from the cytoplasm to the outside of the cell bypassing the inner and outer 

membranes (IM and OM respectively). For types 3, 4 and 6 secreted proteins, these 

are delivered straight into the host cell cytosol. Proteins secreted by the type 2 

secretion system are first trsnslocated through the innner IM by the SecYEG translocon 

before passing though a channel in the outer membrane.  Modified from (Depluverez 

et al., 2016).  
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(Nivaskumar and Francetic, 2014). Type 3 secretion systems (T3SS) bypasses the 

inner membrane, periplasm and outer membrane and the complex extends away from 

the cell surface with a needle like projection that injects directly into host cells to allow 

transfer of  proteins from the bacterial cytoplasm to the host cytosol with the most 

relevant examples including the T3SS from Salmonella (Kubori et al., 1998). The Type 

4 secretion system might transfer DNA (as well as proteins) into either bacterial or 

eukaryotic cells (Alvarez-Martinez and Christie, 2009). Type 6 secretion systems 

translocate toxic proteins into recipient cells via a channel that spans both the inner 

and outer membranes (Zoued et al., 2014). 

 

1.5 Type 5 secretion. 

1.5.1 Type 5 protein overview and functions. 

Type 5 secretion (T5SS) is the most abundant protein secretion system in 

Gram-negative bacteria (Henderson et al., 2004). Proteins that are members of Type 

5 secretion are also termed autotransporters, with the two names used 

interchangeably. ‘Autotransporter’ arises from the misconception that Type 5 proteins 

contain all the information necessary for their own secretion. Several studies have now 

demonstrated that various chaperones are necessary for the sufficient secretion of 

Type 5 proteins (Jain and Goldberg, 2007, Ruiz-Perez et al., 2009, Rossiter et al., 

2011), indicating that Type 5 proteins require more than their own domains for 

secretion. At the most basic level, Type 5 proteins are single polypeptides that have 

three domains: a signal sequence; a passenger domain; and a β-barrel domain 

(Henderson et al., 2004, Pohlner et al., 1987). The signal sequence is Sec-dependent 

and in around 10% of autotransporters, is unusually extended (50-60 residues) 
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(Henderson et al., 2004). The β-barrel domain is also known as the translocation 

domain that usually forms a 12 stranded β-barrel in the outer membrane. The 

passenger domain is thought to be secreted through the pore formed by the β-barrel 

domain to the cell surface where it may remain anchored, or be cleaved and released 

from the cell. The passenger domain is the functional moiety of Type 5 secreted 

proteins with the following functions reported to-date: proteinases (Henderson et al., 

1999); lipases (Wilhelm et al., 1999); adhesins (Nummelin et al., 2004); biofilm 

inducers (Raghunathan et al., 2011); autoaggregation factors (Henderson et al., 1997); 

and host colonisation factors (Shaw et al., 2002) (Table 1.2). 

 1.5.2 Classes of Type 5 proteins 

Type 5 proteins are further divided into five sub categories; type 5a (classical), 

type 5b (two-partner secretion), type 5c (trimeric autotransporter adhesin(TAA)), type 

5d (fused two-partner) and type 5e (inverted) secretion (Leo et al., 2012). All sub-

classes of type 5 secreted proteins have the following domains; a signal sequence, 

secreted passenger domain and a β-barrel translocation domain. However, the 

composition, order and size of these domains, differs between sub-classes (Figure 

1.10). Type 5a proteins have an N-terminal signal sequence followed by the passenger 

domain and a C-terminal β-barrel domain encoded by the same open reading frame, 

which is translated into one polypeptide. 

Type 5b proteins have the secreted domain and a β-barrel domain encoded on 

separate open reading frames. The secreted effector molecule is generally referred to 

as TpsA domain and the translocation domain as the TpsB (Jacob-Dubuisson et al., 

2001). All Type 5a β-barrel domains to-date are composed of 12 β strands (Barnard et 

al., 2007, Clantin et al., 2007), but Type 5b TpsB proteins have 16 β strands and are 

related to members of the Omp85 family of proteins. TpsB proteins contain two  
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Table 1.2. Autotransporter characterisation and function 

Organism Protein Class Function Reference 

EAEC Pet  5a Serine protease autotransporter 
(SPATE), toxin, released from 
cell surface 

(Navarro-
Garcia et al., 
2007) 

Helicobacter 
pylori 

VacA 5a Cytoskeletal rearrangement and 
disrupting mitochondrial function 

(Palframan et 
al., 2012) 

E. coli Antigen 
43 

5a Promotes autoaggregation and 
biofilm formation , phase 
variable 

(de Luna et al., 
2008) 

Bordetella 
pertussis  

Pertactin 5a Required or complete neutrophil 
clearance  

(Inatsuka et 
al., 2010) 

Pseudomonas 
aeruginosa  

EstA 5a Involved in biofilm formation and 
motility, GDSL lipase 

(Wilhelm et al., 
2007) 

E. coli 0157:H7 EhaB 5a Binding to ECM molecules 
laminin and collagen I and 
promotes biofilm formation 

(Wells et al., 
2009) 

 ETEC EtpB 5b β-barrel portion, responsible for 
secretion of EtpP (secreted 
effector). 

(Fleckenstein 
et al., 2006) 

E. coli CdiB 5b Contact-dependent inhibition, β-
barrel portion, responsible for 
secretion of CdiA (secreted 
effector). 

(Aoki et al., 
2005) 

Yersinia 
enterocolitica 

YadA 5c Promotes autoaggregation, 
binding to ECM molecules and 
resistance complement 
mediated killing 

(Schindler et 
al., 2012) 

EHEC EhaG 5c Binding to ECM molecules and 
host cell adhesion 

(Totsika et al., 
2012) 

P. aeruginosa PlpD 5d Phospholipase (Salacha et al., 
2010) 

Fusobacterium 
nucleatum 

FplA 5d Phospholipase, binds 
phosphatidylinositides 

(Casasanta et 
al., 2017) 

EPEC and 
EHEC 

Intimin 5e Binds to translocated Intimin 
receptor (TIR), a type III 
secreted protein, to promote a 
host cell adhesion, inverted AT. 

(Leo et al., 
2015) 

Enteroaggerative E. coli (EAEC), Enterotoxigenic E. coli (ETEC), Enteropathogenic 
E. coli (EPEC), and Enteroheamorrhagic E. coli ( EHEC) 
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Figure 1.10. Type 5 secretion overview. Type 5 secreted proteins can be placed into 

subcategories 5a-5e (left to right) based on gene architecture and multimerisation. 

Briefly, Type 5a are classical autotransporters with an N-terminal signal sequence 

(white), passenger domain (black) and β-barrel domain (blue) encoded for on one open 

reading frame which is translated into one polypeptide. Type 5a autotransporters are 

inserted into the outer membrane with an embedded C-terminus and secreted N-

terminus. Type 5b autotransporters (two partner secretion) have the passenger domain 

and β-barrel domain encoded for on separate genes. The β-barrel also contains two 

periplasmic POTRA (P) domains. Type 5c have all domains encoded for on one gene, 

but the β-barrel on encodes one third of a full barrel, therefore three 5c proteins form 

a homotrimer. Type 5d (fused two-partner secretion) have all domains encoded for on 

one open reading frame but the β-barrel also contains one POTRA domain. Type 5e 

have all domains encoded by one open reading frame, but is secreted such that the N-

terminus is embedded in the outer membrane and the C-terminus is secreted and 

surface exposed.   
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polypeptide transport associated (POTRA) domains whereas the prototypical member 

of the Omp85 family, BamA, predominantly has 5 POTRA domains (Heinz and 

Lithgow, 2014). Trimeric, or Type 5c, proteins have all 3 domains encoded by one open 

reading frame, however the barrel portion only represents 1/3rd of the full β-barrel. 

Thus, three monomers of these proteins must aggregate to form a homotrimer in the 

outer membrane (Cotter et al., 2005). The archetypical Type 5c protein studied to date 

is YadA from Yersinia enterocolitica. YadA is believed to be the single most important 

factor for Y. enterocolitica virulence, with roles including complement resistance and 

the binding to extracellular matrix molecule (Schindler et al., 2012, Leo et al., 2010).  

Type 5d proteins are also known as fused two-partner secretion because the 

protein has both passenger domain and β-barrel domain encoded by one open reading 

frame, but the β-barrel has 16 β-strands and a POTRA domain similar to Type 5b 

proteins. To-date, two Type 5d proteins have been characterised: PlpD from 

Pseudomonas aeruginosa and FplA from Fusobacterium nucleatum (Salacha et al., 

2010, Casasanta et al., 2017). Both proteins were characterised as patatin-like lipases 

that bind to, and cleave, a variety of phospholipids (da Mata Madeira et al., 2016, 

Casasanta et al., 2017). 

Type 5e proteins, again, have all three domains encoded for by one open 

reading frame but have a secreted C-terminus and embedded N-terminus and thus 

has been termed as ‘inverted autotransporters’ (Desvaux et al., 2004, Leo et al., 2012, 

Leo et al., 2014). The archetypal inverted autotransporter is Intimin, which is encoded  

by the eae gene at the Locus of Enterocyte Effacement (LEE) in Enteropathogenic E. 

coli (EPEC) (Jerse et al., 1990). The LEE encodes a T3SS that transports the 

Translocated Intimin Receptor (TIR) directly into host cells (DeVinney et al., 1999). The 
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attachment of Intimin to TIR enables host cell adherence and is important for infection 

(Lai et al., 2013, Ross and Miller, 2007). 

1.5.3 Type 5 mode of secretion 

Although previously believed to be a simple secretion system, recent studies 

have shown that other factors are needed for efficient secretion of Type 5 proteins. A 

simple summary of the secretion of Type 5a proteins is represented in Figure 1.11. 

Briefly, Type 5 proteins are synthesised in the cytoplasm and are directed to the 

SecYEG translocon, via the signal sequence, which facilitates translocation across the 

inner membrane (Hegde and Bernstein, 2006). Once in the periplasm, the signal 

sequence is cleaved by signal peptidases and the unfolded Type 5 protein is 

recognised by periplasmic chaperones such as SurA, Skp and DegP (Lazar and Kolter, 

1996, Sklar et al., 2007b). These chaperones are believed to transport the protein to 

the β-barrel assembly machinery (Bam) complex at the outer membrane. The Bam 

complex is responsible for folding outer membrane proteins into the outer membrane, 

and is required to fold the β-barrel domain of the type 5 protein into a β-barrel structure 

into the outer membrane (Knowles et al., 2009), but the exact mechanism of Bam 

mediated outer membrane protein insertion is unknown. The passenger domain is 

thought to be secreted through the lumen of the newly formed barrel in the “hairpin 

model” of passenger domain secretion (Leyton et al., 2012). However, the evidence 

for this hypothesised secretion process is limited, with an alternative model proposing 

that BamA holds the autotransporter β-barrel in an open state to facilitate passenger 

domain surface exposure. The outer membrane biogenesis of autotransporters has 

been extensively reviewed (Leyton et al., 2012). Recent studies suggest that the 

Translocation machinery (Tam) complex facilitates secretion of the passenger domain 

(Selkrig et al., 2012). Once the passenger domain has reached the cell surface, it might  
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Figure 1.11. Type 5a protein outer membrane biogenesis. Type 5 proteins are 

synthesised in the cytoplasm and cross the inner membrane via the SecYEG 

translocon and once in the periplasm, the signal sequence is cleaved by signal 

peptidases. Periplasmic chaperones such as Skp, DegP and SurA transport the 

unfolded protein to the Bam complex, which, facilitates folding the β-barrel domain into 

the outer membrane. The passenger domain is believed to pass through the lumen of 

the barrel to be exposed on the cell surface with evidence suggesting that the Tam 

complex aids in passenger domain translocation. 
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remain attached the barrel, or it might be cleaved by external or internal peptidases to 

enter the extracellular milieu, or remain associated with the outer leaflet of the outer 

membrane as a cleaved or uncleaved domain. 

1.5.4 The macromolecular complexes important for Type 5 outer 

membrane biogenesis. 

Two protein complexes, Bam and Tam, are believed to have important roles in 

secretion of Type 5 proteins. The Bam complex differs between species of Gram-

negative bacteria but always has an integral outer membrane protein known as BamA, 

which has homologues in mitochondria and chloroplasts. BamA is a member of the 

Omp85 family of proteins that are characterised as integral 16-stranded outer 

membrane β-barrel proteins with polypeptide transport associated (POTRA) domains. 

Mutagenesis evidence suggests that BamA is the most critical component of the Bam 

complex, which is essential to both cell viability and secretion of many Type 5 secreted 

proteins (Bodelon et al., 2009, Jain and Goldberg, 2007, Lehr et al., 2010, Rossiter et 

al., 2011). 

  In Escherichia coli and S. Typhimurium, the Bam complex comprises of five 

factors BamA-E. BamA and BamD are essential for cell viability in E. coli (Voulhoux et 

al., 2003, Malinverni et al., 2006). Both BamA and BamD are required for the outer 

membrane biogenesis of the Type 5a protein Pet (plasmid encoded toxin) from 

pathogenic E. coli (Rossiter et al., 2011). BamA forms a 16 stranded β-barrel outer 

membrane protein (OMP) with five POTRA domains (Albrecht et al., 2014, Werner and 

Misra, 2005). In association with BamA are four lipoproteins BamB-E that are localised 

to the inner leaflet of the outer membrane (Wu et al., 2005). BamB, C and E are non-

essential factors that are not required for the secretion of Pet (Rossiter et al., 2011). 

The crystal structures of all the Bam complex proteins have been solved (Zhang et al., 
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2011, Noinaj et al., 2011, Dong et al., 2012, Albrecht et al., 2014) as well as two 

structures for the whole Bam complex (Han, 2016). The solved crystal and cryo- 

electron microscopy (cryo-EM) structures of the Bam complex indicated that POTRA 

domains of BamA interact with the Bam lipoproteins forming a ring structure that 

protrudes into the periplasm (Figure 1.12A-B) (Han et al., 2016, Iadanza et al., 2016). 

The Bam lipoproteins form sub complexes within the Bam complex known as BamAB 

and BamCDE (Han et al., 2016). These two complexes interact to maintain the stability 

of the complex. The mechanism for Bam-mediated insertion of outer membrane 

proteins into the outer membrane is currently unknown. However, one hypothesis is 

that BamA opens laterally between β-strands 1 and 16 and the unfolded outer 

membrane protein uses the BamA structure as a template for β-barrel formation 

(Iadanza et al., 2016).  

The Tam complex was described more recently (Selkrig et al., 2012, Fierer and 

Guiney, 2001) and in E. coli consists of factors TamA and TamB. TamA is another 

member of the Omp85 family of proteins and is an integral outer membrane protein 

with three POTRA domains. TamB is an inner membrane protein that interacts with 

TamA. Recent studies have suggested the Tam complex is required for efficient 

translocation of the passenger domains of various Type 5 proteins, such as Antigen 

43 (Selkrig et al., 2012) and E. coli fimbrial proteins (Stubenrauch et al., 2016). TamA 

and B are not essential for bacterial viability though the structural relationships with the 

Bam complex suggest that important, yet to be discovered, roles for Tam may exist. In 

this study, the role for TamA and B for secreting and folding complex multimeric Type 

5 proteins will be investigated.     

 



36 
 

 

Figure 1.12. Solved cryo-EM structure of the Bam complex. (A) The cryo-EM 

structure of the Bam complex with the lateral gate between β stands 1 and 16 of BamA 

(red) facing forwards. To the right of BamA is BamB (green). To the left of BamA in a 

complex is BamD (pink), BamC (yellow) and BamE (blue). (B) View of the Bam 

complex from underneath, showing the POTRA domains of BamA interacting with the 

Bam lipoproteins to form a ring like structure (Iadanza et al., 2016).  
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1.6 Salmonella enterica autotransporter proteins. 

S. Typhimurium SL1344 has four characterised Type 5 secreted proteins: 3 type 

5a proteins (MisL (Dorsey et al., 2005), ShdA (Kingsley et al., 2002), and ApeE 

(Carinato et al., 1998)) and 1 type 5c (SadA (Raghunathan et al., 2011)). Some of 

these proteins have been investigated for their role in S. Typhimurium virulence, but 

for the most part, their contribution to virulence have not been extensively studied. 

ShdA and MisL were shown to bind to extracellular matrix molecules and be required 

for faecal shedding in mice (Dorsey et al., 2005, Kingsley et al., 2000), and SadA was 

shown to promote biofilm formation and to be partially required for pathogenesis 

(Raghunathan et al., 2011).  ApeE has not been investigated in an infection setting to 

date. Both SadA and ApeE will be discussed in detail below. 

1.6.1 The Salmonella and Yersinia trimeric autotransporters, SadA and 

YadA. 

As described (section 1.5.2), the archetypal and most widely studied Type 5c 

protein is YadA from Yersinia spp. YadA is an important virulence factor that is 

important in bacterial attachment to host cells (Roggenkamp et al., 1996). Interestingly, 

YadA is mutated and not expressed in Yersinia pestis but is believed to be the major 

virulence factor in Y. enterocolitica and Y. pseudotuberculosis (Pepe et al., 1995). 

YadA forms a trimer of around 180 kDa with the monomer of 55 kDa.  

SadA, from S. Typhimurium, was previously characterised as an important 

factor for adhesion and biofilm formation in vitro and in vivo. When overexpressed in 

E. coli K-12, SadA forms a trimer of approximately 500 kDa in size that promotes 

biofilm formation and autoaggregation in vitro (Raghunathan et al., 2011). SadA is not 

as important for S. Typhimurium virulence in a murine model of infection, in contrast 

with the role of YadA in Yersinia spp. infections. Although, evidence using a transposon 
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directed insertion site sequencing (TraDIS) method identified transposon insertions in 

sadA as less fit in a pig/ chicken model of infection suggesting that SadA might be a 

host-dependent virulence factor of S. Typhimurium (Chaudhuri et al., 2013). The 

structures of both YadA and SadA are summarised in Figure 1.13 (Hartmann et al., 

2012). Both structures have been assembled to represent relative size difference, 

whereby SadA (left) forms a trimer that is much larger than that of YadA (right). Trimeric 

autotransporters are known to have different domains in their passenger domains: 

head; necks; and stalks (Figure 1.13 far right). YadA has one neck, head and stalk 

whereas SadA has interspersed head and neck domains throughout the structure of 

the passenger domain (Hartmann et al., 2012).  

The outer membrane biogenesis of YadA has been shown to be dependent 

upon BamA (Lehr et al., 2010) but the requirement of the other Bam or Tam complex 

proteins have not been fully studied. The outer membrane biogenesis of SadA has also 

not been fully elucidated. A small lipoprotein termed SadB has been shown to assist 

in the trimer stability of SadA (Grin et al., 2014), whereby SadA is not detectable in the 

outer membrane in the absence of SadB. However, the requirement of Bam and Tam 

complexes have not been studied.  

 

1.7 GDSL lipase autotransporters 

1.7.1 Overview of GDSL lipase/esterases. 

 GDSL lipases are a group of proteins that carry a common sequence motif 

comprising glycine-aspartic acid-serine-leucine where the serine in this motif forms 

part of the catalytic triad in the active site of the enzyme (Upton and Buckley, 1995). 

The definition was broadened to include a class of lipases known as the SGNH  
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Figure 1.13. Comparison of the protein structures of SadA and YadA. Modified 

from Hartmann (2012). The crystal structures of fragments of trimeric autotransporters 

were reconstructed and arranged based on relative size. SadA (left) forms a structure 

that extends approximately 108 nm away from the bacterial cell surface. YadA (right) 

forms a trimer that extends approximately 35 nm from the cell. Both SadA and YadA 

have the domains associated with trimeric autotransporters, such as β-barrel, stalk 

neck and head domains. However, YadA has only one of each, whereas SadA has 

dispersed head and neck domains along the stalk.   
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hydrolase family (Akoh et al., 2004) as members of the GDSL/SGNH lipase family 

typically show low sequence identity, but have 5 conserved blocks, termed blocks I-V, 

that are important for lipase activity (Upton and Buckley, 1995). Block I contains the 

catalytic Serine and this is usually found at the N-terminus of the protein. Block II 

contains a Glycine that forms part of the oxyanion hole, block III contains Asparagine 

which also contributes towards the oxyanion hole and block V contains the catalytic 

Histidine. The lipase activity of these enzymes follows a classical nucleophilic attack 

on the ester bond mediated by the active site serine (Akoh et al., 2004).  

GDSL lipase proteins exist throughout the tree of life. They are especially 

prevalent in plants and are involved in the breakdown and synthesis of waxy cuticles 

(Volokita et al., 2011, Akoh et al., 2004). These proteins also exist in bacteria, with 

many being involved in pathogenesis. For example, the Salmonella GDSL lipase 

protein SseJ is responsible for the degradation of Salmonella Induced Fibres (SIFs) 

within the SCV, and has shown in vitro phospholipase activity in the presence of an 

unknown eukaryotic factor (Ruiz-Albert et al., 2002, Lossi et al., 2008).  

Some GDSL proteins are autotransporters. This class of autotransporters have 

the classical conserved blocks of GDSL lipases in the secreted passenger domain and 

the catalytic Serine is located at the extreme N-terminus of the secreted passenger 

domain (Wilhelm et al., 2011). These autotransporters usually fall into the Type 5a 

autotransporters, but differ from the majority as the passenger domains adopt a 

globular fold rather than the right handed β-helical fold characteristically associated 

with Type 5a proteins (Wilhelm et al., 2011, Cai et al., 2017, van den Berg, 2010). An 

example of this unusual passenger domain conformation is exemplified by comparing 

the solved crystal structures of the P. aeruginosa GDSL autotransporter EstA with the 

crystal structure of other Type 5a autotransporters (Figure 1.14). S. enterica has a  



41 
 

Figure 1.14. Comparison of the protein structures of EstA and EspP. (A) The 

solved crystal structure (2.5 Å resolution) of EstA from P. aeruginosa (protein database 

(PDB) 3KVN) (van den Berg, 2010). The structure shows that the β-barrel domain 

forms a regular autotransporter β-barrel but the passenger domain is rich in alpha 

helices. (B) The solved crystal structure (2.5 Å resolution) of the passenger domain of 

EspP (PDB 3SZE) (Khan et al., 2011) and the β-barrel domain (2.7 Å resolution) (PDB 

2QOM) (Barnard et al., 2007). The passenger domain of EspP shows the classical 

right handed β-helical fold of T5aSS proteins.  
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homologue of EstA, known as ApeE, which shares 27% sequence identity overall, and 

both have conserved blocks of hydrolase activity (Schultheiss et al., 2008). 

1.7.2 The Salmonella GDSL lipase autotransporter, ApeE. 

 ApeE is a classical Type 5a autotransporter that was first characterised as a 

napthyl esterase with no homologue in E. coli (Carinato et al., 1998). ApeE was shown 

to be able to cleave methylumbelliferyl caprylate (C8), which is a chromogenic 

substrate found in Salmonella isolation agar (Carinato et al., 1998). When the genetic 

locus encoding a high affinity phosphate transporter was knocked out, apeE was 

constitutively expressed, suggesting that apeE was under the regulatory control of the 

two component regulatory system that responds to phosphate limitation, termed 

PhoBR (Conlin et al., 2001). 

ApeE has a GDSL lipase motif at the extreme N-terminus of its passenger 

domain, with the catalytic Serine (position 25) as part of the motif. The Aspartic acid 

and Histidine that form the catalytic triad are found at positions 326 and 329 

respectively (Schultheiss et al., 2008). Previous work in our laboratory showed that 

ApeE was required for long term survival on tomatoes (Morris, 2013). ApeE was 

responsible for the degradation of tomato cutin, which is a polyester of hydroxylated 

palmitic (C16) and oleic (C18) fatty acids (Girard et al., 2012). Expression of apeE also 

enabled S. Typhimurium to grow utilising Tween80 as a sole carbon source in M9 

minimal medium and this hydrolysis was abolished upon changing the active site 

Serine to an Alanine (Morris, 2013). To date, the role of ApeE during S. Typhimurium 

infections in animal models has not been fully investigated.  
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1.8 Aims and objectives 

The overall aim of this study was to deepen the understanding of S. 

Typhimurium autotransporters. While the secretion of classical, Type 5a, 

autotransporters has been studied, the biogenesis of trimeric autotransporters has not 

been fully investigated, although a small lipoprotein termed SadB has been shown to 

assist in the trimer stability of SadA (Grin et al., 2014).  In this study, the roles of the 

Bam and Tam complex components for the outer membrane biogenesis of both SadA 

and YadA were investigated.  

The roles of the Salmonella autotransporters during infection have been partially 

investigated previously (Raghunathan et al., 2011, Dorsey et al., 2005, Kingsley et al., 

2000, Chaudhuri et al., 2013), however, the combined role of these proteins for 

virulence in a murine model of infection has yet to be fully investigated. ApeE has not 

been investigated for a role for virulence, and even though attempts have been made 

to characterise ApeE, the biological substrates, enzyme activity and interaction with 

the host has largely eluded researchers. This study aims to investigate all of these 

outstanding gaps in the knowledge of ApeE, and to address whether or not ApeE is 

required for Salmonella pathogenesis. 

Thesis objectives: 

1. Chapter 3 will determine the roles of the Bam and Tam complexes in secreting 

trimeric autotransporters. 

2. Chapter 4 will determine the contribution of the Salmonella autotransporter 

proteins to virulence, focusing on their conservation to identify factors that may 

be important for colonisation of certain bodily organs.  
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3. Chapter 5 will establish the biochemical conditions and kinetics of ApeE lipase 

activity in vitro.  

4. Chapter 6 will determine the biological substrates of ApeE, focusing on 

phospholipid substrates. This chapter will also explore the advantage of ApeE 

mediated hydrolysis of phospholipids as a carbon and/or phosphate source for 

S. Typhimurium growth in vitro. 

5. Chapter 7 will investigate whether ApeE contributes towards the virulence of S. 

Typhimurium in a murine model of infection. 

 

 

 

 

 

 

 

 

 

  



45 
 

 

 

 

 

 

 

CHAPTER 2 

Materials and Methods 
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2.1 Culture media, growth conditions and strains 

2.1.1 Bacterial strains and plasmids.  

All bacterial strains and plasmids used in this study are described in Tables 2.1 

and 2.2 respectively. 

2.1.2 Standard laboratory growth conditions.  

All bacteria were cultured in liquid Lysogeny broth (LB) at 37°C with shaking 

unless stated otherwise. To generate LB agar, 1.5% (w/v) technical agar was added 

to LB before autoclaving. If needed, the culture medium was supplemented with 100 

µg/ml ampicillin, 100 µg/ml carbenicillin, 50 µg/ml kanamycin or 33 µg/ml 

chloramphenicol. For overnight liquid growth, 5 ml of LB was inoculated with a single 

colony, and grown for 16 h at 37°C with shaking. For larger growth volumes, overnight 

cultures were inoculated into fresh media at a 1:100 dilution and grown under the 

specific conditions required for the experiment.  

2.1.3 M9 minimal medium preparation.  

M9 minimal medium was made using 5 x M9 salts (Sigma Aldrich) and 

supplemented with 200 mM MgSO4, 1 mM CaCl2 and 30 µg/ml L-histidine. The desired 

carbon source was added and this was either 0.4% (w/v) glucose, 1 mg/ml lyso-

phosphatidylcholine (Sigma Aldrich), lyso-phosphatidylglycerol (Avanti) or 50 µg/ml 

glycerophosphocholine (Sigma Aldrich). To make M9 minimal agar, 1.5% (w/v) 

technical agar was added to M9 liquid medium before autoclaving. Cultures were 

grown at 37°C with aeration unless stated otherwise. 

  



47 
 

Table 2.1 Strains used in this study 

Name Description Reference 

S. Typhimurium 
SL1344 

Salmonella enterica serovar Typhimurium (Wray and Sojka, 
1978) 

SL1344 apeE::aph apeE gene replaced with the kanamycin 
resistance cassette 

(Morris, 2013) 

SL1344 fadD::aph fadD gene replaced with the kanamycin 
resistance cassette 

This study 

SL1344 fadL::aph fadL gene replaced with the kanamycin 
resistance cassette 

This study 

SL1344 ΔglpT glpT gene deletion This study 

SL1344 glpQ::aph glpQ gene replaced with the kanamycin 
resistance cassette 

This study 

SL1344 ugpQ::aph ugpQ gene replaced with the kanamycin 
resistance cassette 

This study 

SL1344 ΔugpQ 
glpQ::aph 

ugpQ gene deletion with glpQ gene 
replaced with the kanamycin resistance 
cassette 

This study 

SL1344 mlrA::aph mlrA gene replaced with the kanamycin 
resistance cassette 

This study 

S. Typhimurium 
SL3261 

ΔaroA derivative of SL1344 (Hoiseth and 
Stocker, 1981) 

SL3261 apeE::aph apeE gene replaced with the kanamycin 
resistance cassette 

This study 

SL3261 SLATs 5 autotransporter deletion strain: ΔmisL 
ΔyaiU ΔapeE ΔsadA shdA::aph 

(Morris, 2013) 

E. coli HB101 Laboratory non-aggregating E. coli strain (Boyer and 
Roulland-
Dussoix, 1969) 

E. coli BL21 DE3 E. coli DE3 T7 express, protein 
expression strain 

 

Invitrogen 
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Table 2.1 Strains used in this study continued 

Name Description Reference 

E. coli BL21 
LOBSTRIL 

BL21 DE3 with arnA(H359S, H361S, 
H592S, H593S)  

(Andersen et al., 
2013) 

E. coli DH5α Highly efficient competent cells, derived 
from DH5α 

New England 
Biolabs 
 

E. coli BW25113 K-12 derivative (Baba et al., 
2006) 

JWD3 E. coli K-12 BamA depletion strain. (Lehr et al., 
2010) 

JCM290 E. coli K-12 BamD depletion strain. (Malinverni et al., 
2006) 

E. coli HB101 
bamB::aph 

Part of the bamB gene replaced with a 
kanamycin cassette 

(Rossiter et al., 
2011) 

E. coli HB101 
bamC::aph 

Part of the bamC gene replaced with a 
kanamycin cassette 

(Rossiter et al., 
2011) 

E. coli HB101 
bamE::aph 

Part of the bamE gene replaced with a 
kanamycin cassette 

(Rossiter et al., 
2011) 

E. coli BW25113 
tamA::aph 

tamA gene replaced by kanamycin 
cassette 

(Morris, 2013) 

E. coli BW25113 
tamB::aph 

tamB gene replaced by kanamycin 
cassette 

(Morris, 2013) 
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Table 2.2 Plasmids used in this study 

Plasmid Description Reference 

pET26B+ T7 expression vector, kanamycin resistance Novagen 

pJR01 sadA gene cloned in between the NdeI and EcoRI sites 
of pET26b(+) 

This study 

pDJSVT87 pACYCDuet-1 with E. coli OmpA signal sequence 
(residues 1-27) followed by a poly His tag and 
multiple cloning site. 

(Casasanta et 
al., 2017) 

pJR02 apeE gene cloned between the KpnI and XhoI sites of 
pDJSVT87 

This Study 

pJR03 apeES35A gene cloned between the KpnI and XhoI sites of 
pDJSVT87 

This study 

pET22b+ T7 expression vector, ampicillin resistance Novagen 

pJR04 Passenger domain of apeE cloned with an N-terminal 6-
His tag between NdeI and XhoI sites of pET17b+ 

This study 

pJR05 Passenger domain of apeE S35A cloned with an N-
terminal 6-His tag between NdeI and XhoI sites of 
pET17b+ 

This Study 

pQE60* pQE60 with added NdeI restriction site in the multiple-
cloning site and previously existing NdeI site removed 

(Raghunathan et 
al., 2011) 

pQE60-
apeE 

apeE cloned between NdeI and HindIII sites in pQE60 (Morris, 2013) 

pQE60-
apeE S35A 

apeES35A cloned between NdeI and HindIII sites in pQE60 (Morris, 2013) 

pDR03 sadA and sadB genes cloned into NdeI and HindIII sites 
in pQE60 

(Raghunathan et 
al., 2011) 

pIBA2-
YadA 

yadA gene in anhydrous tetracycline-inducible 
expression vector pASK-IBA2 

(Grosskinsky et 
al., 2007) 

pKD46 Plasmid expression λ-red recombinase, temperature 
sensitive 

(Datsenko and 
Wanner, 2000) 

pCP20 Plasmid encoding Flp recombinase, temperature 
sensitive 

(Datsenko and 
Wanner, 2000) 
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2.1.4. MOPS minimal medium preparation 

 3-(N-morpholino)propanesulfonic acid (MOPS) minimal media was made up of 

components described in Table 2.3. The MOPS mix was made without a carbon or 

phosphate source, as these were added in when needed. All MOPS minimal media 

was supplemented with 30 μg/ml L-Histidine. 0.4% Glucose (w/v) or 0.5 mg/ml 

glycerophosphocholine were added as a carbon source. For a phosphate source, 

either 1.32 mM K2HPO4 or 0.5 mg/ml glycerophosphocholine (Sigma Aldrich) was 

added. All media was filter sterilised using 0.22 μM sterilisation units before use.   

2.1.5 Microtitre plate growth assays.  

Growth curves were achieved using 96 well microtitre plates (Corning). Bacterial 

strains from overnight cultures (approximately 109 cfu) were washed twice in either 

sterile phosphate buffered saline (PBS) or MOPS mix and were resuspended finally in 

1 ml. Minimal media (MOPS or M9 based) was added to 96 well plates and bacterial 

strains were inoculated into the growth media to a starting OD600nm of 0.02 in 200 µl. 

The outside wells of the plate were never used and all experiments contained wells 

with media only to account for background OD600nm measurements. The plates were 

incubated at 37°C for 24 h with the OD600nm measured every 15 min, with shaking in a 

Clariostar plate reader. The data were analysed using Microsoft excel, and Graphpad 

Prism. 

2.1.6 Spot plating of bacterial dilution series onto agar plates.  

Approximately 109 cfu from overnight cultures were washed twice in sterile PBS 

and finally resuspended in 1 ml PBS. The strains were diluted 1:10 into sterile PBS. 

1.5 µl of each dilution was spot plated onto M9 minimal agar. The plates were 

incubated at 37°C for 16-30 h. 
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Table 2.3 MOPS minimal media composition 

Component Concentration (mM) 

 MOPS 40 

Tricine 4 

FeSO4 0.01 

NH4Cl 9.5 

K2SO4 0.28 

CaCl2 5.0x10-4 

MgCl2 0.525 

NaCl 50 

(NH4)6Mo7O24 7.2x10-8 

H3BO3 1.0x10-6 

MnCL2 2.4x10-8 

ZnSO4 2.4x10-8 
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2.1.7 Repression of gene expression.   

E. coli strains containing genes under the control of the arabinose promoter 

were grown overnight in 5 ml of LB supplemented with 0.05% L-arabinose and sub-

inoculated into fresh LB also containing 0.05% L-arabinose to maintain gene 

expression. To repress gene expression, the strains were grown overnight in 5 ml 

supplemented with 0.05% L-arabinose to maintain expression and then sub-cultured 

into fresh LB supplemented with 0.05% fructose to repress expression. In both cases 

fresh cultures were inoculated with a 1:100 dilution of overnight culture and grown at 

37°C for 3 h. LB agar was supplemented with 0.2% L-arabinose to grow the strains 

under replete conditions on agar plates. 

 

2.2 Bacterial transformation 

2.2.1 Chemical competent transformations.  

A single colony of the appropriate strain was inoculated into 5 ml LB and grown 

overnight at 37°C. The following day, a 1:100 dilution of overnight culture was added 

to fresh LB and grown to mid-exponential phase at an OD600nm of ~0.5. The cells were 

chilled on ice for 30 min and centrifuged for 10 min at 6,000 g at 4°C. The pellet was 

re-suspended in ¼ volume of ice cold 0.1 M CaCl2 and placed on ice for 30 min. The 

cells were centrifuged again and re-suspended in 1/10th volume of 0.05 M calcium 

chloride 10% glycerol (v/v) and stored on ice for at least 30 min before use. For 

transformation, purified vector DNA was mixed with 50 μl of competent cells in a 1.5 

ml microcentrifuge tube and incubated on ice for 30 min. The mixture was heat shocked 

for 90 s using a 42°C water bath and placed on ice for 5 min. 900 µl of LB was added 

and the cultures were aerated at the appropriate temperature for 1 h. The cells were 
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pelleted at 6,000 g for 5 min and re-suspended in 100 μl of LB. The transformation was 

plated onto LB agar with the appropriate antibiotic(s) and supplements. 

2.2.2 Electroporation 

An overnight culture was diluted 1:100 into 100 ml of fresh LB and grown to an 

OD600nm of ~0.6. Cultures were placed on ice for 30 min and centrifuged at 6,000 g for 

10 min at 4°C. The pellet was washed three times by resuspension and centrifugation 

with decreasing volumes of ice cold H2O and were finally re-suspended in 1 ml of H2O. 

For transformation, 50 μl of cells were mixed with appropriate concentrations of purified 

plasmid or linear DNA. The mixture was transferred to a 2 mm electroporation cuvette 

(Cell Projects) and pulsed at 2,200 V, with the immediate addition of either 1 ml SOC 

medium (New England Biolabs) or fresh LB. The cells were recovered in a 15 ml 

centrifuge tube to recover for 1-2 h in a shaking incubator at either 37°C or 30°C with 

aeration. The transformation was then plated onto LB agar with the appropriate 

antibiotic and incubated overnight at an appropriate temperature, usually 37°C. 

 

2.3 Molecular biology techniques 

2.3.1 Preparation of DNA 

Plasmid DNA was extracted using the Qiagen mini prep kit following the 

manufacturer’s instructions. Genomic DNA was extracted using the genome extraction 

kit by Stratec RTP Bacteria DNA Mini kit following the protocol for Gram-negative 

bacteria. All DNA samples were double eluted in nuclease free water (Ambion). 

2.3.2 Polymerase chain reaction 

Primers used in this study are described in Table 2.4. Fragments used for 

cloning and chromosomal mutations were amplified using either Phusion High-Fidelity  
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Table 2.4 Primers used in this study 

Key Primer name Sequence (5’-3’) Description 

P1 apeE_N_his_c
yto_ndeI_F 

TTAACATATGGGCCATCAT
CATCATCATCATCATCATC
ATCACAGCAGCGGCCATA
TCGAAGGTCGTTTTGACTC
TCTTACGGTG 

Forward primer to clone the 
passenger domain of apeE with an 
Nde1 restriction site and N-terminal 
poly-Histidine tag 

P2 apeE_cyto_xh
oI_R 

AACGCTCGAGTCAACCAA
CAGGATTTTCCCCCTG 

Reverse primer to clone the  
passenger domain of apeE with a 
XhoI restriction site 

P3 T7_F TAATACGACTCACTATAGG
G 

Forward primer to check pET based 
vectors constructs. 

P4 T7_R GCTAGTTATTGCTCAGCG
G 

Reverse primer to check pET based 
vectors constructs. 

P5 apeE_16b_kpn
1_F 

TTAAGGTACCTTTGACTCT
CTTACGGTG 

Forward primer for cloning the 
passenger domain and β-barrel of 
apeE into pDJSVT87 with a KpnI 
restriction site 

P6 apeE_16b_xho
1_R 

AACGCTCGAGTCAAAATC
GGGCGCTAAAC 

Reverse primer for cloning the 
passenger domain and β-barrel of 
apeE into pDJSVT87 with a XhoI 
restriction site 

P7 apeE_check_F TAATAATTTGCAGCCACAG
GC 

Forward primer for amplifying the 
apeE locus  

P8 apeE_check_
R 

CTGTTAGTGAACATCCGG
CT 

Reverse primer for amplifying the 
apeE locus 

P9 fadD_KO_F CCTTATGGCTATGGCGGTT
GG 

Forward primer for amplifying the 
fadD locus 

P10 fadD_KO_R CCTACGCTTCTCTCCATAG
AACG 

Reverse primer for amplifying the 
fadD locus 

P11 fadL_KO_F GGCATTCGCCTCTCCAGT
CG 

Forward primer for amplifying the 
fadL locus 

P12 fadL_KO_R CGTGGTTGACCTGGCCAA
TG 

Reverse primer for amplifying the 
fadL locus 

P13 glpQ_KO_F TAATGTTGATCGGTCTGCA
CG 

Forward primer for amplifying the 
glpQ locus 
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Table 2.4 Primers used in this study continued 

Key Primer name 
Sequence (5’-3’) 

Description 

P15 ugpQ_KO_F TACCGATAGGTGCGGACT
ATC 

Forward primer for amplifying the 
ugpQ locus 

P16 ugpQ_KO_R GCAGTTGAATGCCAATAC
GCA 

Reverse primer for amplifying the 
ugpQ locus 

P17 mlrA_KO_F AGCCACGCAATGACCAGA
AACACG 

Forward primer for amplifying the 
mlrA locus 

P18 mlrA_KO_R GCCAGTACGTTAGGCACG
CCGATC 

Reverse primer for amplifying the 
mlrA locus 

P19 Kan_internal_
F 

CCTGCAAAGTAAACTGGAT
G 

Forward primer that anneals to the 
aph gene 

P20 Kan_internal_
R 

CATGCTCTTCGTGCAGATC
A 

Reverse primer that anneals to the 
aph gene 

P21 glpT_KO_F GTTTGCGAGTCGCGAGTT
TTC 

Forward primer for amplifying the 
glpT locus 

P22 glpT_KO_R GGTCAGCGACGTCAGTCA
CC 

Reverse primer for amplifying the 
glpT locus 
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DNA Polymerase (New England Biolabs) with the use of 5x GC buffer and 3% (v/v) 

DMSO or Q5® hot start mastermix (New England Biolabs). Unless otherwise specified 

the thermocycling conditions for Phusion PCR were as in Table 2.5 and Q5 PCR are 

described in 2.6. PCR products amplified by Phusion were purified using the Qiagen 

QIAquick PCR purification kit. For colony PCR, MyTaq Red Mix (Bioline) was used. A 

small amount of bacterial colony was added to 10 µl of nuclease free water (Ambion) 

and boiled for 5 min at 98°C before addition of the Mytaq Red Mix and primers. The 

annealing temperature of 55°C was used (unless otherwise specified) for 

thermocycling reactions. 

2.3.3 Agarose gel electrophoresis 

Separation of DNA fragments was achieved using 1% (w/v) agarose (Bioline) 

gels in 1 x TAE buffer (50 x TAE buffer: 2 M Tris, 1 M acetic acid, 0.05 M EDTA in 

water) with Midori Green (Nippon Genetics) as the DNA dye. Samples were loaded 

using 5 x DNA loading buffer Blue (Bioline), with the exception of PCR products from 

MyTaq Red Mix, which includes a dye. Samples were separated using 1% (w/v) 

agarose using 1 x TAE buffer at 100 – 120 V until the loading dye had run sufficiently. 

All gels were loaded with Hyperladder 1 kb (Bioline) as a marker. Analytical gels were 

viewed under UV light (300 nM) in a Gel Doc (Bio-Rad), and preparative gels were 

viewed in a blue light LED illuminator (Geneflow). 

2.3.4 Cloning 

Plasmids used for cloning were digested with two restriction enzymes. For 

cloning into the expression vector pET22b+, NdeI and XhoI FastDigest enzymes 

(Thermo Scientific) were used for double restriction digest and for cloning using 

pDJSVT87 KpnI and XhoI FastDigest enzymes (Thermo Scientific) were used. The  
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Table 2.5 Conditions for Phusion PCR 

Step Temperature 
(°C) 

Time Number of 
cycles 

Initial 
Denaturing 

98 30 s X 1 

Denaturing 98 10 s 

X 30 Annealing 45-72 30 s 

Extension 72 30 s 

Final 
extension 

72 10 min X 1 

    

    

    

    

    

    

    

    

Table 2.6 Conditions for Q5® hot start PCR 

Step Temperature 
(°C) 

Time Number of 
cycles 

Initial 
Denaturing 

98 30 s X 1 

Denaturing 98 10 s 

X 30 Annealing 45-72 30 s 

Extension 72 30 s 

Final 
extension 

72 10 min X 1 
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PCR fragment to be cloned into each vector were digested with corresponding 

enzymes. 1,000 ng of plasmid DNA or linear DNA were used for the digestion reaction 

and were incubated at 37°C for an appropriate time and the digested products were 

separated by agarose gel electrophoresis. Bands at the appropriate size were excised 

from the agarose gel and the DNA extracted using the Qiagen QIAquick Gel Extraction 

kit. To prevent vector re-ligation, the digested vector DNA was treated with Calf 

Intestinal Phosphatase (CIP) for 30 min. Both vector and insert DNA was quantified 

using a Qubit fluorometer (Thermo Fisher) following manufacturer’s guidelines. The 

quantified insert was ligated into the vector at a 3:1 ratio with at least 50 ng of vector 

DNA, using T4 ligase (NEB). After incubation at 16°C overnight, half of the ligation 

mixtures were transformed into NEB 5-alpha Competent E. coli (High Efficiency) and 

plated onto Luria agar with appropriate antibiotics. 

 

2.3.5 Datsenko and Wanner method for gene inactivation 

A modified version of Datsenko and Wanner (2000) was used to generate 

chromosomal deletions on the S. Typhimurium SL1344 or SL3261 chromosome. A 

collection of single gene disruptions in S. enterica Typhimurium ACTT 14028S 

(Porwollik et al., 2014) were used as the template for all knockout gene fragment PCR. 

Primers were designed to anneal ~200 bp up and downstream of the genes of interest. 

The resulting PCR fragment would contain the kanamycin (aph) resistance cassette 

flanked by ~200 bp of homology to the 3` and 5` ends of the gene of interest. The linear 

fragment was purified using the Qiagen PCR purification kit and the DNA quantity 

determined using a Qubit fluorometer (Thermo Fisher) following the manufacturer’s 

instructions.  
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The intended recipient strain was made electrocompetent and transformed with 

the temperature sensitive λ recombinase vector pKD46. The transformed strain was 

grown in 100 ml LB supplemented with 100 µg/ml carbenicillin and 0.2% L-arabinose 

to induce production of the λ recombinase at 30°C until OD600nm of 0.6 and then the 

cells were made electrocompetent. One µg of purified linear fragment DNA was 

electroporated into the intended recipient strain and plated onto agar plates containing 

50 µg/ml kanamycin and incubated overnight at 37°C. Colonies were screened on agar 

containing 50 µg/ml kanamycin and separately onto agar plates containing 100 µg/ml 

carbenicillin and the mutation confirmed by colony PCR. A change in band size to 

reflect insertion of the kanamycin resistance cassette confirmed gene deletion. 

2.3.6 Kanamycin cassette removal 

To generate deletion strains without the kanamycin resistance cassette, 

confirmed mutants were made electrocompetent and were transformed with a plasmid 

expressing the yeast Flp recombinase, pCP20. Cells were recovered at 30°C and to 

remove the kanamycin resistance cassette, single colonies were inoculated into 5 ml 

of LB broth and incubated for 6 h at 37-42°C. Cultures were patch plated onto plain LB 

agar plates and agar plates supplemented with kanamycin and carbenicillin. Loss of 

the kanamycin cassette and pCP20 was confirmed by patch plating and PCR.   

 

2.4 DNA sequencing 

2.4.1 Genome sequencing 

Strains for sequencing were sent to MicrobesNG sequencing service, University 

of Birmingham, which uses an Illumina MiSeq or HiSeq platform. Single nucleotide 

polymorphisms (SNP) and short insertion/deletions (indel) calling compared to the 
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chosen reference strain and aligned reads were browsed manually using Artemis 

Comparison Tool. 

2.4.2 Plasmid sequencing 

Plasmids were sequenced using the Functional Genomic Unit, University of 

Birmingham or Source Bioscience. In a 10 μl sequencing reaction there was 200-500 

ng of vector DNA and 3.2 pmol of sequencing primer. The service uses the capillary 

sequencer ABI 3730. 

 

2.5 Protein analysis 

2.5.1 SDS-PAGE analysis 

Protein samples were analysed on Tris-glycine gels with 10% resolving and 6% 

acrylamide stacking gels made in 1 mm gel casts (BioRad) unless stated otherwise. 

The resolving gel contained 10% acrylamide (Protogel) resolving buffer (0.75 M Tris 

pH 8.8, 1% (v/v) SDS, 0.5% (v/v) ammonium persulphate (APS) and 0.05% (v/v) of 

TEMED). The stacking gel contained 6% acrylamide (Protogel), stacking buffer (0.25 

M Tris, pH 6.8), 1% (v/v) SDS, 0.5% (v/v) APS and 0.05% (v/v) TEMED). Protein 

samples were loaded in 2 x Laemmli sample buffer (Sigma Aldrich). Protein samples 

were separated at 100 V until the loading dye reached the resolving gel and then the 

voltage was increased to 120-130 V until the samples had reached the bottom of the 

gel. Gels were stained with R-250 Coomassie Brilliant Blue (Thermo Fisher Scientific) 

for 30 min and de-stained with de-stain solution (10% (v/v) glacial acetic). 

2.5.2 Western immunoblotting 

Protein samples were separated by 10% SDS-PAGE gels and transferred to a 

nitrocellulose membrane using iBlot (Invitrogen) dry transfer system. Membranes were 
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blocked for 1 h in either 5% (w/v) skimmed milk in Tris buffered saline (TBS), pH 8.4 

or 3% bovine serum albumin (BSA) (Sigma Aldrich). After blocking, membranes were 

incubated for either 1 h or overnight with primary antibody diluted in either milk solution 

or 3% (w/v) BSA. Antibodies were diluted to appropriate dilutions; anti-His tag 

antibodies were used at a 1:10,000 dilution and anti-ApeE antibodies were used at a 

1:5,000 dilution. After incubation, membranes were washed 3 times with TBST (1 x 

TBS 1% (v/v) Tween80). Secondary antibody diluted in either 5% (w/v) skimmed milk 

solution or 3% (w/v) BSA and incubated with the membrane for 30-60 min at room 

temperature. Anti-rabbit and anti-mouse IgG alkaline phosphatase conjugated 

antibodies raised in goats (Invitrogen) were used at a 1:10,000 and 1:30,000 dilution 

respectively. Anti-mouse IgG horse radish peroxidase (HRP) conjugated antibody was 

used at a 1:30,000 dilution. Immunoblots using alkaline phosphatase conjugated 

antibodies were detected using the substrate NBP-BCIP (nitroblue tetrazolium 

chloride–5-bromo-4-chloro-3′-indolylphosphate) (Sigma Aldrich). HRP immunoblots 

were developed using ECL Prime Western Blotting Detection Reagent (Amersham), 

and exposed to Hyperfilm ECL (Amersham) for between 5 s and 5 min. 

2.5.3 Gene overexpression for protein analysis 

 For the expression of proteins for phenotypic and whole cell lipase activity 

assays, T7 vectors were induced with 0.5 M Isopropyl β-D-1-thiogalactopyranoside 

(IPTG), and pASK plasmids were induced with 200 pM of anhydrous tetracycline. 

Under all induction conditions, overnight cultures were inoculated 1:100 into fresh LB 

and incubated at 37°C until an OD600nm 0.4-0.6. At mid-exponential phase (OD600nm 0.4-

0.6) induced was added at the appropriate concentrations. The induced cultures were 

incubated at 37°C for 3 h to allow protein expression. 
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2.5.4 Gene overexpression for protein purification. 

For expression of proteins for protein purification, the genes were cloned into 

pET22b+ and included a modified N-terminal poly histidine tag instead of a C-terminal 

tag. The cloned plasmids were transformed into either BL21 DE3 or BL21 LOBSTRIL 

(Andersen et al., 2013). Transformants were incubated overnight at 37°C with 100 

µg/ml carbenicillin. The following day, 2 L of 2 x LB was inoculated with a 1:100 dilution 

of overnight cultures and grown at 37°C with aeration until OD600nm of ~0.6. The 

cultures were cooled to 16°C before induction with 50 µM isopropyl β-D-1-

thiogalactpyranoside (IPTG) and growth for 16 h. 

2.5.5 Protein purification 

2 L of induced cultures were pelleted by centrifugation at 5,000 g for 15 min. 

The supernatant was discarded and the pellet re-suspended in lysis buffer (10 mM 

Tris, 20 mM imidazole, 400 mM NaCl, 1 mM PMSF pH 7.5) and the cells were lysed 

using an Emulsiflex-C3 (Avestin, Germany) by passing the resuspended cells through 

the machine 5 times. Once cells were lysed, the cellular debris were removed by 

centrifugation at 6,000 g and the insoluble fraction subsequently removed by 

centrifugation at 50,000 g. The soluble fraction was either mixed with 5 ml of NiCl2 

charged chelating sepharose beads (GE healthcare, USA) or applied to a 1 ml His-trap 

column coated in Nickel-agarose beads overnight using a peristaltic pump. The 

columns were washed with 100-300 ml of wash buffer (20 mM Tris, 50 mM imidazole, 

400 mM NaCl pH 7.5) before being eluted in 10 ml of elution buffer (20 mM Tris, 250 

mM imidazole, 400 mM NaCl pH7.5). Purification fractions were analysed by SDS-

PAGE and the purified protein was stored in a buffer containing 10 mM Tris, 250 mM 

NaCl pH 7.4. 
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2.5.6 Bio-rad protein assay 

 Standard protein concentrations of BSA (0.05-0.5 mg/ml) were added in 

duplicate to 96 well microtitre plates. Test proteins samples were also added in 

duplicate to a 96 well microtitre plate at appropriate concentrations to be within the 

range of the BSA standards. Bio-rad protein (Coomassie® brilliant blue G-250) was 

diluted 1:4 in distilled H2O. The reagent was added to BSA standards and test samples 

and incubated at room temperature for 5 min. The OD595nm was measured in a 

Clariostar plate reader. The protein concentrations in the test sample was calculated 

from the standard curve generated from the absorbance of the BSA standards.  

 

2.6 Cellular fractionation methods 

2.6.1 Whole cell protein extraction 

Whole cell protein fractions were prepared using 1 ml of overnight culture 

centrifuged at 13,000 g for 5 min and re-suspended in 2 x Laemmli sample buffer 

(Sigma Aldrich). This mixture was boiled for 5 min at 100°C and centrifuged at 13,000 

g for 2 min prior to loading onto SDS-PAGE gels. 

2.6.2 Outer membrane protein preparation  

Outer membrane protein fractions were prepared as previously described 

(Parham et al., 2004). Briefly, 50 ml of cultures were grown to an OD600nm 1.0 (including 

3 h of induction if needed). The pellet was resuspended in 20 ml 10 mM Tris-HCl pH 

7.0 and sonicated to lyse cells. The supernatant was centrifuged at 50,000 x g for 45 

min at 4°C to pellet whole membrane fractions. The membrane pellet was re-

suspended in 10 mM Tris-HCl pH 7.0, 0.2% (v/v) Triton X-100 and left at room 

temperature for 15 min with shaking to solubilise the inner membrane. The membranes 



64 
 

were centrifuged at 50,000 g for 45 min at 4°C. The resulting pellets containing outer 

membrane fractions and were washed three times in 10 mM Tris-HCl pH 7.0 before 

final resuspension in 100 µl 10 mM Tris-HCl pH 7.0 and analysis by SDS-PAGE and 

Western Immunoblotting. 

2.6.3 Lipopolysaccharide isolation 

Strains of interest were inoculated in 5 ml of LB and grown overnight at 37°C. 

The equivalent of 1 ml of OD600nm 1.0 cells were centrifuged at 10,000 g and 

resuspended in 100 µl of lysis buffer containing 1 M Tris, pH 6.8, 2% (w/v) SDS, and 

4% (v/v) 2-mercaptoethanol. The cell suspension was boiled at 100°C for 10 min. 

Proteinase K (Qiagen) was added at a final concentration of 25 µg/ml and the lysate 

incubated for 1 h at 60°C. Samples were boiled for 10 min at 98°C. Lipopolysaccharide 

isolations were separated on SDS-PAGE gels and visualized using SilverQuest kit 

(Invitrogen) following manufacturers guidelines. 

2.6.4 Cell phospholipid extraction 

 Cell phospholipids were extracted using a modified Bligh-Dyer method. 

Overnight cultures were centrifuged at 3220 x g for 10 min at 4°C. The pellets were 

resuspended in 1 ml HPLC grade H20 and transferred to a fresh glass tube. To 

generate a one-phase solution, a mixture of chloroform: methanol (1:2) v/v was added 

to the cell suspension and vortexed vigorously. The single phase solution was 

incubated at 50°C for 30 min. To generate a two-phase solution, 1.25 ml of chloroform 

followed by 1.25 ml of H20 was added and subsequently vortexed. The two phase 

solution was centrifuged at 1000 rpm in an IEC table-top centrifuge for 5 min at room 

temperature. The lower organic phase was removed by applying gentle positive-

pressure through the top phase and extracting the bottom phase. The organic phase 
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was dried at 60°C under nitrogen flow. The phospholipid pellets were resuspended in 

chloroform prior to analysis by thin layer chromatography.  

 

2.7 Lipid analysis 

2.7.1 Bligh-dyer method of lipid extraction from liquid 

Lipids were extracted from various solutions. After 24 h of bacterial growth in 

M9 minimal media supplemented with either 1 mg/ml of Lyso-PC or Lyso-PG, bacteria 

were pelleted by centrifugation at 6,000 g for 10 min and the culture medium filter 

sterilised using 0.2 µM filter units. 1 ml of culture medium was used for lipid extraction. 

For determining the interaction of ApeE with bile, purified ApeE was added to a final 

concentration of 2 µM to a solution of 5% ox bile (Sigma Aldrich) in water (w/v) and 

incubated for 12-36 h at 37°C. After incubation, 1 ml of solution was used for lipid 

extraction.  

 To the 1 ml of solution, 3.75 ml of 1:2 (v/v) solution of chloroform: methanol was 

added and the mixture vortexed vigorously. 1.25 ml of chloroform was added followed 

by vortexing and the addition of 1.25 ml of dH2O and a final vortex. The tubes were 

centrifuged at 1000 rpm in an IEC table-top centrifuge for 5 min at room temperature 

to generate a bottom organic phase containing lipids and an aqueous top phase. Using 

a glass Pasteur pipette, the bottom organic phase was removed by applying gentle 

positive-pressure through the top phase and extracting the bottom phase. Some 

samples were washed with authentic upper phase at this step and the authentic upper 

phase was generated by following the same protocol mentioned above but using dH2O 

instead of sample. The final bottom phase was dried at 60°C under Nitrogen flow. The 

pellets were resuspended in 100 µl of chloroform and stored at -80°C until required.  
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2.7.2 One direction Thin Layer Chromatography (TLC) 

 Silica gel 60 TLC plates (Merck Millipore) were cut 10 cm by 10cm (length x 

width). This size allowed for 1 cm gaps between samples and the edges of the plate. 

10 μl of lipid samples were spotted onto the plate using 5 μl microcapillary tubes 

(Sigma Aldrich). The plates were placed in a humid chamber with an equilibrated 

solvent system, which depended on the lipid species being separated. For separating 

bile lipids, a solvent system of either chloroform: methanol: water (65:25:4) or 

chloroform: methanol: ammonium hydroxide (65:25:4) was used. For separating 

membrane lipids, a solvent system of chloroform: methanol: acetic acid (65:25:10) was 

used. The TLC plate remained in the solvent until the solvent front was ~1 cm from the 

top of the plate. The plate was left to dry thoroughly for 30 min at room temperature 

and stained with phosphomolybdic acid (PMA). The stained plate was heated with a 

hair-dryer to activate phosphomolybdic acid until lipid species became visible. 

2.7.3 PIP stripTM phospholipid binding assay  

 PIP stripTM (Thermo Fisher) phospholipid arrays were used to determine the 

binding affinity of ApeE to a variety of phospholipids. These purchased PIP stripsTM 

had 200 pmol of a variety of Phospholipid species spotted onto Polyvinylidene fluoride 

(PVDF) membrane. The PIP stripsTM were incubated with a 3% BSA solution in TBST 

(w/v) for 3 h at room temperature. Purified ApeE (50 µg/ml) was diluted into 3% (w/v) 

BSA TBST and this was incubated with the PIP stripTM for 16 h at 4°C. After incubation, 

the BSA-protein solution was removed and the membranes washed vigorously in 3% 

(w/v) BSA TBST. Primary anti-ApeE antibody was diluted in 3% (w/v) BSA TBST 

1:2,000 and this was incubated with the PIP stripTM for 1 h at room temperature. 

Following incubation, the membrane was washed vigorously in 3% (w/v) BSA TBST. 

The secondary goat anti-rabbit IgG antibody was diluted 1:1,000 into 3% (w/v) BSA 
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TBST and this was incubated with the membrane for 30 min at room temperature. The 

membranes were developed upon the addition of the alkaline phosphatase substrate 

NBP-BCIP. The reaction was stopped by the addition of distilled H2O.  

 2.7.4. Targeted lipidomics by liquid chromatography mass spectrometry  

 Bile from mice was extracted and snap frozen in liquid nitrogen. The samples 

were processed and analysed by liquid chromatography mass spectrometry (LCMS) 

using an Agilent 6490 as a service by Metabolomics Australia, Bio21. Briefly, the frozen 

bile samples were thawed and resuspended in 95 µl of chilled chloroform: methanol 

(2:1) and vortexed for 30 s. The samples were centrifuged at 15, 000 rpm for 10 min. 

The supernatant was evaporated under a speedvac. The dried sample was 

reconstituted in water-saturated butanol and methanol (ratio 9:1) before MS analysis.   

 

2.8 Lipase kinetic assays 

2.8.1 Continuous enzyme kinetics 

Purified proteins were quantified using a Bradford assay and diluted to 10 nM 

in appropriate buffer for each kinetic experiment. Lipase substrates 4-

methylumbelliferyll heptanoate (4-muH), 4-methylumbiferyll butyrate (4-muB), 4-

methylumbelliferyll palmitate (4-muP) and 4-methylumbelliferyll oleate (4-muO) (Santa 

cruz Biotechnology, USA). Each lipase substrate was stored as a stock solution of 50 

mM in either DMSO (4-muH, 4-muB and 4-muO) or chloroform (4-muP). For 

continuous lipase enzyme kinetics, each lipase substrate was diluted in DMSO or 

chloroform to generate a range of substrate concentration from 0-200 µM in a buffer of 

20 mM Tris, or 20 mM HEPES, 50 mM NaCl, 0.05% BOG at various pH. Each 

concentration of substrate had the same volume of DMSO/chloroform (0.4%). 90 µl of 
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each dilution were added to black 96 well microtitre plates in duplicate and for each 

assay, buffer only was added to each substrate dilution as well as a no substrate 

control. For test wells, 10 µl of the 10 nM stock solution of purified protein was added 

to substrate. Upon cleavage of the ester bond, the fluorescence molecule was (4-

methylumbeliferone) realised. The fluorescence intensity was recorded using an 

emission= 449 nm and excitation= 360 nm every 2 min for 20 min on a SpectraMax 

M5e 644 plate reader.  

 To determine the concentration of product produced upon ester bond cleavage, 

standard curves of the fluorescence intensity of 4-methylumbeliferone (Sigma Aldrich) 

in each buffer system used was generated. Concentrations ranging from 0-10 µM of 

4-methylumbeliiferone (Sigma Aldrich, USA) were added to 96 well black microtitre 

plates an endpoint reading was taken using a SpectreMax M5e plate reader. The 

steady-state kinetic parameters for each substrate and buffer condition were 

determined using GraphPad prism version 7.04 by fitting the initial rate data (n=2) to 

the Michaelis-Menten equation: v = Vmax[S] / (KM + [S]) 

2.8.2 IC50 inhibitor determination 

The IC50 of enzyme inhibitors is the concentration of inhibitor added that results 

in the inhibition of enzyme by 50%. A known inhibitor of phospholipases, Methyl 

Arachidonyl fluorophosphonate (MAFP) (Cayman Chemical, USA), was used as a 

potential ApeE inhibitor. MAFP was diluted in reaction buffer (50 mM HEPES, pH 8.0, 

50 mM NaCl, 0.05% BOG) at concentrations in the range 0-50 nM. Each dilution of 

MAFP was added to wells on a 96 well black microtitre plate. ApeE was added to a 

final concentration of 1 nM and the mix was incubated at RT for 30 min. To start the 

reaction, 10 μM of 4-muH was added. Fluorescence was monitored for 20 min at 26°C 
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with readings taken every 2 min (Ex = 360 nm, Em 449 nm) using a SpectreMax M5e 

plate reader. Raw data (n=2) for the reactions was analysed using Graphpad prism.  

2.8.3 ActivX TAMRA-fluorophosphonate serine hydrolase labelling. 

 ActivX TAMRA-fluorophosphonate (TAMRA-FP) was incubated with purified 

protein at room temperature for 20 min. TAMRA FP binds to active site serines and 

fluorescence was detected. After incubation, protein and TAMRA-FP samples were 

analysed by SDS-PAGE. TAMRA-FP was visualised using a G:Box XX6 system using 

the TAMRA fluorescence filter to detect TAMRA fluorescence. 

2.8.4 Determining cell surface lipase activity. 

 Overnight cultures were diluted to an OD600nm of 0.2 and washed twice with 

sterile PBS, and finally resuspended in 900 μl of PBS. For MAFP inhibition, 10 μM of 

MAFP was added to the cells for 60 min at room temperature. Samples with no MAFP 

added were also incubated at room temperature for 60 min. After incubation, the cells 

were washed twice with sterile PBS and resuspended in reaction buffer (20 mM 

HEPES, 50 mM NaCl, 0.1% BOG pH 8.0). Approximately 2x106 cells were added to a 

10 μM 4-muH in black 96 well plates. The fluorescence (Ex = 360 nm, Em 449 nm) 

was measured using a SpectreMax M5e plate reader every 2 min for 20 min at 26°C.  

2.8.5 Phospholipase A1 and A2 activity determination. 

 The phospholipase activity characterisation was achieved using EnzChek® 

phospholipase A1 and A2 kits (Invitrogen). A1 and A2 specific phospholipase substrates 

(PED-A1 and BODIPY® PC-A2 respectively) were incorporated into liposomes 

containing dioleoylphosphatidylglycerol (DOPG) and dioleoylphosphatidylcholine 

(DOPC) in reaction buffer 50 mM Tris-HCl, 100 mM NaCl, 1 mM CaCl2, pH 8.9. The 

liposome mix was diluted 1:2 with either buffer only control or with protein in a black 
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96 well microtitre plate, resulting in final concentrations of A1 or A2 substrate of 1.65 

µM and DOPG and DOPC at 16.5 µM. Purified protein was added at a concentration 

of either 1 or 10 µM. Fluorescence was measured using a Clariostar plate reader for 

30 min every 2 min at 26°C. The excitation and emission wavelengths were 505 nm 

and 460 nm respectively.  

2.9 in vitro infection techniques  

2.9.1 Cell line maintenance. 

Raw264.7 immortalised macrophage cells lines were maintained in full RPMI 

medium2 (RPMI, 10% foetal calf serum, 1% penicillin/streptomycin) at 37°C at 5% 

CO2. HeLa cells were maintained in full RPMI as above, and supplemented with 2 mM 

L-glutamine at 37°C with 5% CO2. Cells were maintained in 75 ml tissue culture flasks 

with fresh medium added every 2-3 days. At 80% confluency, the cells were used for 

infection assays. 

2.9.2 Cell invasion and replication experiments. 

 Tissue culture cells (5x105) were seeded into tissue culture treated 12 well 

plates. Overnight cultures of bacterial strains were diluted 1:100 in fresh LB broth and 

grown until OD600nm of 1.0. The cells were washed twice in sterile PBS and added to 

the tissue culture cells to a multiplicity of infection of 10. The cultures were incubated 

at 37°C for 1 h before washing and the addition of gentamicin (100 µg/ml) to kill non-

intracellular bacteria. After varying incubation times, the tissue culture cells were lysed 

by the addition of 0.1% (v/v) Triton X-100 in PBS. Bacteria were enumerated by plating 

serial dilutions onto agar plates.  
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 2.9.3 Serum bactericidal assays  

Strains of interest were inoculated into 5 mL of LB and incubated overnight at 

37°C. The following day, cultures were inoculated into fresh LB at a 1:100 dilution and 

grown until OD600 of 0.6. Approximately 109 bacterial cells were pelleted at 6,000 g for 

5 minutes and washed twice with PBS and then diluted 1:10 into fresh PBS to generate 

the starting inoculum. 5 µL of starting inoculum was added to 45 µL of healthy human 

serum at either 100% or 50% (v/v) in PBS and incubated at 37°C. At regular intervals 

up to 180 minutes post inoculation, colony forming units (CFU’s) were enumerated. As 

a control, complement factors in healthy serum were heat inactivated at 60°C for 1 

hour. The serum bactericidal activity was plotted as the Log10 change in cfu in 

comparison to the starting inoculum. 

 

2.10 Animal models of infection 

2.10.1 Infection of C57BL/6 mice with S. Typhimurium 

All animal experiments were ethically approved and carried out by personal 

licence number (I6237A091) (Jessica Rooke), under the project license (30/2850) at 

the Biomedical services unit and University of Birmingham. C57BL/6 mice (6 to 8 

weeks old) infected either by I.P. (intra-peritoneally) with 5 x 105 organisms or orally 

with 107 organisms of appropriate S. Typhimurium strains. At experimental time-points, 

mice were humanely culled and the spleens, livers, gallbladders, faeces and blood 

collected. Livers and spleens were washed in sterile PBS and weighed. Spleens and 

livers were added to 5 ml of sterile PBS in stomacher bags (Starstedt, Australia) and 

homogenised using a stomacher®80 machine. Whole gallbladders were homogenised 

into 200 µl of sterile PBS. Serial dilutions of homogenised organs were plated onto 
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appropriate agar plates to determine the colony forming units (cfu). Data were 

represented as cfu/organ. 100 µl of blood was plated directly onto selective agar plates. 

To determine the bacterial burdens in murine faeces, samples were collected and 

weighed and homogenised in sterile PBS. The cfu/100 mg of faeces were determined 

by plating serial dilutions of faecal samples.  

 

2.11 Microscopy 

2.11.1 Immunofluorescence 

 Overnight cultures were diluted 1:100 into 5 ml of fresh LB and grown to an 

OD600nm 1.0. 1 ml of culture was centrifuged at 10,000 g and resuspended in 1 ml PBS. 

The cells were fixed in 4% (v/v) paraformaldehyde and 10 µl spots were added to poly-

l-lysine coated microscope cover slips. These slips were blocked with either 0.5% (w/v) 

BSA in PBS or 0.2% gelatin pH 7.5 before incubation for 1 hour in primary antibody 

diluted in either 0.5% BSA or gelatin. Either a 1:5,000 dilution of anti-YadA, 1:1,000 

dilution of anti-SadA or 1:10,000 anti-polyhistidine tag were used. Cover slips were 

washed three times in PBS and then incubated in secondary antibody diluted in either 

0.5% (w/v) BSA or gelatine. A 1:5,000 dilution of anti-mouse IgG Alexa Fluor 488 was 

used. Cells were imaged using fluorescence microscopy 

 

2.12 Phenotypic screens 

2.12.1 Microtitre plate biofilm assay 

The ability of the strains to form biofilms was determined using a microtitre plate 

biofilm assay. Overnight cultures were inoculated into fresh M9 minimal medium to a 
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starting OD600nm 0.02. These cultures were added in equal volumes to a 96 well 

microtitre plate and was incubated at 37°C overnight either in the Clariostar or static 

incubator. Following incubation, the cultures were removed from the plate and 150 µl 

of 0.1% crystal violet stain was added to each well for 30 min. After incubation of the 

stain, the plate was washed 3 times with distilled water and left to air dry. Bacteria 

adhered to the microtitre plate wells forming biofilms would retain the crystal violet stain 

after washing. Once the wells were dry, 150 µl 80:20 ethanol: acetone solution was 

added to de-stain the wells. The OD600nm of the plate was determined using the 

Clariostar plate reader.  

2.12.2 Extracellular matrix molecule binding assay 

Bacterial adherence to extracellular matrix molecules was measured via growth. 

Overnight cultures were inoculated 1:100 into fresh LB and were grown to OD600nm 1.0 

at 37°C and expression of plasmids was achieved using the appropriate inducer for 2 

h. 109 bacterial cells were washed in PBS and resuspended in 1 ml of PBS. Cells were 

added to microtitre plates coated with 20 μg/ml of collagen I isolated from rat tails 

(Sigma-Aldrich). BSA-coated wells (50 μg/ml) were used as a control. After 1 h 

incubation the wells were washed with PBS to remove non-adherent bacteria. 

Adherent cells were incubated in LB for a further 5 h prior to enumeration by direct 

colony counting on agar plates.  

2.12.3 Autoaggregation assay 

 Aggregation of the strains was determined using an aggregation settling assay. 

Overnight cultures were inoculated 1:100 into fresh LB and grown until OD600nm 0.6, at 

which point yadA expression was induced by anhydrous tetracycline. The cultures 

were grown and standardised to a final OD600nm 1.0 and mixed vigorously for 15 s prior 
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to the start of the assay. Every 30 min, a 150 µl sample was taken approximately 0.1 

cm from the liquid surface and transferred into a microtitre plate maintained on ice. At 

the end of the experiment, the OD600nm values were measured using a Clariostar 

microtitre plate reader.  

 

2.13 Bioinformatic analyses 

 2.13.1 Protein Clustering.  

A representative set of 1,999 Lipase_GDSL proteins selected using the CD-HIT 

Suite at a cut-off of 30% protein identity were used in all-against-all searches in 

BLASTP with an e-value threshold of 1e-4 and 1e-20. Information about each protein 

(phylum, architecture, etc) was incorporated into the BLAST results based on the 

previous architecture designations and information from UniProt. Cluster diagrams 

were constructed using Cytoscape (v.3.3.0) (Shannon et al., 2003), where each node 

represents a single protein sequence and each line (or edge) represents a match below 

the e-value threshold. 

2.13.2 Identification of homologues and phylogenetic tree construction 

BLASTP was used to search all genome sequences of Gram negative bacteria 

using the protein sequence of ApeE. Putative ApeE homologs were verified by SMART 

sequence analysis to determine the proteins included an N-terminal signal sequence, 

Pfam: Autotransporter domain and a Pfam: Lipase_GDSL domain. Protein sequences 

were aligned using ClustalX (Thompson et al., 1997). Phylogenetic distances were 

estimated using the neighbour joining method of Saitou and Nei applying a distance 

matrix. The phylogenetic tree was drawn in MEGA 4 with incorporation of bootstrap 

values that were obtained involving 1000 replicates.  
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2.14 Statistics 

 Graphpad prism (version 7.04) was used for all statistical analyses. Statistical 

significance was determined by p<0.05 and the statistical analysis depended upon the 

comparison for each experiment. The most common statistical tests were Mann-

Whitney non-parametric U tests, 1 way and 2 way anova and Student’s T-test. Multiple 

comparisons were corrected using Graphpads inbuilt correction system for multiple 

comparisons. The details for the statistical analyses for each experiment are stated in 

the results.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 



76 
 

 

 

 

 

 

 

CHAPTER 3 

 Investigating the mechanism of 

trimeric autotransporter biogenesis 
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3.1 Introduction 

In Escherichia coli, the β-barrel assembly (Bam) complex is comprised of five 

factors, BamA-BamE (Rossiter et al., 2011, Jain and Goldberg, 2007, Voulhoux et al., 

2003). BamA is an essential outer membrane protein (Knowles et al., 2008, Werner 

and Misra, 2005). Four periplasmic lipoproteins, BamB-BamE, form a non-covalent 

interaction with BamA to create the complex (Knowles et al., 2011, Wu et al., 2005). 

Like BamA, BamD is essential for viability (Malinverni et al., 2006). The remaining 

components are not critical for viability but their loss compromises the integrity of the 

outer membrane and the biogenesis of outer membrane proteins (Malinverni et al., 

2006). Recent studies to assess the contribution of individual complex proteins to the 

biogenesis of T5aSS autotransporters in E. coli have shown that BamA and BamD are 

essential for their secretion (Rossiter et al., 2011). In contrast, BamB, BamC and BamE 

were not essential for the secretion or folding of the proteins (Rossiter et al., 2011).  

Furthermore, recently it was reported that the Translocation Assembly Machinery 

(Tam) complex was also required for efficient secretion of a folded protein via the 

T5aSS (Selkrig et al., 2012). The Tam complex consists of the integral outer membrane 

protein TamA and the integral inner membrane protein TamB. TamA shares structural 

similarity with BamA. However, the precise contribution of the Tam complex to the 

biogenesis of the T5aSS is yet to be elucidated. 

In contrast to the T5aSS, the mechanisms for secretion of the other subclasses 

is less well understood. Proteins belonging to the T5cSS, or the Trimeric 

Autotransporter Adhesin (TAA) family, have key differences when compared to 

members of the T5aSS (Hernandez Alvarez et al., 2008, Linke et al., 2006). TAAs are 

defined by the presence of a short 70-100 amino acid C-terminal translocation domain, 

and thus the protein must form a homotrimer in order to generate a complete -barrel 
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(Wells et al., 2010, Wells et al., 2007, Cotter et al., 2005). Consequently, unlike the 

passenger domains of the T5aSS, which predominantly adopt a monomeric β-helical 

conformation, the TAA passenger domains form a trimeric structure composed of 

oligomeric coiled-coil regions interspersed with distinct head and neck motifs (Linke et 

al., 2006). The molecular organisation of these proteins presents logistical challenges 

for the bacterium. For example, the trimer must assemble in a manner that is consistent 

with the secretion of large passenger domains (up to 5 MDa) to the bacterial cell 

surface; at the outer membrane each monomer must be maintained in a conformation 

that is consistent with pairing to its sister monomers; and monomers must be inserted 

into the outer membrane whilst being prevented from pairing with the nascent β-

strands of non-partner proteins.    

Previously, using the archetypical and widely studied TAA protein, YadA from 

Yersinia, it was demonstrated that BamA is essential for the assembly of a folded 

functional trimer into the outer membrane (Lehr et al., 2010). It was hypothesised that 

the other components of the Bam complex and/or the components of the Tam complex 

would play important roles in co-ordinating the assembly of the TAA homotrimer into 

the outer membrane.  Here we tested this hypothesis by determining the impact that 

loss of each Bam and Tam component had on the assembly and function of two 

different TAAs. 

3.2 Results 

 3.2.1 The requirement of BamA and BamD for the secretion of SadA and 

YadA. 

Previously, it was determined that BamA was required for the biogenesis of the 

trimeric autotransporter YadA (Lehr et al., 2010). To determine if this observation was 
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true for other TAAs, the role of BamA for the biogenesis of a sequence divergent TAA, 

SadA, was investigated. An expression vector encoding full-length SadA (pDR03) was 

transformed into the BamA depletion strain E. coli JWD3 (Lehr et al., 2010). Overnight 

cultures of either HB101 wild-type, JWD3 with empty vector (EV) or pDR03 were 

inoculated 1:100 into fresh media. The expression of bamA in the BamA depletion 

strain JWD3, was either depleted with fructose or induced with arabinose for 3 h. After 

growth, outer membrane fractions were isolated using a TritonX-100 extraction 

method. The samples were analysed by SDS-PAGE and Western Immunoblotting 

using primary anti-SadA, BamA and OmpF/C antibodies. OmpF/C protein levels are 

known to be reduced under BamA depletion conditions. SadA could be detected in 

wild-type strains of E. coli and in E. coli JWD3 under BamA replete conditions (Figure 

3.1A). In contrast, SadA levels were severely diminished from BamA-depleted cells 

(Figure 3.1A). The levels of OmpF/C were also depleted in the absence of BamA 

(Figure 3.1A). 

BamD is the second component of the BAM complex that is vital for cell viability 

(Malinverni et al., 2006). To determine whether BamD is required for TAA secretion a 

similar method was followed. The BamD depletion strain (JCM290) was transformed 

with either EV or pDR03. Depletion of BamD was achieved as previously described for 

the BamA depletion described above. Outer membrane proteins were isolated from 

each strain and analysed by SDS-PAGE and Western immunoblotting with primary 

antibodies towards SadA, BamD and OmpF/C. The secretion of SadA to the outer 

membrane was investigated in a BamD depletion strain (JCM290). Similar to BamA, 

when BamD is depleted from the cell, the protein levels of SadA and OmpF/C are 

considerably depleted in the outer membrane (Figure 3.1B).  
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Figure 3.1. Western blot analysis of the BamA and BamD requirement for SadA 

and YadA outer membrane biogenesis (A) Western blot analysis of outer membrane 

fractions of HB101 and BamA depletion JWD3 strain (+/- depletion) with either empty 

vector (-) or pDR03 (SadA) (+) plasmids. Fractions were probed with anti-BamA, SadA, 

and OmpF/C. Bands indicate presence of the protein in the outer membrane. (B) 

Similar western blot analysis of HB101 and BamD depletion JCM290 strain (+/- 

depletion) with EV or SadA+ plasmids. Fractions were probed with anti-BamD, SadA, 

BamB and OmpF/C. SadA is not detectable in the outer membrane in the absence of 

BamA and BamD. (C) Western blot analysis of outer membrane fraction of HB101 and 

JWD3 depletion strain (+/- BamA) with either empty vector (-) or YadA (+). 
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To further confirm the observations that BamA is essential for the secretion of 

TAAs, a second trimeric protein (YadA) was investigated for secretion under BamA 

depletion conditions. HB101 and JWD3 were transformed with an expression vector 

cloned with yadA (pIBA2-YadA). After growth in the absence or presence of arabinose, 

the outer membrane proteins were isolated as previously described. The proteins were 

analysed by SDS-PAGE and Western immunoblot using antibodies against YadA, 

BamA and OmpF/C. Under replete conditions, YadA was detected in the outer 

membranes of both HB101 and JWD3. Upon depletion of BamA, YadA is no longer 

detectable in the outer membrane (Figure 3.1C).  

These results reinforce previous observations that BamA is required for the 

biogenesis of TAAs and demonstrate for the first time that BamD is essential for TAA 

biogenesis. 

3.2.2 The requirement of the non-essential Bam complex components for 

OM localisation of TAA’s. 

 Given the complex requirements for the assembly of a trimeric protein into the 

outer membrane, it was hypothesised that the nonessential components of the BAM 

complex (BamB, BamC, and BamE) might play a role in TAA biogenesis. To investigate 

this, E. coli HB101 and its isogenic bamB, bamC, and bamE deletion mutants (Rossiter 

et al., 2011) were transformed with pDR03 or pIBA2-YadA, which encode SadA or 

YadA, respectively.  Each mutant was also transformed with the respective empty 

vector.  Overnight cultures of each strain were diluted 1:100 and grown until an OD600nm 

of 1.0 at 37°C. Outer membrane protein fractions were isolated from these cultures 

using a TritonX-100 detergent extraction method and separated by SDS-PAGE. The 

absence of each Bam component from the respective mutant was confirmed by 

Western immunoblot analysis (Figure 3.2A). Western immunoblotting using polyclonal  
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Figure 3.2. Western blot analysis of BamB, C and E requirement for outer 

membrane localisation of trimeric autotransporters. (A) Western blot analysis of 

wild-type HB101 and bamB, C or E mutant strains confirming the loss of each protein 

in the corresponding mutant. Outer membrane fractions were probed with either Bam 

A, B, C, E specific antibodies. (B) Outer membrane fractions of wild-type and bam 

mutant strains expressing either an empty vector control (-) or SadA/Yada (+) analysis 

by Western blot. Protein fractions were probed using either YadA or SadA specific 

antibodies confirming the presence of the proteins in the outer membrane.  
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rabbit antisera to SadA or YadA revealed the accumulation of each protein in the outer 

membrane was unaffected by the absence of BamB, BamC or BamE (Figure 3.2B). 

These observations indicate BamB, BamC and BamE are not required for the 

translocation of TAAs to the outer membrane. 

3.2.3 Outer membrane localisation of trimeric autotransporters in Tam complex 

mutants. 

Earlier studies demonstrated that the Tam complex is required for the correct 

biogenesis of T5aSS proteins (Selkrig et al., 2012). Therefore, it was hypothesised that 

the TAAs proteins would also require the assistance of the Tam complex for 

biogenesis. To test this, the loss of TamA and TamB from the corresponding gene 

deletion strains were confirmed by Western blot analysis of whole cell protein fractions 

using TamA and B specific primary antibodies (Figure 3.3A). The confirmed tamA and 

tamB mutants were transformed with either the empty vectors or pDR03 or pIBA2-

YadA.  Cultures and outer membrane proteins were prepared as previously described 

and the outer membrane localisation of SadA and YadA was monitored by Western 

blot. In the absence of TamA or TamB, both YadA and SadA are incorporated into the 

outer membrane at levels similar to the wild-type parental strain, suggesting that the 

Tam complex is not required for the localisation of TAAs to the outer membrane (Figure 

3.3B).  

3.2.4 Surface exposure of TAA’s in Bam and Tam mutants. 

 Previously studies observed that intermediates of the T5aSS are localised to 

the outer membrane but are unable to translocate their cognate passenger domains to 

the cell surface (Leyton et al., 2011). Furthermore, the translocation of the TAA  
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Figure 3.3. Requirement of TamA and B for outer membrane insertion of trimeric 

autotransporters. (A) Western blot analysis of wild-type HB101 and tamA and tamB 

mutant outer membrane fractions confirming the loss of each protein in the 

corresponding mutant using antibodies specific to TamA and B. BamA specific 

antibodies were used as a positive control. (B) Western blot analysis of wild-type 

HB101 and tamA and tamB mutant outer membrane fractions expressing either empty 

vector (-) or YadA/SadA (+) using YadA or SadA specific antibodies to confirm the 

presence of the proteins in the outer membrane.  
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passenger domains to the cell surface must be co-ordinated in a manner that prevents 

misfolding before secretion and does not sterically hinder the secretion of their sibling 

passenger domains.  Therefore, it was hypothesised that whilst the non-essential Bam 

components and the Tam components were not required for localisation to the outer 

membrane, they might be responsible for holding the C-terminal translocation unit 

and/or passenger domains in a conformation that permits secretion of the passenger 

domain to the cell surface. To test this hypothesis, the surface exposure of YadA in the 

Bam and Tam mutants was monitored by immunofluorescence microscopy using 

antibodies against YadA and the secondary antibody anti-IgG conjugated with 

Alexafluor488. YadA was detected on the surface of the parental and non-

permeablised bam (Figure 3.4A) and tam mutants (Figure 3.4B). These data suggest 

that neither the non-essential Bam nor the Tam complexes are required for surface 

exposure of trimeric autotransporters. 

3.2.5 The function of Trimeric autotransporters in Bam and Tam mutants. 

 Although the Tam and the non-essential Bam components are not required for 

localisation to the outer membrane or for surface localisation of the passenger domain, 

they might be required for the correct folding of TAA passenger domains on the cell 

surface. In order to determine whether these components play a role in folding, the 

function of the TAA proteins in the mutant backgrounds were tested.  

 As YadA is known to mediate binding to collagen I and to promote 

autoaggregation (Nummelin et al., 2004), the E. coli bamB, bamC and bamE mutants 

expressing YadA were tested in a growth-based collagen binding assay. Strains were 

incubated in wells coated with collagen I prior to vigorous washing. LB medium was 

added to the wells and the plates were incubated at 37°C for 2 hours. Strains that had 

adhered to collagen I would have more bacterial cells in the wells and would therefore  
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Figure 3.4. Immunofluorescence of YadA surface exposure in Bam and Tam 

mutants (A) Immunofluorescence imaging of wild-type, and bamB, C and E mutant 

PFA fixed cells containing either empty vector (EV) or YadA plasmid (+YadA). (B) 

Immunofluorescence microscopy using antibodies raised to YadA. Shown are 

microscope images of light and fluorescent images of cells expressing yadA (+Yada) 

and those with empty vector (EV). 
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show higher growth, which was measured as colony forming units (cfu) per ml. 

Expression of YadA in all strains promoted significant increases in binding collagen I 

compared to the empty vector control, regardless of bam mutation (Figure 3.5A). 

Similarly, induction of YadA expression in all strains led to significant autoaggregation, 

in contrast to empty vector control strains, which had no discernible aggregation 

(Figure 3.5B). 

Previously, it was demonstrated that SadA could promote biofilm production in 

vitro (Raghunathan et al., 2011). Thus, the ability of wild-type and Bam mutant strains, 

either expressing or not expressing SadA, for their ability to form a biofilm on 

polystyrene plates was investigated. Strains were inoculated into M9 minimal medium 

and incubated overnight at 37°C. The next day, the plates were washed vigorously and 

stained with crystal violet. The crystal violet was removed and the plates were 

destained with an ethanol: acetone (80:20) solution. The OD620nm was measured and 

biofilm was determined by increased OD620nm measurement. All strains expressing 

SadA had significantly (P < 0.001) higher biofilm formation than those strains with the 

empty vector (Figure 3.6).   

 To investigate whether TamA and TamB were required for folding of TAA 

passenger domains, the tam mutants described above were monitored for YadA 

function. In order to determine whether YadA was functional when expressed in a tam 

mutant, the ability of YadA to bind collagen I was tested. In both tamA and tamB 

mutants, YadA promoted binding to collagen I (Figure 3.7).  These data suggest that 

TAAs are secreted, folded and function even in the absence of BamB, C or E and the 

Tam complex.  
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Figure 3.5. The function of Trimeric autotransporters in the absence of the non-

essential Bam components. (A) Collagen I binding by wild-type and Bam mutant 

HB101 strains containing either EV or YadA+ plasmid. Adhesion was examined via 

measuring growth in microtitre plates after binding and washing. Significance (p<0.05) 

was determined by a Students T-test. Error bars represent standard deviation of at 

least 8 technical replicates and 3 separate experiments. (B) Aggregation of wild-type 

and mutant HB101 strains containing either EV or YadA+ plasmid. The pellet formed 

by autoaggregation can be visibly compared after three hours (insets). Significance 

(p<0.05) was determined by a Students T-test and error bars represent standard 

deviation of 3 separate experiments.  
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Figure 3.6 Biofilm formation mediated by SadA in the absence of the non-

essential Bam components. Biofilm formation by wild-type and mutant HB101 strains 

containing either EV or SadA expressing plasmid. Biofilm formation was examined in 

polystyrene microtitre plates. Significance (p<0.05) was determined by a Students T-

test (*** p<0.001). Error bars represent standard deviation of at least 12 technical 

replicates and 3 separate experiments. 
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Figure 3.7. Collagen I binding assay of YadA secreted in the absence of TamA 

and B (A) Collagen I binding by wild-type (WT) and mutant tamA and tamB strains 

containing either EV or YadA+ plasmid. Adhesion was examined via measuring growth 

in microtitre plates after binding and washing. Significance (p<0.05) was determined 

by a Students T-test. Error bars represent standard deviation of 3 separate 

experiments. 
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3.3. Discussion   

 The proteins SadA and YadA are both trimeric autotransporter adhesins, 

however they vary greatly in sequence homology, length and function. YadA is the 

prototypical TAA, its trimeric structure composed of a -barrel in the outer membrane, 

with a single stalk, neck and head domain extending 35 nm into the extracellular 

environment. In contrast, SadA extends 108 nm and is composed of multiple stalk, 

neck and head domains alternatingly dispersed (Hartmann et al., 2012). Here, it was 

found that despite these size and structural differences that both BamA and BamD are 

required for the secretion and function of SadA and YadA. This is agreement with 

studies on other outer membrane proteins (Rossiter et al., 2011), and is further 

evidence that BamA and BamD work in unison to assemble proteins into the outer 

membrane (Hagan et al., 2010, Malinverni et al., 2006). In contrast, both SadA and 

YadA were functionally assembled into the outer membrane in BamB, BamC and 

BamE mutant strains. These three lipoproteins have been shown to be non-essential 

in E. coli and although been shown to be required for the secretion of some outer 

membrane proteins (Charlson et al., 2006, Hagan et al., 2010), are also not required 

for others (Sklar et al., 2007a, Volokhina et al., 2009). The ability of SadA to induce 

biofilm formation was the same in the wild-type and a BamB mutant. This is 

unsurprising as other proteins (such as Pet, TolC) have been shown to be functionally 

assembled in BamB mutants. Additionally, TAA proteins such as NhhA exist in 

bacterial species (Neisseria meningitidis) that don’t have a BamB homolog, suggesting 

it is not required for proper assembly of this protein class (Volokhina et al., 2009). 

 TamA and B have been implicated in the secretion of classical autotransporters. 

Here, we observe that TamA and B are not required for the biogenesis of TAA proteins, 

suggesting TamA and B involvement in type 5 secretion may be specific to a subset of 
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type 5 proteins. TamA and B were recently implicated in the efficient biogenesis of E. 

coli fimbrial proteins (Stubenrauch et al., 2016), thereby demonstrating that the exact 

role of the Tam complex for proteins destined to insert in the outer membrane is an 

area of research that is still ongoing. 

 The assembly of trimeric proteins are poorly understood and it is unknown 

whether the trimers form prior to insertion or whether monomers are held in the 

membrane by some factor and are assembled when three monomers are available. 

Here, we show that the non-essential components of the Bam complex and both TamA 

and B are not required for TAA assembly. However, this does not rule out the possibility 

that the accessory Bam components and perhaps the Tam complex are involved in 

efficient outer membrane biogenesis of trimeric autotransporters and other outer 

membrane proteins.  
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4.1. Introduction 

 The major virulence factors of Salmonella enterica are the two Type 3 secretion 

systems encoded for on Salmonella pathogenicity islands (SPI) 1 and 2. These Type 

3 secretion systems have been experimentally proven to be important for S. 

Typhimurium intracellular entry and survival (Johnson et al., 2018a). However, an 

understudied area of S. enterica pathogenicity is that of the contribution of a family of 

Salmonella Type 5 secretion proteins, also termed autotransporters.  

 Autotransporter proteins are among some of the most abundant outer 

membrane proteins in Gram negative bacteria, which typically play roles in bacterial 

virulence (Henderson et al., 2004). S. Typhimurium has 4 characterised 

autotransporters termed ApeE (Carinato et al., 1998), SadA (Raghunathan et al., 

2011), MisL (Dorsey et al., 2005) and ShdA (Kingsley et al., 2002). As there are 

multiple autotransporters in Escherichia coli with overlapping roles (Wells et al., 2010), 

it might be difficult to determine the contribution of the S. Typhimurium autotransporters 

by only deleting one gene. Therefore, to determine the contribution of the S. 

Typhimurium autotransporters to virulence initially, a multiple autotransporter mutant 

was constructed that had multiple autotransporters deleted from the chromosome. This 

multiple autotransporter deletion strain was investigated for pathogenesis using a 

murine model of infection. To understand which autotransporter might be important for 

virulence in this model, the conservation of each protein was compared amongst 

clinically relevant serovars of Salmonella.  

 This chapter aims to investigate the contribution of the S. Typhimurium 

autotransporters to virulence using a murine model of infection. This chapter will also 

investigate the conservation of these proteins using a variety of bioinformatics 

techniques. 
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4.2. Results 

4.2.1. Characterisation of autotransporters within Salmonella. 

 There were 4 characterised autotransporters in S. Typhimurium SL1344 and 

previous bioinformatics analysis in our laboratory identified a 5th SL1344 

autotransporter termed YaiU (Morris, 2013). To further characterise the SL1344 

autotransporters, the protein sequences were analysed for predicted functional 

domains, extended signal peptide and size by a BLASTp protein sequence of each 

autotransporter protein sequence using the Uniprot database. MisL, and YaiU are Type 

5a autotransporters predicted to have a Pertactin-like domain and to be around 105 

kDa in size (Table 4.1). ShdA was predicted to be approximately 224 kDa and contain 

an AIDA-1 motif (Table 4.1). SadA was predicted to form a trimer with a molecular 

weight of 482 kDa and to contain a YadA head motif (Table 4.1). ApeE was predicted 

to contain a GDSL lipase motif and have a molecular weight of 72 kDa. YaiU and ShdA 

had extended signal peptides that are present in approximately 10% of 

autotransporters (Leyton et al., 2012). The predicted structures of each autotransporter 

was described in Figure 4.1, which shows relative size and predicted passenger 

domain structure (Figure 4.1) Autotransporters are often involved in bacterial 

pathogenesis, and the conserved motifs of the S. Typhimurium autotransporters would 

suggest that these proteins are no different.  

4.2.2. The role of the Salmonella autotransporters in chronic infection.  

To investigate the role of the Salmonella autotransporter proteins in chronic 

systemic infections of Salmonella, the model organism S. Typhimurium SL3261 was 

used. SL3261 is an attenuated S. Typhimurium strain that is an aromatic amino acid 

auxotroph that is less lethal in mice than SL1344.  
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Table 4.1. S. Typhimurium autotransporter summary 

  

Name Type Size 

(kDa) 

Signal 

peptide 

Conserved domains Upregulated in 

macrophages?* 

MisL 5a 105 27 Pertactin like pectin lyase fold No 

YaiU 5a 107 50 Pertactin like pectin lyase fold 1.68 fold 

ShdA 5a 224 60 AIDA-1 like motif No 

SadA 5c 482 27 Trimeric autotransporter 

adhesin, YadA motif 
No 

ApeE 5a 72 25 GDSL lipase/esterase motif 2.58 fold 

*(Srikumar et al., 2015) 
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Figure 4.1. Schematic of the S. Typhimurium SL1344 autotransporters. For each 

autotransporter protein, the predicted domain structure was determined using Pfam 

and UniProt.   
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(Hoiseth and Stocker, 1981) and can therefore be used to study long-term Salmonella 

infections. Previous work in our laboratory constructed a multiple autotransporter 

mutant strain in SL3261 which was genetically ΔmisL ΔyaiU ΔsadA ΔapeE shdA::aph 

termed the Salmonella autotransporter knockout (SLATs) strain (Morris, 2013) . 

C57BL/6 mice were infected intraperitoneally (I.P.) with ~105 cfu’s on day 1 of infection 

with either SL3261 wild-type or SL3261 SLAT’s. At days 7, 21 and 35 post infection, 

the spleens, livers, gallbladders and blood of each mouse was harvested and 

processed to elucidate the colony forming units (cfu) per organ (bacterial burdens) of 

the different sites tested. On each day, the SLAT’s strain had fewer bacterial cfu/ organ 

than the wild-type (Figure 4.2). In the spleen and liver, there were significant 

differences in bacterial burdens between mice infected with SL3261 wild-type and the 

SLATs mutant, at every time point tested (Figure 4.2A and B). In the blood, there were 

significant differences in bacterial burdens between mice infected with SL3261 and 

those infected with the SLATs strain at days 7 and day 21 (Figure 4.2C). By day 35 

none of the mice from either group had detectable bacteria in the blood (Figure 4.2C). 

In the gallbladder, at 21 days post infection, there were significant differences in 

bacterial burdens between mice infected with the wild-type and mutant bacteria (Figure 

4.2D). These data indicated that the Salmonella autotransporters were cumulatively 

important for systemic infection in mice. The attenuation observed in the gallbladder 

was of particular interest, as the gallbladder might be the site that harbours chronic 

infections of Salmonella (Sinnott and Teall, 1987). 

4.2.3. Distribution and conservation of Autotransporters in Salmonella.  

 To try to understand which of the S. Typhimurium SL1344 autotransporters 

might be important for the lifecycle of Salmonella and thus might be important for 

gallbladder colonisation, the conservation of each protein was determined amongst  
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Figure 4.2. Dynamics of a 35 day infection period of mice infected with either 

SL3261 or SLATs. Bacterial burdens of mice infected with either SL3261 (black 

circles) or SLATs (green squares) over a 35 day infection period. Mice were infected 

with 105 cfu of either SL3261 or SLATs and on days 7, 21 and 35 post infection, 

burdens were enumerated by plating serial dilutions of homogenised organs onto agar 

plates. The data here represents the burdens of the spleen (A) liver (B), blood (C) and 

gallbladder (D). Statistical significance (p<0.05) was determined using a Mann-

Whitney non-parametric U-test (*p<0.05, **p<0.01, ***p<0.001 and ****p<0.0001).  
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host restrictive and broad host range serovars of S. enterica. The protein sequence for 

each autotransporter was BLASTp searched against a selection of S. enterica 

reference genomes. The genomes of host restricted serovars tested for 

autotransporter protein sequence conservation were as follows: S. Typhi (human); S. 

Choleraesuis (Pig); S. Gallinarum (Chicken) and; S. Paratyphi A (Human) and the 

broad host range serovars tested were S. Typhimurium, and S. Enteritidis. The 

percentage identity of each autotransporter protein found in the reference genomes for 

each serovar are reported in Table 4.2. ApeE, and YaiU were highly conserved in each 

strain tested (Table 4.2). ShdA was conserved with high percentage identity in 

serovars Enteritidis, Choleraesuis and Typhimurium but not in Typhi, Paratyphi A or 

Gallinarum. As ShdA is not highly conserved in host specific serovars, it was 

hypothesised that it might not play a role in chronic gallbladder colonisation. 

 The role of SadA and MisL during murine infections have been established 

previously (Raghunathan et al., 2011, Dorsey et al., 2005). In these studies, no role for 

these proteins in colonisation of the host gallbladder was discovered and here, it was 

hypothesised that these proteins might not contribute to gallbladder colonisation. 

Whilst YaiU has not been investigated for a role during infection, the protein is 

predicted to be a similar autotransporter to MisL, with a Pertactin like pectin lyase fold 

and a similar size (Table 4.1), and therefore might have a similar function. The last 

protein that was highly conserved in all strains tested was ApeE, which is a GDSL 

lipase autotransporter. ApeE had not been investigated for a role during infection 

previously. However, as ApeE was a known lipase, it might interact with host lipids that 

are highly abundant in host gallbladder (Boyer, 2013). 
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Table 4.2 Autotransporter protein conservation in different serovars of S. 

enterica 

S. enterica serovar: 

% identity 

ApeE ShdA MisL YaiU SadA 

Typhi CT18 97.8 16.4 ND* 98.7 99.8 

Typhimurium LT2 100 100 100 100 100 

Enteritidis PT4 97.5 97.3 99.1 98.9 99.8 

Gallinarum 287/91 97.8 36.4 99.1 98.4 99.8 

Choleraesuis SC-B67 98.8 96.6 98.5 98.9 100 

Paratyphi A ATCC 9150 99.3 35.5 97.0 98.9 ND* 

Non detected (ND)* 
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4.2.4. Phylogeny of ApeE. 

As ApeE was conserved amongst clinically relevant S. enterica, the conservation 

and distribution of ApeE was investigated further. All proteins containing a Pfam: 

Lipase_GDSL domain were subjected to further bioinformatic studies. Analysis of 

protein domain organisation revealed that single Lipase_GDSL domain-containing 

proteins are the most common and these are widespread in bacteria, plants, fungi, 

archaea and animals (Figure 4.3). The ApeE-like autotransporter architecture was 

identified as the second most common protein architecture (Figure 4.3). Phylogenetic 

analysis of this constrained cluster showed a clear two clade split between plants and 

all other GDSL lipases (Figure 4.4). Annotation of the tree with taxonomic information 

and presence of an autotransporter domain shows there has been frequent horizontal 

gene transfer of GDSL lipases between fungi, Cyanobacteria and Proteobacteria, 

leading to a relatively recent expansion event of autotransporter-associated GDSL 

lipases in Proteobacteria. The structure of the network indicated that this cluster of 

GDSL lipases is evolutionarily constrained, most likely due to functional properties, 

given their lack of diversity compared to GDSL lipases from across other domains of 

life (Figure 4.3). These ApeE homologues in Proteobacteria are present in species 

most commonly associated with disease of plants (Coleman, 2016, Helfer, 2014, 

Sundin et al., 2016). However, as ApeE was highly conserved in the human pathogens 

Typhi and Paratyphi A, it was hypothesised that its function might be diverse and 

important for various aspects of S. enterica life cycle.  

4.2.5. Demonstration that ApeE is a surface exposed Autotransporter.  

ApeE was predicted to localise to the outer membrane of S. Typhimurium. To 

determine whether ApeE was localised in the outer membrane, cultures of SL1344, 

apeE::aph and apeE:: + pApeE were grown overnight at 37°C for approximately 16 h.  
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Figure 4.3. Network clustering analysis of GDSL lipase proteins. A network 

clustering analysis of all Lipase_GDSL domain-containing proteins coloured for protein 

architecture (main, lower inset) or phyla of origin (top inset).   
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Figure 4.4. Phylogenetic tree of GDSL lipase proteins. Individual proteins are 

coloured for phyla of host organism origin. Proteins with an autotransporter protein 

structure are highlighted in red. 
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The outer membrane proteins were extracted via a Triton X-100 method. The proteins 

were analysed by SDS-PAGE and Western immunoblot using anti-ApeE primary 

antibodies. ApeE was detected as a faint band at approximately 69 kDa (Figure 4.6A) 

in the SL1344 wild-type and complemented strain. No ApeE band was detected in the 

outer membrane of the apeE mutant. All samples had comparable levels of protein 

when analysed by SDS-PAGE (Figure 4.5A). Therefore it was concluded that ApeE is 

localised to the outer membrane of S. Typhimurium. 

 To date, no crystal or other structure of the ApeE protein has been solved. To 

guage what the tertiary structure of ApeE might resemble, the protein sequence was 

submitted to structural modelling using Phyre2 (Kelley, 2015). The predicted structure 

was modelled (with 100% confidence) to the solved structure of the ApeE homologue 

EstA (van den Berg, 2010), which shares 27% protein identity with ApeE. The model 

predicted that ApeE would form a 12 stranded β-barrel with a passenger domain that 

had mostly alpha helices (Figure 4.5B), which is a known feauture of GDSL lipase 

autotransporters (van den Berg, 2010).   

To understand whether ApeE was surface localised, recombinant plasmids 

expressing either ApeE or a serine point mutant ApeES35A were transformed into E. 

coli BL21. Many non-native autotransporters have been expressed in laboratory strains 

of E. coli (Raghunathan et al., 2011, Casasanta et al., 2017) to determine function and 

cellular localisation as these strains of E. coli typically do not contain as many 

interferring surface molecules such as O-antigen (Raghunathan et al., 2011). Plasmid 

constructs were designed to express the apeE native passenger domain (pJR02), or 

serine point mutant (pJR03) and native β-barrel with an E. coli OmpA signal sequence. 

An N-terminal poly-histidine tag had been engineered to this gene such that it remains 

attached to the protein post-signal sequence cleavage. This construct enables  
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Figure 4.5. Outer membrane localisation and predicted structure of ApeE. (A) 

Outer membrane proteins from S. Typhimurium, apeE::aph and apeE::aph + pApeE 

were extracted using TritonX-100. The proteins were analysed by SDS-PAGE and 

Western immunoblot with primary anti-ApeE antibodies. The blots were developed 

upon the additon of the substrate NBP-BCIP and the SDS-PAGE gels were stained 

with Coomassie. (B) The protein sequence of ApeE was submitted to structural 

modelling using Phyre2. The structure was modelled with 100% confidence based on 

the solved cystal structure of the outer membrane esterase, EstA, from P. aeruginosa. 
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efficient surface display of lipase autotransporters on the surface of E. coli (Casasanta 

et al., 2017). The recombinant plasmids were transformed into  E. coli BL21 chemically 

competent cells. 

First, the expression and surface display of the recombinant ApeE proteins in E. 

coli BL21 was determined. Whole cell protein fractions were analysed by SDS-PAGE 

and Western immunoblotting. Blots were probed with anti-his tag primary antibodies. 

The Western blot showed that both the ApeE and ApeES35A construct were produced 

and recognised by the anti-his tag antibodies, and that the empty vector was not 

producing protein detected by these antibodies (Figure 4.6A). Similar levels of protein 

were detected by SDS-PAGE in each sample. A band corresponding in size to the full 

length ApeE was clearly visible in samples from E. coli expressing apeE or apeES35A 

(Figure 4.6A).  

To determine whether the proteins produced were surface exposed, fixed 

bacterial cells were visualised using immunofluorescence. If the ApeE produced was 

surface exposed, anti-His-tag antibodies would detect the protein at the cell surface, 

and a secondary antibody with a green fluorescent tag could be imaged. Induced 

overnight cultures of either BL21 empty vector, +ApeE or +ApeES35A were fixed in 

paraformaldehyde prior to loading onto poly-L-lysine coated cover slips. The cover 

slips were probed with anti-poly His-tag antibodies followed by anti-mouse-

AlexaFluor488 antibodies. The cover slips were loaded onto microscope slides, and 

then imaged on a fluorescence microscope using the gfp or DIC bright field filter. All 

strains could be seen using the DIC filter, but only strains expressing ApeE or ApeES35A 

could be detected with the gfp filter (Figure 4.6B). These data suggest that the ApeE 

produced from these constructs is surface exposed. 
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Figure 4.6. Expression and surface display of full length ApeE in E. coli BL21. 

(A) Analysis of whole cell protein fractions of either BL21 + pDJVTS87 (empty vector), 

BL21 + pJR02 (+ApeE) or BL21 + pJR03 (+ApeES35A). The samples were separated 

by SDS-PAGE gel electrophoresis and then probed by Western Immunoblotting with 

anti-his tag antibodies or stained with coomassie. (B) Immunofluorescence of either 

BL21 + pDJVTS87 (empty vector), BL21 + pJR02 (ApeE) or BL21 + pJR03 (ApeES35A). 

The cells were probed with anti-his tag antibody and subsequently probed with anti-

mouse antibody conjugated to Alexafluor 488. The cells were imaged using DIC (bright 

field) or gfp filter. 
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4.3. Discussion. 

In this chapter, the role of five of the S. Typhimurium autotransporters for 

virulence was investigated in a chronic infection model. The strain lacking five 

autotransporters (SLATs) was attenuated for growth in the spleens, livers, blood and 

gallbladders of mice on various days after infection. The attenuation observed is not 

similar to the studies investigating the roles of the individual SadA, MisL or ShdA 

mutants for S. Typhimurium virulence (Raghunathan et al., 2011, Dorsey et al., 2005, 

Boyen et al., 2006). It could be that upon deletion of all 5 putative autotransporters, 

there is an additive effect and that the autotransporters of S. Typhimurium work 

together to enable bacterial survival in the host. It is also plausible that this strain is 

more susceptible to the host immune response as other autotransporters have been 

implicated in mediating the host immune system (Schindler et al., 2012). It is also 

unsurprising given the predicted function of these autotransporters using pfam. These 

predicted functions included functions such as adhesins and lipases, both of which 

have been previously implicated during infections (Henderson et al., 2004). A study 

investigating the genes of S. Typhimurium that were required for colonisation of pigs, 

cattle, chicks and mice using transposon mutagenesis combined with genome 

sequencing determined that the autotransporters were each required for the 

colonisation of at least 1 animal (Chaudhuri et al., 2013). Nearing the end of this study, 

and as bioinformatic databases became more robust and readily available, two other 

SL1344 putative autotransporters were identified using the Uniprot Knowledge 

database. It would be interesting to see if these newly identified autotransporters also 

contributed to S. Typhimurium virulence. 

 The conservation of each protein in clinically relevant strains were tested to 

investigate which of the deleted autotransporters might be mediating the severe 



110 
 

attenuation observed in this study, it was determined that ApeE was highly conserved, 

and was not present in closely related Enterobacteriaceae such as E. coli. 

Immunofluorescence microscopy revealed that the passenger domain of ApeE is 

surface exposed. This is in contrast to a study that tested the surface exposure of ApeE 

using Proteinase K digestion (Schultheiss et al., 2008). In the study by Schultheiss 

(2008), ApeE was resistant to Proteinase K and the authors concluded that the 

functional motif of ApeE was therefore located at the periplasmic side of the outer 

membrane (Schultheiss et al., 2008). The results in this study do not confirm this 

conclusion, rather they contradict it and suggest that the functional motif of ApeE is 

likely to be surface exposed, and this fits with other models of autotransporter surface 

localisation (Rutherford and Mourez, 2006). As ApeE was shown to be surface 

exposed in this study, it is plausible that ApeE might be interacting with the host in 

some way. 

An important aspect of the S. enterica pathogenesis in human patients of typhoid 

fever is asymptomatic carriage, which is usually associated with gallbladder 

colonisation and faecal shedding (Sinnott and Teall, 1987). Interestingly, the SLATs 

strain showed high growth attenuation in the gallbladders of mice at day 21 of infection, 

suggesting one or more of the autotransporters might be important for long-term 

survival in murine gallbladders. The next chapters will explore the mechanism behind 

the SLATs attenuation observed in the gallbladders. 
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CHAPTER 5 

Biochemical characterisation of ApeE 

  



112 
 

5.1 Introduction 

ApeE was first described as a S. enterica serovar Typhimurium outer membrane 

esterase (Carinato et al., 1998). These investigators demonstrated that ApeE was an 

esterase with activity against the synthetic substrate methylumbelliferyl caprylate, a C8 

fluorogenic substrate useful in distinguishing Salmonella species from other members 

of the Enterobacteriaceae. In the literature, ApeE has been proven to be under the 

control of the PhoBR two-component regulatory system, which responds to phosphate 

limitation (Conlin et al., 2001, Jiang et al., 2018). PhoR is a histidine kinase that 

phosphorylates PhoB in response to low inorganic phosphate (Pi) conditions (Santos-

Beneit, 2015). PhoB then affects the expression of downstream genes, including a 

locus that encodes a high affinity phosphate transporter, that when deleted, results in 

the constitutive expression of apeE (Conlin et al., 2001). In addition, in a recent 

publication, ApeE was determined to be one of the most abundant proteins in response 

to phosphate limitation (Jiang et al., 2018). Previous data from our laboratory revealed 

that ApeE can hydrolyse the synthetic sorbitan oleic acid ester, Tween80. 

Despite these observations, the precise contribution of ApeE to Salmonella 

pathogenesis and the identification of natural substrates for ApeE have eluded 

researchers. In this chapter, studies were conducted to resolve the substrate specificity 

of ApeE and its enzyme kinetics, with a view to understanding how ApeE might be 

interacting with the host.  This might assist the elucidation of the overall function of 

ApeE. 
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5.2 Results 

5.2.1 Purification of the ApeE25-385 and ApeE25-385 S35A proteins.  

To biochemically characterise ApeE, the enzyme needed to be purified. As full 

length ApeE contains an outer membrane β-barrel, and is therefore insoluble, a soluble 

truncated version of the protein was required for enzyme activity assays. The region of 

apeE encoding the passenger domain was cloned into the expression plasmid 

pET22b+ such that the expressed protein contained an N-terminal His tag. In addition, 

a similar plasmid vector was constructed but with a mutation to abolish the active site 

serine (S35A). These recombinant plasmids were transformed into E. coli BL21 

LOBSTRIL; this derivative of BL21 has been modified so that genes encoding histidine 

rich-proteins were mutagenised in order to reduce non-specific binding to the nickel-

agarose purification columns (Andersen et al., 2013).  

For protein purification, 2 L cultures of E. coli BL21 LOBSTRIL, encoding either 

apeE25-385 or apeE25-385 S35A were induced with 50 µM IPTG for 16 h at 16°C. The 

following day, the cell pellets were lysed to produce a soluble fraction, which was 

purified by nickel affinity chromatography. Samples from each fraction representing 

each step of the purification of both ApeE25-385 and ApeE25-385 S35A were analysed by 

SDS-PAGE (Figure 5.1). For each purification, truncated ApeE could be seen as an 

approx. 40-kDa band in the lysate and in the final eluted sample (Figure 5.1). The gel 

indicated that the proteins were sufficiently pure to be used for the subsequent assays 

and the proteins were buffer-exchanged into 10 mM Tris pH 7.4 150 mM NaCl for 

enzyme kinetic experiments. 
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Figure 5.1. Purification of ApeE25-385 and ApeE25-385 S35A.  Example of SDS-PAGE 

analysis of the different fractions produced during purification of ApeE25-385 To purify 

ApeE25-385, 2 L cultures of BL21 LOBSTRIL, expressing either apeE25-385 or apeE25-385 

S35A were induced at an OD600nm of about 0.6 with 50 µM IPTG for 16 h at 16°C. The 

following day, the cell pellets were lysed using a C3 cell disrupter to produce a lysate 

and from this lysate the soluble fraction was isolated (supernatant) and subsequently 

added to nickel-agarose beads for 30 min before being loaded onto a column. The 

flow-through was collected and the beads were washed with 300 mL of wash buffer 

prior to elution in 10 mL of elution buffer. 
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5.2.2. Lipase characterisation of ApeE using artificial fluorescent 

substrates.  

Before embarking on biochemical characterisation of ApeE, it was essential to 

establish whether the purified protein was active. Previous work characterising the 

lipase activity of an F. nucleatum GDSL lipase autotransporter protein reported that 4-

methylumbeliferylheptanoate (4-muH) was a good substrate for assessing lipase 

activity (Casasanta et al., 2017). Therefore, the purified ApeE proteins were tested for 

lipase activty against substrate 4-muH. Purified protein or buffer-exchange solution 

were added to black 96 well plates containing only reaction buffer or 50 µM 4-muH. If 

lipase activity was present, the breakdown product of 4-muH (4-mu) would fluoresce. 

Therefore, increased fluorescence was a proxy for increased lipase activity in the 

experiment. Fluorescence was measured every 2 min for 20 min at 26°C. The 

fluorescence was corrected for background fluorescence during analysis. As expected, 

samples that contained ApeE25-385 had fluorescence outputs that were sigificantly 

highed than the fluorescence signal detected from lipase null mutant ApeE25-385 S35A 

(Figure 5.2).  

5.2.3. The effect of pH on ApeE activity.  

For enzyme kinetic studies, it was important to determine the pH at which ApeE 

was most active as a lipase. To determine the effect of pH on ApeE activity, the purifed 

ApeE25-385 was incubated with 200 µM of 4-muH in buffers ranging from pH 6.0-10.5. 

The fluorescence was measured every 2 min for 20 min at 26°C. The pH at which 

ApeE had the highest acitivty was 8.0 (Figure 5.3). At pH 6.0, little lipase activity could 

be detected (Figure 5.3). Above pH 8.5, the buffer alone started to hydrolyse the probe 

(data not shown) and therefore the activity of ApeE at these higher pH’s are not likely  
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Figure 5.2. Lipase activity of purified ApeE against 4-muH. The activity of ApeE25-

385 (red) and ApeE25-385 S35A (purple) on the artificial substrate 4-muH at 20 min. The 

fluorescence units measured are arbitrary and correspond to ester bond cleavage of 

the substrate. Statistical significance (p<0.05) was determined using a 2-tailed 

Students t-test (** p<0.01) and error bars represent the standard deviation.  
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Figure 5.3. The effect of pH on the hydrolyisis of 4-muH by ApeE. To each pH 

buffer containing 200 µM 4-muH, 1 nM of purifed ApeE25-385 was added. The 

fluorescence was measure every 2 min for 20 min at 26°C.  
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to be accurate. As a result, subsequent experiments investigating the effect of pH on 

ApeE activity used pH buffers ranging from 7.5-8.5. 

A previous study establishing the enzyme activity of a lipase autotransporter 

reported an enzyme concentration of 1 nM to be optimum for kinetic experiments 

(Casasanta et al., 2017). To establish the optimum substrate concentration to 

determine the kinetic activity of ApeE, the pH 8.0 buffer was used. A concentration 

range of 4-muH between 0-15 µM was determined to show excess substrate and be 

suitable for kinetic experiments. The catalytic efficiency of ApeE in the pH buffer 

ranging from 7.5-8.5 was tested. In each pH buffer, 4-muH ranging in concentration 

from 0-15 µM was incubated with purified ApeE25-385 and the fluoresence was 

measured every 2 min for 20 min at 26°C. The reaction was analysed at the intial rate 

of reaction, and for each condition, the concentration of product form per second was 

calculated to determine enzyme velocity. By fitting the rate data to the Michaelis-

Menton equation, the paramters of ApeE enzyme kinetics were determined. ApeE had 

the most efficient catalytic activity (kcat/Km) at pH 8.0 (Figure 5.4) and the kinetics of 

ApeE lipase activty followed Michaelis-Menten kinetics. The pH 8.0 buffer was used 

for subsequent experiments. 

5.2.4. Effect of the length of substrate acyl chain on ApeE activity.  

To determine the substrate specificity of ApeE, the effect of varying the acyl 

chain on the lipase activity of ApeE was determined. Using the conditions established 

previously, four different substrates described in Table 5.1 were tested, with acyl 

chains ranging from C4 to C18. To initiate the reaction, 1 nM of purified ApeE25-385 was 

added to 200 µM of substrate, and the fluorescence intensity was measured every 2 

min for 20 min at 26°C. The substrates hydrolysed by ApeE were 4-muH and 4-muB 

(acyl chain lengths of 7 and 4 respectively), with an acyl chain length of 7 being optimal  
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Figure 5.4. Catalytic efficiency of ApeE in pH buffers between 7.5 and 8.5. Purified 

ApeE25-385 was added to a final concentration of 1 nM to  arrays of 4-muH ranging from 

0-15 µM in each pH buffer. Each assay contained 2 replicates and buffer only controls. 

Fluorescence was measured every 2 min for 20 min, and the data represented here 

show the complete kcat/Km for each pH buffer tested. 
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Table 5.1. 4-methylumbelliferyl substrates 

Name Name(full) Chemical formula 
Acyl chain 

length 

4-muH 4-methylumbelliferyl heptanoate C17H20O4 7 

4-muB 4-methylumbelliferyl butyrate C14H14O4 4 

4-muP 4-methylumbelliferyl palmitate C26H38O4 16 

4-muO 4-methylumbelliferyl  oleate  C28H37F3O4 18 
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(Figure 5.5). No activity was detected with the longer acyl chain substrates, 4-muP and 

4-muO (Figure 5.5), even when the substrate concentrations of 4-muO and 4-muP 

were increased to 1 mM (data not shown). These data suggest that for these 

experimental conditions, an acyl chain length of C7 was the most favourable for ApeE 

lipase activity. 

Next, the enzyme kinetics of ApeE against substrates 4-muH and 4-muB were 

compared. To determine the activity of ApeE against these substrates, concentration 

arrays between 0-1000 μM of 4-muH and 4-muB were generated and the lipase activity 

assay was set up as previously described. ApeE has a high kcat value (23.0 s-1) and a 

low Km value (3.25 μM) when hydrolysing 4-muH (Figure 5.6A). These data indicate 

that ApeE displays efficient lipase activity against 4-muH as the protein can bind to and 

hydrolyse this substrate with high efficiency (kcat/Km = 7.1x106 M-1 s-1) (Figure 5.6A).  

The efficiency of ApeE-mediated hydrolysis against the 4 carbon substrate, 4-

muB, was investigated. The experiment was completed in the same way as previously 

described. With 4-muB as a substrate, ApeE had a low kcat (9.04 s-1), suggesting low 

substrate turnover and a high Km (249.0 μM) suggesting low substrate binding affinity 

and low catalytic efficiency (kcat/Km = 3.6x104 M-1 s-1). Together these data suggest that 

the lipase activity of ApeE against 4-muB was less efficient than that observed against 

4-muH (Figure 5.6B). 

5.2.5 Inhibition of ApeE by methyl arachidonyl fluorophosphonate.  

There have been no previous reports of inhibtors of ApeE. As methyl arachidonyl 

fluorophosphonate (MAFP) is known to inhibit other serine lipases with high substrate 

affinity (Casasanta et al., 2017) we sought to establish if MAFP would inhibit ApeE 

activity. To investigate whether the lipase activity of ApeE was inhibited by MAFP, the 

IC50 was determined; the concentration of inhibitor required to deplete the enzyme  
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Figure 5.5. Lipase activity of ApeE against fluorescent substrates with varying 

acyl chain lengths. Fluorescent output of ApeE25-385 lipase activity against 4-muH 

(pink circles), 4-muB (orange diamonds), 4muP (peach triangles) and 4-muO (green 

squares). All substrates were tested in pH 8.0 buffer. To initiate the reaction, 1 nM of 

purified ApeE25-385 was added to 200 µM of substrate, and the fluorescent intensity was 

measure every 2 min for 20 min at 26°C. 
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Figure 5.6. Michaelis-Menten kinetics of ApeE against lipase substrates. Enzyme 

kinetics of ApeE showing turnover of substrate per second for each substrate 

concentration. An array of 0-15 µM 4-muH or 0-1000 μM 4-muB were generated. To 

these arrays, either buffer only or 1 nM of purified ApeE was added in duplicate (n=2). 

The fluorescent output was measured every 2 min for 20 min. The data represented 

here is a curve showing enzyme velocity over substrate concentration for 4-muH (A) 

and 4-muB (B). 
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activity by 50% is known as the IC50. The IC50 was calculated by plotting a log(inhibitor) 

vs. normalised response using variable slope and a least squares (ordinary) fit model. 

The IC50 of MAFP against ApeE was calculated to be 0.53 nM (Figure 5.7). This low 

IC50 value indicates that MAFP is a potent inhibitor of ApeE lipase activity. 

To understand the mode of MAFP inhibition against ApeE, ActivX TAMRA-FP 

was used to label the active site serine of ApeE. TAMRA-FP contains a fluorescent 

TAMRA molecule connected by a linker to a fluorophosphonate (FP). The FP molecule 

binds to active site serines and the fluorescence of TAMRA can then be detected. 

Purified protein (either ApeE or ApeES35A) was incubated with either MAFP or PBS for 

20 min at room temperature prior to the addition of TAMRA-FP and a further 20 min 

incubation at room temperature. The samples were analysed by SDS-PAGE. The gel 

was imaged using a G:Box XX6 system using the TAMRA fluorescence filter to detect 

TAMRA fluorescence. Only active ApeE without MAFP showed TAMRA fluorescence 

(Figure 5.8A). The addition of MAFP resulted in the loss of TAMRA fluorescence 

(Figure 5.8A). TAMRA fluorescence was not detected in the inactive ApeE (ApeES35A) 

sample (Figure 5.8A). To ensure the results were not influenced by protein abundance, 

the same samples were analysed by Western immunoblotting using anti-his tag 

primary antibodies. The secondary anti-mouse antibody was conjugated to horse 

radish peroxidase. The blots were incubated with ECL-Plus blotting reagents and 

subsequently visualised using Lucent Blue X-ray film prior to development on an SRX-

101A medical film processor. The blot shows that each sample contained protein and 

therefore the samples negative for fluorescent TAMRA were not caused by lack of 

protein in the sample (Figure 5.8B). These data suggest that MAFP is a competitive 

inhibitor for the active site serine of ApeE.  
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Figure 5.7. IC50 of MAFP inhibition of ApeE. The percentage enzyme activity of ApeE 

in a range of concentrations of MAFP (0-50 nM). The concentrations of MAFP were 

transformed to a logarithmic scale to show log(inh). The IC50 was calculated by fitting 

the curve to a log(inhibitor) vs normalised response using variable slope and a least 

squares (ordinary) fit model. 
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Figure 5.8. TAMRA active site labelling. (A) SDS-PAGE gel visualisation using a 

G:box XX6 system and the TAMRA fluorescent filter to detect TAMRA-FP bound to 

active site serine. (B) Western immunoblot using anti-His tag antibodies and detected 

with the ECL western blotting system.  
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5.2.6 MAFP inhibition of surface exposed ApeE in E. coli.  

As MAFP inhibited the action of the purified fragment ApeE25-385, its ability to 

inhibit the full length ApeE was investigated. Thus, overnight cultures of E. coli 

expressing ApeE on the cell surface, which were described in the previous chapter, 

were incubated with either MAFP or PBS for 1 h. The cells were washed in PBS and 

resuspended in reaction buffer. For each lipase reaction 2x106 bacterial cells were 

added to the buffer and the reaction was initiated by the addition of 4-muH or 4-muB. 

The fluorescence was measured every 2 min for 20 minute at 26°C. Lipase acitivity 

was detected from the full length ApeE on the surface of E. coli cell surface and this  

activity was not detected when MAFP was also present (Figure 5.9A). In contrast, no 

lipase activity was detected from the serine mutant or empty vector control (Figure 

5.9A). Similarly, lipase activity against 4-muB was detected only in the absence of 

MAFP (Figure 5.9B). These data suggest that MAFP can inhibit the activity of ApeE 

exposed on the cell surface and confirm the surface localisation of the active 

passenger domain described in the previous chapter  

5.2.7 Phospholipase characterisation of ApeE.  

Other GDSL lipases and indeed autotransporters, have be experimental proven 

to hydrolyse phospholipids (Casasanta et al., 2017). As the multiple autotransporter 

strain was attenuated in murine gallbladders, and bile phospholipids might be carbon 

source for Salmonella in vivo, the ability of ApeE to hydrolyse artificial phospholipid 

substrates was investigated. Phospholipases that cleave ester bonds exist in 3 forms; 

phospholipases A1, A2 and B (PLA1, PLA2 and PLB respectively). PLA1 enzymes 

hydrolyse the ester bond at the sn-1 position on the phospholipid, PLA2 enzymes 

cleave the ester bond at the sn-2 position and PLB enzymes are able to cleave both 

ester bonds.  
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Figure 5.9. Inhibition of ApeE expressed on the surface of E. coli BL21. 

Fluoresence readings represented here are after 20 min of the reaction with n=2. 

Strains were either incubated with MAFP (+) or PBS (-) prior to reaction initiation. 

Statistical significance was calculated using a one-way anova test with significance 

determined as p<0.05. (A) Activity of surface exposed ApeE against 4-muH. (B) Activity 

of surface expressed ApeE against 4-muB.  
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To classify the phospholipase activity of ApeE, PLA1 and PLA2 determination 

kits were used. These kits each contained a phospholipase substrate and positive A1 

or A2 phospholipase control enzymes. The substrates were either PLA1 or PLA2 

specific such that they will only fluoresce upon cleavage of the ester bond at the sn-1 

or sn-2 position respectively. Each substrate was incorporated into liposomes and 

diluted in reaction buffer to a final concentration of 1.65 µM. For the experiment, the 

liposome mix for each substrate was incubated with the A1 and A2 control enzymes or 

purified ApeE at either 10 or 1 μM concentrations. The fluorescence was measured 

every 2 min for 30 min at 26°C. The fluorescence reported is the final measurements 

after 30 min incubation. For the PLA1 specific substrate, the A1 control enzyme, but 

not the A2 control enzyme, cleaved the substrate to produce fluorescence. Both 

concentrations of ApeE resulted in high fluorescence, and this was significantly higher 

than the fluorescence measured for the control A1 enzyme (Figure 5.10A). Similarly, 

using the PLA2 specific substrate, the A2 but not the A1 control enzyme cleaved the 

substrate and both ApeE concentrations showed hydrolysis of the PLA2 substrate 

(Figure 5.10B). Therefore, ApeE had PLA1 and PLA2 enzyme activity and was 

classified as a PLB enzyme. 

5.2.8 MAFP inhibition of ApeE phospholipase B activity.  

In the previous section ApeE was shown to be a phospholipase B (PLB) enzyme, 

which is capable of cleaving both ester bonds in a phospholipid to release the acyl 

chains and the head group. As MAFP was shown to inhibit ApeE lipase acvtivity, but 

not specifically to inhibit phospholipase activity, the effect of MAFP on ApeE PLB 

activity was investigated. Purified ApeE was incubated with either MAFP or PBS for 30 

min at room temperature. The reaction was initiated by the addition of liposomes either 

PED-A1 (PLA1) or bis-BODIPY® PC-A2 (PLA2) substrates. The fluorescence intensity 
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Figure 5.10. Phospholipase characterisation of ApeE. Phospholipase A1 (PLA1) 

and phospholipase A2 (PLA2) specific fluorescent substrates (PED-A1 and BODIPY® 

PC-A2 respectively) were incorporated into liposomes containing 

dioleoylphosphoglycerol and dioleoylphospahtidylcholine in reaction buffer 50 mM 

Tris-HCl, 100 mM NaCl, 1 mM CaCl2, pH 8.9. Buffer only control or ApeE was added 

at 2 concentrations (1 and 10 µM) to initiate the reactions. Each reaction contained a 

positive A1 or A2 control enzyme. The fluorescence was measured (excitation = 505 

nm and emission = 460 nm) for 30 minutes at 26°C. The fluorescence was corrected 

for buffer only background and the data here represented the final fluorescence 

measurement after 30 minutes for (A) PLA1 and (B) PLA2 substrates. Statistical 

significance (p<0.05) was determined using a one-way anova with Dunnet’s correction 

for multiple comparison comparing the test samples to the positive A1 or A2 controls. 
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was measured every 2 min for 20 min. For both PLA1 and PLA2 substrates, ApeE was 

active in the absence of MAFP (Figure 5.11). 

 

5.3 Discussion 

In this chapter the lipase activity of ApeE was explored. First, the effect of pH 

on ApeE activity was investigated. It was determined that the optimum pH for ApeE 

activity was pH 8.0. At pH 8.0, ApeE had the most efficient catalytic activity and 

substrate binding. These data might correspond to the environment in which 

Salmonella resides within the host. The pH of the small intestine ranges from 6.0-7.4 

(Fallingborg, 1999) and therefore if ApeE were to be expressed there, the catalytic 

efficiency may be decreased in comparison to other sites of the body. One organ that 

Salmonella can colonise, and persist chronically within, is the gallbladder. Therefore, 

ApeE might be very catalytically efficient within bile. These data indicate that ApeE 

would not be as efficient in areas of low pH, such as the stomach or perhaps inside an 

activated phagosome, which are typically acidic.   

ApeE showed enzyme activity against the substrates with acyl chain lengths 

between C4 and C7 (4-muB and 4-muH). This phenomenon was observed previously 

(Casasanta et al., 2017) whereby the phospholipase A1 FplA from F. nucleatum was 

able to hydrolyse 4-muH much more efficiently that 4-muB. It could be that the artificial 

substrates are more unsaturated than natural phospholipid’s and the lack of double 

bonds might result in a rigidity that natural phospholipids do not have. ApeE is known 

to hydrolyse the chromogenic substrate C8 substrate methylumbelliferyl caprylate 

(Carinato et al, 1998), has an acyl chain of 8. It might be that ApeE can hydrolyse these 

longer acyl chain substrates, but the conditions were not optimised during this 

experiment.  
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Figure 5.11. MAFP inhibition of phospholipase B activity of ApeE. (A) Activity of 

ApeE against PLA1 (PED-A1) and PLA2 (bis-BODIPY® FL C11-PC) in the presence 

(+) or absence (-) of MAFP.  
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It became apparent upon analysis of the kinetic data that the concentration of 

enzyme used for the experiments (1 nM) was perhaps too high, especially at pH 8.0 

with 4-muH as the substrate. Future experiments could look at titrating the enzyme 

concentration to establish an enzyme concentration that would be low enough to detect 

activity when the substrates were in excess. It would be interesting to compare the 

substrate binding affinities of ApeE on a substrate more similar to naturally occurring 

lipids. Indeed, studies that compare the substrate binding affinities of a serine lipase 

autotransporter to the lipase substrates 4-muH and PED-A1 found that the enzyme 

bound the synthetic phospholipase substrate with much higher affinity (Casasanta et 

al, 2017). Due to time limitations, the PLA1 and PLA2 enzyme kinetics for ApeE could 

not be investigated. 

In this chapter, an ApeE inhibitor (MAFP) was identified and characterised. 

MAFP was a competitive inhibitor of ApeE that inhibited lipase activity of the purified 

protein and full length protein enzyme activity on the surface of E. coli with a low IC50 

value. MAFP has been shown to inhibit other serine lipases (Casasanta et al., 2017, 

Phillips et al., 2003). MAFP was initially shown to be an inhibitor of a phospholipase A2 

(PLA2) enzyme by an irreversible reaction that inhibited enzyme substrate binding (Lio 

et al., 1996). Future work could look at characterising other ApeE inhibitors and 

potentially ones that could be used to specifically inhibit ApeE activity in vivo.  

 ApeE was shown to be able cleave both ester bonds of a phospholipid, and was 

therefore characterised as a phospholipase B enzyme. Phospholipases can be 

important for virulence, by interfering with various host processes such as intracellular 

signalling (van der Meer-Janssen et al., 2010). As ApeE has phospholipase activity, it 

might be important for S. Typhimurium virulence. In the next chapters, results from 

examining the biological substrates of ApeE are reported.  
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CHAPTER 6  

The interaction of ApeE with 

glycerophospholipids 
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6.1 Introduction  

Glycerophospholipids are the major lipid species of cellular membranes in S. 

Typhimurium. The membrane phospholipid composition was shown to be ~83% 

phosphatidylethanolamine (PE), 11% phosphatidylglycerol (PG), 4% cardiolipin (CL) 

and 2% acyl-PG (Olsen and Ballou, 1971). The lipid composition of eukaryotes is more 

complex, with additional lipid species present in the membranes. These lipid species 

include phosphatidylcholine (PC), phosphatidylserine (PS) and Phosphatidylinositol 

(PI) sphingomyelin (SM). In addition, some eukaryotic lipid species can act as second 

messenger signals under various conditions (van Meer et al., 2008). Phospholipids can 

also exist in a “Lyso” form. Lyso-phospholipids are derivatives of phospholipids that 

have been hydrolysed by a phospholipase A2 enzyme, resulting in a phospholipid head 

group with one acyl chain.  

As shown in earlier chapters, ApeE is a GDSL lipase autotransporter conserved 

in Salmonella. GDSL lipase proteins are known to be promiscuous for substrates, 

hydrolysing a variety of lipids of varying acyl chain length and head group (Lescic Asler 

et al., 2010). The results of studies into the ability of ApeE to bind, cleave and utilise 

host and bacterial glycerophospholipids are presented in this Chapter. 

 

6.2 Results  

6.2.1 Novel phospholipid substrates of ApeE.  

Lipid binding is the first enzymatic step to lipid hydrolysis, therefore the ability of 

ApeE to bind to a range of phospholipids was tested. To determine the 

glycerophospholipids to which ApeE is able to bind to, 50 μg/ml of purified ApeE25-385 

was incubated with PIP strip membranes (Thermofisher). PIP strips are PVDF 
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membranes impregnated with 200 pmol of each different glycerophospholipid. After 

incubation, the strips were washed and anti-ApeE antibody was added. Anti-rabbit IgG 

AP conjugated antibody was added and the spots were visualised upon addition of the 

substrate BCIP-NBP. The lipid spots would appear dark if ApeE had bound to it. ApeE 

bound most glycerophospholipids on the strip, apart from sphingosine-1-phosphate 

(Figure 6.1). The result suggests ApeE bound phosphatidic acid (PA) and 

phosphatidylserine (PS) with the highest affinity (Figure 6.1). ApeE also bound both bi- 

and tri- phosphorylated various phosphatidylinositides (PtdIns). 

6.2.2 Lipid profiles of ox-bile exposed to ApeE.  

To identify the biological host lipids ApeE might interact with, the ability of ApeE 

to hydrolyse lipids in host bile was investigated. Purified ApeE was added to a final 

molar concentration of 2 μM to a solution of 5% ox bile in water (v/v) and incubated for 

12 h at 37°C. As a control sample, buffer only was added to 5% bile solution. Lipids 

were extracted using a Bligh-Dyer method and resuspended in chloroform prior to 

loading onto Silica coated aluminium Thin Layer Chromatography (TLC) plates. Once 

the spots had dried, the TLC plate was placed in a humid chamber containing an 

equilibrated solvent system of chloroform: methanol: water (65:25:4). This solvent 

system is known to separate phospholipids based on head group polarity. The TLC 

plates were air dried and stained with phosphomolybdic acid (PMA) once the solvent 

front reached ~ 1 cm away from the top of the plate. The plates were charred to activate 

the PMA stain and the intensities of each lipid species were examined. The lipid 

species within the bile samples resolved in this solvent system and showed good 

separation. The buffer only controls had comparable levels of all lipid species to the 

bile only sample. When ApeE was introduced to bile, two lipid species (labelled 1 and  
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Figure 6.1. Phospholipid binding of ApeE. Different species of phospholipid spotted 

onto a PVDF membrane at a concentration of 200 pmol. The strips were blocked with 

3% BSA prior to the addition of 50 µg/ml of purified ApeE protein. The strips and protein 

were incubated overnight at 4°C with shaking. The strips were washed and then 

incubated with anti-ApeE antibodies (1:2,000) for 1 h. The strips were washed and 

subsequently incubated with anti-rabbit IgG secondary antibody. The spots were 

detected upon the addition of the AP substrate BCIP-NBP. Abbreviations are; Lyso-

phosphatidic acid (LPA), Lyso-phosphatidylcholine (LPC), Phosphatidylinositol 

(PtdIns), Phosphatidylinositol-3-phosphate (PtdIns(3)p), Phosphatidylinositol-4-

phosphate (PtdIns(4)P), Phosphatidylinositol-5-phosphate (PtdIns(5)P), 

Phosphatidylethanolamine (PE), Phosphatidylcholine (PC), Sphingosin-1-phosphate 

(S1P), Phosphatidylinositol-3,4-biphosphate (PtdIns(3,4)P2), Phosphatidylinositol-3,5-

bisphosphate (PtdIns(3,5)P2), Phosphatidylinositol-4,5-bisphosphate (PtdIns(4,5)P2), 

Phosphatidylinositol-3,4,5-trisphosphate (PtdIns(3,4,5)P3), Phosphatidic acid (PA) and 

Phosphatidylserine (PS). 
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2) were either reduced or no longer detectable (Figure 6.2). The relative front (rf) values 

for the lipid species labelled as 2 corresponded to the known migration of Lyso-

phosphatidylcholine (Figure 6.2) and the lipid species labelled as 1 corresponded to 

the known migration of either phosphatidylserine (PS), phosphatidylcholine (PC,) or 

phosphatidylinositol (PI), therefore this lipid species might be PS, PI, PC or a mixture.  

To better resolve the lipid species represented by number 1 in Figure 6.2, an 

alternative solvent system was used. This solvent system was comprised of 

chloroform: methanol: ammonium hydroxide (65:25:4). This solvent system can 

differentiate PC from PI and PS; unlike PC, neither PS nor PI migrate from the origin. 

Lipid extracts were added to a TLC plate as previously described and placed into a 

humid chamber with the equilibrated solvent system. The plates were removed and 

stained as described previously. Bile incubated with purified ApeE showed changes in 

the abundance of three lipid species, and the complete degradation of one lipid 

species, which had an rf value of 0.08 (Figure 6.3A). This rf value indicated that the 

lipid species that was completely degraded by ApeE might have been Lyso-PC, similar 

to the previous solvent system. To test this hypothesis, a standard of Lyso-PC was 

used. The Lyso-PC standard was applied to TLC plates and placed in a humid chamber 

containing the solvent system described above. The Lyso-PC standard appeared to 

migrate to the same rf as the lipid species that was completely degraded by ApeE 

(Figure 6.3B). Therefore, the lipid species that ApeE can completely degrade in ox bile 

was likely to be Lyso-PC. The other lipid species were not formally identified, but the 

species labelled as number 1 in Figure 6.4A had an rf value of 0.30, which is the known 

rf value of PC. The lipid species labelled as number 2 in Figure 6.3A had an rf value of 

0.12. This rf value might correspond to PS, PI or sphingomyelin (SM). 
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Figure 6.2. One-direction thin layer chromatography analysis of bile lipids after 

incubation with purified ApeE. Ox bile (5% in water w/v) was incubated with either 

buffer only or 2 µM of purified ApeE for 12 h at 37°C. 1 mL of liquid was used for lipid 

extraction. Lipids were extracted using a Bligh-Dyer method and analysed by TLC. 

Silica TLC plates were cut as 10 cm by 10 cm squares and the lipids were spotted on 

using glass microcapillary tubes. The solvent system used was chloroform: methanol: 

water (65:25:5). Plates were air dried and subsequently stained with phosphomolybdic 

acid (PMA), and charred with a heat gun to reveal lipid species. Numbers 1 and 2 

correspond to the lipid species that were altered between buffer only samples and 

those incubated with ApeE. 
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Figure 6.3. One-directional TLC lipid profile of Ox bile incubated with purified 

ApeE. (A) Lipids extracted from ox bile incubated with either buffer only or purified 

ApeE were analysed by TLC. Lipids were spotted onto 10 cm by 10 cm silica TLC 

plates. The lipids were separated by a chloroform: methanol: ammonium hydroxide 

(65:25:4) solvent system. Plates were air dried and stained with phosphomolybdic acid 

prior to charring with a heat gun to reveal lipid species. Number 1, 2 and 3 correspond 

to lipid species altered between samples incubated with purified ApeE or not. (B) TLC 

analysis of a Lyso-PC standard in the solvent system described above.  
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6.2.3 Salmonella growth using bile phospholipids as sole carbon sources 

in vitro.  

Previous work showed that Salmonella was able to utilise phospholipids in bile in 

vivo and in vitro as a potential carbon source (Antunes et al., 2011). As purified ApeE 

altered the amounts of Lyso PC in ox-bile, the role of ApeE for utilisation of Lyso-PC 

as a sole carbon source was investigated. Lyso-PC is a derivative of PC that is formed 

by the action of a phospholipase A2 enzyme on PC (Figure 6.4A and B). Lyso-PC has 

one acyl chain and is more water soluble that PC, and can therefore be added to water-

based liquid growth medium.  

M9 minimal media supplemented with L-Histidine and either glucose or Lyso-PC 

as sole carbon sources were inoculated with either SL1344, apeE::aph, complemented 

mutant (+pApeE) or serine mutant (+pS35A). The OD600nm was measured using a 

Clariostar plate reader every 3-6 h, with manual resuspension to ameliorate Lyso-PC 

settling, for 24 h at 37°C. All strains grew to comparable levels and with similar rates 

when glucose was provided as the sole carbon source (Figure 6.4B). Only strains 

expressing active ApeE (Wild-type SL1344, and +pApeE complement) were able to 

grow utilising Lyso-PC as a sole carbon source and strains not expressing apeE 

(apeE::aph) or the inactive serine mutant (+pS35A) showed no growth (Figure 6.4C).  

Lyso-PC in solution tended to become insoluble over the course of the 

experiment, therefore the growth of S. Typhimurium SL1344 strains on M9 minimal 

media agar plates was investigated. Overnight cultures of each strain were washed 

twice with sterile PBS before being serially diluted 1:10. Each strain was spot plated 

onto M9 minimal media agar plates supplemented with either glucose or Lyso-PC as 

a sole carbon source. Similar to liquid growth, all strains grew to comparative levels  
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Figure 6.4. Growth of S. Typhimurium SL1344 strains in M9 minimal media 

supplemented with either glucose or Lyso-PC. Chemical structures of 

phosphatidylcholine (A) and Lyso-phosphatidylcholine (B). (C) Growth of S. 

Typhimurium SL1344 (black), apeE::aph (red), apeE::aph + pApeE (blue) and 

apeE::aph + pS35A (purple) over 36 h in M9 minimal medium supplemented with 0.4% 

glucose. (D) Growth of the aforementioned strains in M9 minimal medium 

supplemented with 1 mg/ml Lyso-PC. Both growth curves were completed in 96 well 

microtitre plates and the OD600nm measured using a Clariostar plate reader after 

manual resuspension of the growth medium. The plates were incubated at 37°C for 36 

h. Data here represents 3 biological replicates and the error bars show standard error 

of the mean (SEM). 
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using glucose as a carbon source and the only strains with active ApeE could grow 

utilising Lyso-PC as a sole carbon source (Figure 6.5).  

To establish whether ApeE was actively breaking down Lyso-PC in the media, 

wild-type SL1344, apeE mutant, pApeE complement and the ApeES35A mutant were 

grown in M9 minimal medium containing Lyso-PC as a sole carbon source for 24 h at 

37°C. After growth, the bacterial cells were removed via centrifugation and the lipids 

were extracted and resuspended in chloroform. Lipid samples from each strain were 

analysed using TLC with a chloroform: methanol: water (65:25:4) solvent system. The 

TLC plates were stained with PMA before being charred. After 30 h of growth, Lyso-

PC can no longer be detected in the media of strains with active ApeE (SL1344 and 

+pApeE complement), but is detectable in strains that do not express active ApeE 

(mutant and +pApeES35A) (Figure 6.6). These data suggest that ApeE enables growth 

on Lyso-PC as a sole carbon source and this is mediated by the active hydrolysis of 

Lyso-PC into constituent molecules; head group and fatty acid. 

6.2.4 ApeE mediates E. coli growth on Lyso-PC as a sole carbon source.  

There is no homolog of apeE in E. coli and therefore to understand whether ApeE 

was a single factor that could promote hydrolysis of Lyso-PC, an empty vector plasmid 

or plasmids expressing either full length apeE or apeES35A were transformed into E. 

coli BW25113. Whole cell protein samples from induced overnight cultures were 

analysed by SDS-PAGE and Western Immunoblotting. Membranes were probed with 

primary anti-ApeE antibody followed by an anti-rabbit AP conjugated secondary 

antibody. The blot was developed using the substrate NBP-BCIP. ApeE can be 

detected from strains expressing either ApeE or ApeES35A but not the empty vector 

control (Figure 6.7A). All samples had comparable levels of protein when analysed by 

SDS-PAGE (Figure 6.7A). 
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Figure 6.5. Growth of SL1344 strains on M9 minimal agar supplemented with 

either glucose or Lyso-PC. M9 minimal media plates were supplemented with either 

0.4% glucose or 1 mg/ml Lyso-PC. Overnight cultures of SL1344, apeE::aph, 

apeE::aph + pApeE and apeE::aph + pS35A were washed twice in sterile PBS and 

serially diluted 1:10. Each dilution was spotted onto the M9 minimal media agar plates 

and incubated at 37°C for 16 h.  
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Figure 6.6. TLC analysis of M9 minimal medium supplemented with Lyso-PC 

after SL1344 growth. Lipids from liquid M9 minimal medium were extracted after 

SL1344 growth using a Bligh-Dyer method. The lipids were resuspended in chloroform 

and analysed by TLC. The solvent system used was chloroform: methanol: water 

(65:25:4) and the plates were stained with phosphomolybdic acid prior to charring with 

a heat gun. 
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Figure 6.7. ApeE expression and activity in E. coli BW25113. (A) Whole cell 

proteins were isolated from E. coli BW25113 that had been transformed with either 

pQE60 (EV), pQE60-ApeE (pApeE) or pQE60-ApeES35A (pApeES35A). The protein 

samples were analysed by SDS-PAGE and Western immunoblot. Western blot 

analysis used an anti-ApeE primary antibody (1:5,000 dilution), an anti-rabbit IgG 

raised in goats (1:10,000) secondary antibody and the blots were developed upon 

addition of the alkaline phosphatase substrate NBP-BCIP. (B) Overnight cultures of E. 

coli BW25113 strains were washed twice in sterile PBS and were serially diluted 1:10. 

Spots of each dilution were plates onto M9 minimal agar plates supplemented with 

either 0.4% glucose or 1 mg/ml Lyso-PC. Plates were incubated at 37°C for 16 h.  
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To determine whether ApeE enabled E. coli to grow utilising Lyso-PC as a sole 

carbon source, overnight cultures of each strain were washed twice in sterile PBS and 

serially diluted 1:10. The dilution series were plated onto M9 minimal agar containing 

either glucose or Lyso-PC as a sole carbon source. Neither the empty vector control 

or +pS35A were able to grow using Lyso-PC as a sole carbon source, but the strain 

expressing active ApeE could grow (Figure 6.7B). All strains grew at similar rates when 

glucose was provided as a sole carbon source (Figure 6.7C). These data show that 

ApeE can mediate the survival of E. coli on Lyso-PC as a sole carbon source. 

6.2.5 The inhibition of Lyso-PC hydrolysis by MAFP 

In chapter 5 of this study, a potent inhibitor (MAFP) of ApeE activity was 

determined. To investigate whether MAFP inhibits native ApeE from S. Typhimurium 

SL1344, 109 bacterial from an overnight culture of SL1344 were washed twice in sterile 

PBS and resuspended in 1 mL of PBS. MAFP was added to the cells and incubated 

for 60 min at room temperature. For MAFP negative samples, PBS alone was added 

to the cells. Each sample was serially diluted 1:10 into sterile PBS prior to being spot 

plated onto M9 minimal agar supplemented with either 1 mg/ml Lyso-PC or 0.4% 

glucose. Lyso-PC can be hydrolysed by ApeE and this can enable Salmonella to 

survive utilising Lyso-PC as a sole carbon source. The plates were incubated for 24 h 

at 37°C. The addition of MAFP inhibited the growth of S. Typhimurium SL1344 on 

plates containing Lyso-PC as a sole carbon source, whereas the SL1344 sample 

without MAFP was able to grow utilising Lyso-PC (Figure 6.8A). Both samples with and 

without MAFP grew to comparable levels on M9 medium supplemented with glucose 

(Figure 6.8B). These data suggest that MAFP can inhibit native ApeE on the surface 

of Salmonella and as the addition of MAFP did not affect growth of Salmonella on  
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Figure 6.8. MAFP inhibition of ApeE mediated hydrolysis of Lyso-PC. Spot plates 

of serially diluted S. Typhimurium SL1344 either incubated with MAFP (+) or PBS (-) 

on M9 minimal agar supplemented with either 1 mg/ml Lyso-PC or 0.4% glucose. 
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glucose. Therefore, the growth defect observed on Lyso-PC medium is unlikely due to 

toxicity of MAFP to the bacterial cells. 

6.2.6 Use of the breakdown products of Lyso-phosphatidylcholine as sole 

carbon sources.  

As ApeE is a PLB enzyme, ApeE might hydrolyse both acyl chains of a 

phospholipid. In the case Lyso-PC, this hydrolysis would result in the formation of 

glycerophosphocholine (GPC) (C9H20PO6N) and free fatty acids (Figure 6.9). In theory, 

each breakdown product as a sole carbon source would allow an apeE mutant to grow. 

To test the hypothesis, the growth of several Salmonella strains in M9 minimal medium 

supplemented with 0.5 mg/ml GPC was investigated. Cells from overnight cultures of 

either SL1344, apeE::aph, +pApeE and +pS35A were washed twice in sterile PBS and 

were inoculated into M9 minimal medium containing GPC as a sole carbon source. 

The OD600nm was measured every hour as described previously. All strains grew 

similarly using GPC as a sole carbon source (Figure 6.10). These data confirm that the 

apeE mutant is able to import and utilise GPC as a sole carbon source. 

6.2.7 Glp and Ugp transport pathway gene deletion constructs in SL1344. 

As the hydrolysis of glycerophospholipids would result in the formation of a 

glycerol-phosphate head group and free fatty acids, the roles of the sn-glycerol-3-

phosphate (G3P) transport systems (Glp and Ugp) and the fatty acid degradation (fad) 

systems were investigated during Lyso-PC metabolism.  

In E. coli and S. Typhimurium, the glp operon encodes a periplasmic major 

facilitator transport protein termed GlpT (Elvin et al., 1985), which is involved in 

transporting G3P whilst exporting intracellular Pi (Wong and Kwan, 1992, Hengge et 

al., 1983). In an operon with glpT is a gene that encodes for a periplasmic  
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Figure 6.9. ApeE hydrolysis of Lyso-phosphatidylcholine. (A) The addition of 

ApeE to Lyso-phosphatidylcholine would result in the hydrolysis of the ester bond (red 

lightning strike). This hydrolysis would generate a free fatty acids and a free 

glycerophosphocholine head group.  
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Figure 6.10. Salmonella growth on glycerophosphocholine as a sole carbon 

source. The head group of Lyso-PC and PC is glycerophosphocholine (GPC). 

Overnight cultures of SL1344 (black), apeE::aph (red), apeE::aph + pApeE (blue) and 

apeE::aph + pS35A (purple) were washed twice in sterile PBS. The washed cells were 

inoculated into M9 minimal medium supplemented with 0.5 mg/ml GPC and incubated 

in 96 well microtitre plates. The OD600nm was measured for 24 h at 37°C in a Clariostar 

plate reader. The cultures were agitated before OD600nm measurement. Data here 

represents 3 biological replicates, each with 2 technical replicates, and the error bars 

show standard error of the mean (SEM). 

  



152 
 

glycerodiester phosphodiesterase termed GlpQ (Larson et al., 1983). Glycerodiester 

phosphodiesterase have been shown to hydrolyse phospholipid head groups into G3P 

with an alcohol breakdown product (Larson et al., 1983). The Glp system has been 

shown to utilise G3P as a sole carbon source and the expression of the glp operon is 

repressed by GlpR under phosphate limiting conditions (Wong and Kwan, 1992) and 

this repression is alleviated upon the presence of G3P (Brzoska et al., 1994). 

The ugp operon is analogous to the glp operon but is upregulated under 

phosphate limiting conditions by PhoBR to utilise G3P as a sole phosphate source 

(Brzoska et al., 1994, Kasahara et al., 1991). This system also encodes a 

glycerodiester phosphodiesterase termed UgpQ, which is located in the cytoplasm 

(Brzoska et al., 1994). The ugp operon is responsible for the utilisation of G3P as a 

sole phosphate source 

In order to understand which components of the Glp and the Ugp uptake 

systems were required for the utilisation of glycerophosphocholine, individual and 

multiple gene deletions were made. To construct the single gene deletions, primers 

were designed to anneal ~200 bp up and downstream of the glpT, glpQ (Figure 6.11A) 

and ugpQ (Figure 6.11B) genes. A gene deletion library in the S. Typhimurium strain 

14028s was used as a template for PCR whereby the correct mutant was isolated and 

streaked to single colonies before checking for gene disruption via colony PCR. The 

PCR checked mutants were used as templates for PCR to generate single gene 

deletions in SL1344. The resulting PCR fragment contained the kanamycin resistance 

cassette flanked by ~200 bp of homology to the gene of interest. The PCR fragment 

was then electroporated into SL1344 electrocompetent cells expressing λ-red 

recombinase. Mutants were selected for on kanamycin agar plates and confirmed for 

gene disruption by PCR (Figure 6.11C). 
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Figure 6.11. glp and ugp single mutant construction in S. Typhimurium SL1344. 

(A) The genetic locus of the glp system with the glpT and glpQ genes coloured in blue. 

Primers (P13, P14, P21 and P22) were designed to anneal approximately 200 bp up 

and downstream of the gene of interest to generate the linear fragment for constructing 

gene deletions. (B) The genetic locus of the ugp system, with the ugpQ gene 

highlighted in blue. Primers for gene deletion were designed as above. (C) Colony PCR 

of wild-type SL1344 and each mutant: glpT; glpQ; and ugpQ (left to right). 
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As there are 2 glycerodiester phosphodiesterases in S. Typhimurium, a double gene 

deletion strain was constructed that had both enzymes deleted from the chromosome. 

To do this, the kanamycin cassette was removed from ugpQ::aph by the action of Flp 

recombinase encoded for on plasmid pCP20, to generate ΔugpQ. The plasmid 

encoding the λ-red recombinase gene (pKD46) was transformed into ΔugpQ. The 

linear DNA fragment encoding the kanamycin resistance cassette flanked by glpQ loci 

homology was electroporated into ΔugpQ expressing λ-recombinase. The kanamycin 

cassette was removed from the double mutant using the Flp recombinase as 

previously described. The resulting double mutant was genetically ΔugpQ ΔglpQ and 

confirmed by PCR (Figure 6.12). 

To determine the roles of GlpT, GlpQ and UgpQ in the utilisation of GPC as a 

sole carbon/phosphate source, cells from overnight cultures of SL1344 wild-type, 

single and double mutants were washed twice with sterile MOPS mix. This MOPS mix 

did not contain any source of carbon or phosphate. MOPS based media was 

supplemented with either phosphate (K2HPO4) or carbon (glucose) alone, or both, as 

controls. To test which mutants were required for the utilisation of GPC as a carbon or 

phosphate source, the MOPS media was supplemented with GPC alone (0.5 mg/ml), 

or GPC with a phosphate or carbon source. The washed cultures were added to the 

media to a starting OD600nm 0.02 and the plate was incubated at 37°C for 24 hours and 

the OD600nm was measured every hour in a Clariostar plate reader.  

When GPC was the sole carbon and phosphate source, the SL1344 wild-type 

and the ugpQ mutant showed similar growth (Figure 6.13A). In contrast, the glpT 

mutant had an extremely delayed lag phase and both the glpQ and ΔugpQ gplQ::aph 

strains did not show any growth (Figure 6.13A), suggesting that GlpQ and, to some 

extent, GlpT are required for utilising GPC as a sole carbon/phosphate source. When  
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Figure 6.12. PCR check of the ΔugpQ ΔglpQ double mutant. A colony of either 

SL1344 or ΔugpQ ΔglpQ was added to sterile water and boiled to be used as a 

template for colony PCR. Primers that annealed to the ugpQ loci and glpQ loci were 

used to determine gene deletion.   
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Figure 6.13. Growth of single mutants using Glycerophosphocholine as a sole 

carbon and phosphate source in MOPS minimal medium. Overnight cultures of 

SL1344, ΔglpT, glpQ::aph, ugpQ::aph and ΔugpQ ΔglpQ were washed twice in MOPS 

mix without carbon or phosphate supplementation. Each strain was inoculated into 

MOPS mix supplemented with either 0.5 mg/ml GPC (A) or 0.4% glucose and K2HPO4 

(B). The growth was measured every hour for 24 h in a Clariostar plate reader at 37°C. 

Data here represents 3 biological replicates, each with 2 technical replicates, and the 

error bars show standard error of the mean (SEM). 
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the MOPS medium was supplemented with both glucose and K2HPO4, all the strains 

grew comparably (Figure 6.13B).  

To determine which proteins were required for the utilisation of GPC as a sole 

phosphate source, MOPS media was supplemented with GPC and glucose. Therefore 

the only source of phosphate was GPC. The glpT, glpQ, and ugpQ single mutants all 

grew to comparable levels as the SL1344 wild-type (Figure 6.14A). However, the 

ΔugpQ glpQ::aph double mutant was unable to grow in this medium (Figure 6.14A), 

suggesting both glycerodiester phosphodiesterases are required to utilise GPC as a 

sole carbon source. In comparison, when the media was supplemented with glucose 

alone with no phosphate, none of the strains grew (Figure 6.14B), suggesting that the 

medium contained no source of Pi and therefore the phosphate in GPC was the only 

source available in the previous media. 

In order to investigate which of the proteins involved in the degradation of GPC 

were required for the utilisation of GPC as a sole carbon source, the MOPS medium 

was supplemented with GPC and K2HPO4. The ugpQ single mutant was able to grow 

similarly to SL1344 wild-type in this media (Figure 6.15A), whereas the glpQ and 

ΔugpQ ΔglpQ strains all failed to grow (Figure 6.15A). The single glpT mutant had 

variable growth in this medium, with some replicates showing a delayed lag phase 

(Figure 4.8A). To determine whether there was no other carbon source in the media, 

the MOPS media was supplemented with K2HPO4 alone. In this medium, none of the 

strains grew (Figure 6.15B), suggesting there were no other carbon sources in the 

medium. Therefore, the requirement of each glp and ugp mutant for growth utilising 

GPC varies depending on whether it is used as a carbon or phosphate source.  
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Figure 6.14. Growth of Salmonella strains in MOPS minimal medium using GPC 

as a sole phosphate source. Overnight cultures of SL1344, ΔglpT, glpQ::aph, 

ugpQ::aph and ΔugpQ ΔglpQ were washed twice in MOPS mix without carbon or 

phosphate supplementation. Data here represents 3 biological replicates, each with 2 

technical replicates, and the error bars show standard error of the mean (SEM). Each 

strain was inoculated into MOPS mix supplemented with either 0.5 mg/ml GPC and 

K2HPO4 (A) or K2HPO4 alone (B). Growth was measured every hour for 24 h in a 

Clariostar plate reader at 37°C.   
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Figure 6.15. Growth of Salmonella in MOPS minimal medium with GPC as a sole 

carbon source. Overnight cultures of SL1344, ΔglpT, glpQ::aph, ugpQ::aph and 

ΔugpQ ΔglpQ were washed twice in MOPS mix without carbon or phosphate 

supplementation. Data here represents 3 biological replicates, each with 2 technical 

replicates, and the error bars show standard error of the mean (SEM). Each strain was 

inoculated into MOPS mix supplemented with either 0.5 mg/ml GPC 0.4% glucose (A) 

or glucose alone (B). Growth was measured every hour for 24 h in a Clariostar plate 

reader at 37°C. 
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6.2.8 Fatty acid degradation mutant construction  

 For the import and utilisation of the exogenous long chain fatty acids, S. 

Typhimurium has a dedicated fatty acid degradation (Fad) pathway. FadL is an outer 

membrane protein responsible for the import of exogenous medium-long chain fatty 

acids and FadD is an acyl-CoA synthetase that adds an acyl-CoA molecule onto fatty 

acids as the first step of β-oxidation (Clark and Cronan, 2005).  

 Single mutants for the fatty acid degradation system were generated as 

described above with primer annealing for the construction of fadD and fadL mutants 

described (Figure 6.16A and B). Mutants were selected for on kanamycin agar plates 

and confirmed via PCR (Figure 6.16C). The growth of each mutant utilising Tween80 

as a sole carbon source was used to test whether the mutants generated had the 

correct phenotype. Overnight cultures of SL1344 wild-type, fadD::aph, fadL::aph and 

ΔugpQ ΔglpQ were washed twice in PBS and diluted 1:10. Each dilution was spot 

plated onto M9 minimal agar supplemented with either Tween80 or glucose. The plates 

were incubated at 37°C for 36 hours. Strains defective for fatty acid import (fadL::aph) 

and β-oxidation (fadD::aph) showed no growth utilising Tween80 as a sole carbon 

source, whereas all other strains grew similarly to the SL1344 wild-type (Figure 6.17A). 

All strains grew comparatively using glucose as a sole carbon source (Figure 6.17B). 

This experiment confirmed that the fad mutants were correct and not able to utilise 

long chain fatty acids as carbon sources.  

6.2.9 Role of the individual mutants in Lyso-PC utilisation 

 To investigate whether the head group or acyl chain of Lyso-PC was used as a 

sole carbon source, each single glp, ugp, fad mutant and double ΔugpQ ΔglpQ mutant 

was tested for growth on M9 agar plates supplemented with Lyso-PC as a sole carbon 

source. Overnight cultures of each mutant strain and SL1344 wild-type were washed  
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Figure 6.16. Fatty acid degradation mutant construction in SL1344. (A) The 

genetic loci of the two genes that comprise part of the fatty acid degradation (Fad) 

system. (A) Primer annealing to generate the single fadD mutant and (B) fadL mutant. 

(C) Colony PCR of wild-type SL1344 and fadD::aph mutant. As the kanamycin cassette 

was the same size as the fadD gene, deletion was confirmed by colony PCR with 

primers that annealed internally to the kanamycin cassette (P20 and P19). These 

primers were paired with fadD forward and reverse primers, such that only strains with 

the kanamycin cassette inserted at the fadD loci would produce product. (D) Colony 

PCR of the fadL loci using FadL forward and reverse primers (P11 and P12). 
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Figure 6.17. Growth of the fad mutants on M9 minimal agar plates supplemented 

with Tween80. Overnight cultures of SL1344, ΔugpQ ΔglpQ, fadD::aph and fadL::aph 

were washed twice in PBS and serially siluted 1:10 prior to spot plating onto M9 

minimal agar plates. The plates were incubated at 37°C for 36 hours. (A) Growth of S. 

Typhimurium strains utilising Tween80 as a sole carbon source. M9 minimal agar was 

supplemented with 4% Tween80 (v/v). (B) Growth of strains on M9 minimal agar 

supplemented with 0.4% glucose.  

  



163 
 

and serially diluted as previously described. The strain dilutions were spotted onto M9 

minimal agar supplemented with either Lyso-PC or glucose. The plates were incubated 

at 37°C for 16 hours. All strains grew at similar rates when grown on Lyso-PC (Figure 

6.18A) and glucose (Figure 6.18B). As all strains grew utilising Lyso-PC as a sole 

carbon source, both the head group and acyl chain can be used as a sole carbon 

source in vitro. 

6.2.10 The interaction of ApeE and Lyso-phosphatidylglycerol.  

Having shown that ApeE could bind to glycerophospholipids and hydrolyse the 

eukaryotic derived Lyso-PC, its ability to hydrolyse bacterial glycerophospholipids was 

investigated using Lyso-phosphatidylglycerol (Lyso-PG) as a substrate. Lyso-PG is a 

derivative of PG that contains a glycerol-based head group, and one acyl chain 

(instead of two) connected by an ester bond. To test whether ApeE could hydrolyse 

Lyso-PG, overnight cultures of SL1344, apeE::aph, +pApeE and +pS35A were sub-

cultured into the M9 media supplemented with either 0.4% glucose or 1 mg/ml Lyso-

PG to a starting OD600nm of around 0.02. The cultures were added to 96 well plates and 

the OD600nm was measured in a Clariostar plate reader every hour for 24 h. Each strain 

grew to comparable levels using glucose as a sole carbon source (Figure 6.19A). Only 

strains with active ApeE (SL1344 or +pApeE) could grow utilising Lyso-PG as a sole 

carbon source (Figure 6.19B).  

Overnight cultures of SL1344, apeE::aph, +pApeE and +pS35A were also 

washed in PBS and serially diluted 1:10 prior to spot plating on M9 minimal agar plates 

supplemented with either glucose or Lyso-PG. On M9 minimal media agar plates, 

growth of every strain was similar with glucose as a sole carbon source, but strains 

lacking ApeE or active ApeE (apeE::aph or + pS35A complement) failed to grow on  
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Figure 6.18. Growth of single mutants utilising Lyso-PC as a sole carbon source. 

Overnight cultures of SL1344 wild-type and each glp, ugp, and fad mutant were 

washed twice in PBS and serially diluted 1:10, before spot plating onto M9 minimal 

agar supplemented with (A) Lyso-PC (1 mg/ml) or (B) glucose (0.4% v/v). Plates were 

incubated overnight at 37°C. 
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Figure 6.19. Growth of Salmonella on Lyso-PG as a sole carbon source. Growth 

curves of SL1344 wild-type (black), apeE::aph (red), +pApeE (blue) and +pS35A 

(purple) in M9 minimal media supplemented with 0.4% glucose (A) or Lyso-PG (B). 

Each strain was inoculated in duplicate and the data shown here is a combination of 3 

biological replicates with error bars representing the SEM. Strains were incubated at 

37°C for 24 h with OD600nm measured every hour in a Clariostar plate reader (A & B). 

Growth of serially diluted S. Typhimurium strains on M9 agar, supplemented with either 

4% glucose or Lyso-PG (C). Plates were incubated at 37°C for 16 h.  
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medium containing Lyso-PG as a sole carbon source (Figure 6.19C). These data 

suggest that ApeE can hydrolyse Lyso-PG. 

To determine whether ApeE was actively hydrolysing Lyso-PG, phospholipids 

were isolated from the spent media after Salmonella growth. The lipids were extracted 

and separated as above by TLC. For these experiments, the solvent system was 

chloroform: methanol: water (65:25:4 v/v). Only strains that were able to grow on Lyso-

PG as a sole carbon source (SL1344, +pApeE) depleted the Lyso-PG from the media 

(Figure 6.20A). However, only the complemented strain completely degraded all of the 

Lyso-PG (Figure 6.20A), suggesting that the complemented strain produced more 

ApeE than the SL1344 wild-type. 

To test whether the +pApeE strain was producing more ApeE protein than the 

wild-type, whole cell protein fractions were isolated from overnight cultures of either 

SL1344, apeE::aph, +pApeE or +pS35A. These protein fractions were separated by 

SDS-PAGE and then Western immunoblotted using anti-ApeE antibodies. The blots 

were developed using the AP substrate BCIP-NBP. The amount of ApeE protein was 

much higher in the strains expressing apeE from plasmids (+pApeE or pS35A) than in 

the SL1344 wild-type (Figure 6.20B). These data confirm that the reason Lyso-PG is 

completely degraded in the +pApeE complement is because more ApeE is being 

produced. 

6.2.11. The membrane phospholipid ratios of S. Typhimurium wild-type and 

apeE::aph mutant.  

Phosphatidylglycerol (PG) is a major component of the S. Typhimurium outer 

membrane (Olsen and Ballou, 1971). Lyso-PG is a breakdown product of PG after 

hydrolysis by a PLA2 enzyme.  Therefore, it was hypothesised that ApeE might be able 

to cleave bacterial membrane phospholipids altering the lipid profiles of the bacterial  
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Figure 6.20. Analysis of the effect of ApeE on Lyso-PG in M9-minimal medium. 

(A) Lipid extraction from M9 minimal medium + Lyso-PG after 24 h of S. Typhimurium 

growth. The lipids were extracted using a Bligh-Dyer method, and the lipid extracts 

spotted onto silica thin layer chromatography plates. The plates were incubated in a 

humid chamber containing an equilibrated solvent system of 65:25:4 chloroform: 

methanol: water (v/v) until the solvent front had migrated about 1 cm from the top of 

the plate. The plates were air dried prior to staining with phosphomolybdic acid, and 

charring by a heat gun to reveal the lipid species. (B) Western immunoblot of S. 

Typhimurium whole cell protein extracts separated by SDS-PAGE. The SDS-PAGE 

gels were transferred to a nitrocellulose membrane. The membrane was probed with 

anti-ApeE antibody (1:5,000). Blots were developed upon the addition of the substrate 

BCIP-NBP. 

  



168 
 

membrane. To test this hypothesis, the membrane phospholipid composition of an 

apeE mutant was compared with that of the SL1344 wild-type. Overnight cultures of 

either SL1344 or apeE::aph were centrifuged and the lipids from the membranes were 

extracted using a modified Bligh-Dyer method. Once the membrane phospholipids had 

been isolated, each sample was spotted onto silica TLC plates. Once the spots had 

dried, the plates were placed in a humid chamber containing an equilibrated solvent 

system of chloroform: methanol: acetic acid (65:25:10 v/v). This solvent system was 

known to separate membrane lipids (Rowlett et al., 2017). Once the solvent system 

had migrated about 1 cm from the top of the plate, the plate was removed and air dried 

prior to staining with phosphomolybdic acid (PMA) and subsequent charring of the 

plate to reveal the lipid species present. For each sample (wild-type and apeE mutant), 

three lipid species were detected: CL; PG; and PE. The abundance of all the lipid 

species in the wild-type (SL1344) and the congenic ApeE mutant was comparable 

(Figure 6.21) 

6.2.12. Biofilm formation during growth in Lyso-PG medium.   

After growth in M9 + Lyso-PG, SL1344 wild-type and the +pApeE complemented 

appeared to form aggregates (data not shown). Aggregation is a result of cell to cell 

adhesion and therefore could indicate biofilm formation. As this was unusual, the ability 

of this strain to form biofilm was investigated. After 24 h of growth in either M9 + 

glucose, M9 + Lyso-PG or M9 + Lyso-PC media, the planktonic cells were removed 

and the plates were incubated in 0.1% crystal violet prior to vigorous washing and de-

staining in an ethanol: acetone (80:20 v/v) solution. Biofilm was measured as an 

increase in OD600nm. Little to no biofilm was detected when the strains were grown in 

M9 + glucose or M9 + Lyso-PC (Figure 6.22).  
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Figure 6.21. TLC analysis of membrane phospholipids in S. Typhimurium. 

Membrane phospholipids were extracted from 5 mL overnight cultures of either 

SL1344 or apeE::aph mutant using a modified Bligh-Dyer method. The lipids were 

finally dissolved in chloroform. The lipids were spotted onto 10 cmx10 cm silica thin 

layer chromatography plates. The plates were incubated in a humid chamber with an 

equilibrated solvent system of chloroform: methanol: acetic acid (65:25:10 v/v). The 

TLC plate was removed from the chamber once the solvent front reached 

approximately 1 cm from the top of the plate. The plates were air dried then stained 

with phosphomolybdic acid. Once the stain had completely dried, the plates were 

charred with a heat gun to visualise the lipid species. Abbreviations are: cardiolipin 

(CL); phosphatidylglycerol (PG); phosphatidylethanolamine (PE); and phosphatidic 

acid (PA).  
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Figure 6.22. Biofilm profiles of S. Typhimurium SL1344 derived strains grown in 

M9 minimal media with varying carbon sources. Biofilm profiles of S. Typhimurium 

strains after growth in M9 minimal media supplemented with either glucose (pink), 

Lyso-PG (purple) or Lyso-PC (peach). Data represented here is the OD600nm 

measurement of a crystal violet based microtitre plate biofilm assay after growth for 24 

h at 37°C. The values here represent 6 independent biological replicates, and the error 

bars represent standard deviation (SD). Statistical significance (p<0.05) was 

determined using a 2-way anova using Turkey correction for multiple comparisons 

using Graphpad prism software. p<0.05 (** p<0.01, *** p<0.001 and **** p<0.0001). 
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In contrast, a clear biofilm was visible in wells inoculated with bacteria that had 

grown successfully in M9 + Lyso-PG (Figure 6.22). The apeE mutant nor the +pS35A 

mutant grew in M9 + Lyso-PG media and therefore did not form a biofilm in any 

condition tested (Figure 6.22). These data suggest that a strain that does not usually 

form a biofilm is able to do so after growth in M9 medium supplemented with Lyso-PG. 

6.2.13. Role of Fad and Glp in Lyso-PG utilisation and biofilm formation.   

The roles of the fatty acid degradation (Fad) system and the Glp and Ugp systems 

for Salmonella growth in Lyso-PC were previuosly investigated in this study. The main 

difference between the two phospholipid species is the head group. To understand 

whether the head group or the acyl chain was the main signalling molecule that initiated 

the switch from planktonic to biofilm lifecycles, various fad, glp and ugp mutants were 

tested for their ability to grow using Lyso-PG as a sole carbon source and to induce 

biofilm formation.  

To test the ability of each mutant to grow in the different conditions, fadD::aph, 

glpT::aph and ΔugpQ glpQ::aph mutants, as well as SL1344 wild-type control, were 

inoculated to a starting OD600nm of 0.02 in microtitre plates containing either M9 + 

glucose or M9 + Lyso-PG. The strains were incubated at 37°C for 24 h with OD600nm 

measurements every hour. Each strain grew to comparable levels when grown in M9 

supplemented with glucose (Figure 6.23A) and Lyso-PG (Figure 6.23B). These data 

show that the mutants tested were not defective for growth using Lyso-PG as a sole 

carbon source.  

Each mutatation results in a defect in either the utilisation of the acyl chain or 

head group of (Lyso)phospholipids. GlpT was shown in this study to be required for 

efficient import of the head group of Lyso-PC, as the glpT mutant showed an extended  
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Figure 6.23. Growth of various Salmonella mutant strains in M9 + Lyso-PG 

medium. (A) Growth curve of S. Typhimurium SL1344 strains in M9 minimal medium 

supplemented with glucose. (B) Growth curve of S. Typhimurium SL1344 strains in M9 

minimal medium supplemented with Lyso-PG. All growth curves were measured in a 

Clariostar microtritre plate reader with the OD600nm measured every hour for 24 h at 

37°C. SL1344 (black), ΔglpT (pink), fadD::aph (blue) and ΔugpQ glpQ::aph were 

inoculated in duplicate for each growth curve. Data from 3 independent biological 

replicates are shown, and the error bars represent the SEM.  
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lag phase in M9 medium supplemented with glycerophosphocholine as the sole carbon 

source. UgpQ and GlpQ are glycerophosphodiesterases found in the cytoplasm and 

periplasm, respectively (Tommassen et al., 1991). These proteins are responsible for 

hydrolysing the head groups of phospholipids into glycerol-3-phosphate and an 

alcohol. FadD is an acyl Co-A synthetase responsible for the additon of Acyl-CoA onto 

long chain fatty acids for the first step of β-oxidation (Iram and Cronan, 2006). 

Therefore testing the ability of each of these mutants to form biofilm when grown in 

Lyso-PG M9 minimal medium might indicate which part of the phospholipid is important 

for signalling biofilm formation. After growth in either M9 minimal medium 

supplemented with glucose or Lyso-PG, the strains were tested for biofilm formation 

using the microtitre plate biofilm assay. No biofilm was detected when the strains were 

grown in M9 minimal medium supplemented with glucose (Figure 6.24A), and the 

biofilm formed by the fadD and glpT mutants in M9 + Lyso-PG medium was not 

significantly different than the SL1344 wild-type (Figure 6.24B). However, the biofilm 

formed by the ΔugpQ glpQ::aph mutant in Lyso-PG medium was significantly different 

to the biofilms made by the SL1344 wild-type, and was more similar to the glucose 

control (Figure 6.24B). These data suggest that the hydrolysis of the Lyso-PG 

headgroup is important for the formation of a biofilm by S. Typhimurium.  

6.2.14. The role of cellulose biosynthesis regulation in Lyso-PG mediated 

biofilm formation.   

Garcia et al., (2004) demonstrated that the strain SL1344 does not form biofilm 

because the protein, MlrA, that is the positive regulator for the expression of csgD, was 

not transcribed at sufficiently high levels under the conditions tested (Garcia et al., 

2004). CsgD is a protein that regulates the expression of genes required for cellulose 

and curli biogenesis (Liu et al., 2014). Cellulose has been shown to be an important  



174 
 

 

Figure 6.24. Biofilm formation of Salmonella strains in M9 media.  Biofilm profiles 

of S. Typhimurium SL1344 wild-type (black), fadD::aph (blue), ΔglpT (purple) and 

ΔugpQ glpQ::aph (peach) mutant grown in either M9 minimal media supplemented 

with glucose (A) or Lyso-PG (B). Data here represented 3 biological replicates of a 

crytstal violet based microtitre plate assay, with error bars showing SD. The biofilm 

was measured as the OD600nm. Statistical significance (p<0.05) was calculated using a 

one-way anova with Dunnett’s correction for mutiple comparison using Graphpad 

prism software.  

  



175 
 

component of the extracellular matrix of S. Typhimurium and E. coli biofilms (Zogaj et 

al., 2001). As SL1344 has all the genes required for the production and regulation of 

cellulose and curli biogenesis, it was hypothesised that utilising Lyso-PG as a sole 

carbon source could be inducing the expression of the overall regulator, MlrA. 

To test this hypothesis, a deletion mutant of mlrA was constructed. Primers were 

designed to anneal approximately 300 bp up and downstream of the mlrA gene (Figure 

6.25A). The mlrA::aph mutant in the S. Typhimurium 14028s deletion library was used 

as a template for PCR. The linear PCR fragment contained the kanamycin resistance 

cassette flanked by regions of homology to the mlrA locus. This fragment was 

electroporated into SL1344 cells expressing λ- recombinase. Resulting mutants were 

selected on kanamycin agar plates and confirmed by PCR (Figure 6.25B). 

To determine whether MlrA was important for biofilm formation in the Lyso-PG 

medium, the mlrA::aph mutant and SL1344 wild-type were grown in M9 minimal media 

supplemented with either Lyso-PG or glucose for 24 h. The OD600nm was measured 

every hour, and after 24 h, the plates were used for a crystal violet microtitre plate 

biofilm assay. The mlrA::aph mutant was able to grow utilising Lyso-PG as a sole 

carbon source (Figure 6.26A). Additionally, the mlrA mutant did not form biofilm when 

grown in M9 + glucose (Figure 2.26B) but did form biofilm when grown in Lyso-PG 

medium (Figure 6.26C). The biofilm formed by the mlrA mutant was not significantly 

different to the biofilm formed by the SL1344 wild-type control (Figure 6.26C). These 

data suggested that MlrA was not important for the induction of biofilm formation of 

SL1344 when utilising Lyso-PG as a sole carbon source. Therefore, cellulose and curli 

production might not be important for biofilm formation under the conditions tested. 
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Figure 6.25. PCR check of mlrA gene deletion mutant. (A) Primer annealing at the 

mlrA loci to generate PCR fragment for gene deletion. (B) DNA gel showing the PCR 

product using primers P18 and P19 for the mlrA loci in SL1344 wild-type and mlrA::aph. 

 

 



177 
 

 

Figure 6.26. Growth and biofilm formation of an mlrA mutant in M9 + Lyso-PG 

medium. (A) Growth curve of SL1344 (black) and mlrA::aph (blue) in M9 minimal 

medium supplemnted with 1 mg/ml Lyso-PG. Growth was measured as OD600nm over 

24 h with measurements every hour in a Clariostar plate reader. Error bars represent 

standard error of the mean (SEM). (B) Crystal violet based biofilm profiles of SL1344 

wild-type (black) and mlrA::aph (blue) grown in M9 + glucose and (C) M9 + Lyso-PG, 

error bars represent the SD. Data here is an average of 3 biological replicates. 

Statistical significance (p<0.05) was determined by a parametric 2-tailed Student’s t-

test using Graphpad prism.  
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6.2.15. The role of ApeE for biofilm formation in non-aggregating E. coli 

HB101.  

No homologue of apeE exists in E. coli, and previous work in this thesis showed 

that expression of apeE in E. coli BW25113 allowed E. coli to utilise Lyso-PC as a sole 

carbon source. As the growth of S. Typhimurium SL1344 in Lyso-PG promoted biofilm 

formation that is dependent upon the presence of active ApeE, the biofilm forming 

properties of ApeE were investigated. A plasmid expressing apeE (pApeE) under an 

IPTG inducible promoter was transformed into the non-aggregating E. coli strain 

HB101. To test whether apeE was expressed in this E. coli strain, whole cell protein 

fractions from overnight cultures of either HB101 + pQE60 (EV) or HB101 + pQE60-

ApeE (+pApeE) were isolated. The protein fractions were separated by SDS-PAGE 

and then transferred to a nitrocellulose membrane. The membrane was used for 

Western immunoblotting with anti-ApeE primary antibody. The blot shows that ApeE 

can be detected as a band at approx. 69 kDa only in the sample with pApeE present 

(Figure 6.27A).  

For the subsequent assays, ApeE was required to be folded and functional. Outer 

membrane proteins are known to migrate differently on SDS-PAGE depending on 

whether or not they are folded (Reithmeier and Bragg, 1974), therefore a quick test to 

check the folded state of an outer membrane protein is to analyse boiled (100°C) and 

non-boiled (25°C) samples by SDS-PAGE. Outer membrane protein samples were 

isolated from HB101 cultures containing either EV or pApeE using the TritonX-100 

extraction method. The outer membrane fractions were mixed with Laemmli sample 

buffer and either boiled, or not, prior to analysis by SDS-PAGE and Western 

immunoblotting. The membrane was probed with anti-ApeE antibodies and these 

bound antibodies identified by the addition of the substrate BCIP-NBP. Samples of  
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Figure 6.27. Expression and folding of ApeE in E. coli HB101. (A) Western 

immunoblot using anti-ApeE antibodies. Whole cell proteins from E. coli HB101 with 

either pQE60 (EV) or pQE60-ApeE (+pApeE) were separated by SDS-PAGE and 

transferred to a nitrocellulose membrane. The blots were developed upon addition of 

the substrate BCIP-NBP. (B) Whole cell protein extracts from HB101 + pQE60-ApeE 

were either boiled (100°C) or incubated at room temperature (25°C) for 5 min prior to 

separation by SDS-PAGE and Western immunoblotting with anti-ApeE antibodies.  
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boiled ApeE did not migrate as far on the gel as the un-boiled sample (Figure 6.27B). 

These data suggest that ApeE produced in E. coli HB101 was folded.  

The ability of ApeE to induce biofilm formation in E. coli HB101 was investigated. 

E. coli HB101 expressing either empty vector (EV), ApeE (pApeE) or a known biofilm 

inducing autotransporter, SadA (pSadA), were grown in M9 minimal medium 

supplemented with 0.4% glucose for 16 h at 37°C without shaking in a microtitre plate. 

The only strain that formed biofilm under these conditions was E. coli HB101 + pSadA 

(positive control) (Figure 6.28). The strain expressing apeE did not form biofilm that 

was significantly different to the EV control (Figure 6.28). These data suggest that 

ApeE was not a biofilm promoting factor. 

6.2.16. The ability of E. coli to grow and form biofilm in Lyso-PG M9 media.  

Next, the ability of ApeE to mediate growth of E. coli HB101 using Lyso-PG as a 

sole carbon source was investigated. Overnight cultures of HB101 expressing ApeE 

(+pApeE) or empty vector (EV) were washed twice in sterile PBS before being 

inoculated into M9 minimal media supplemented with either glucose or Lyso-PG. Both 

strains grew at similar rates with glucose as the sole carbon source (Figure 6.29A). 

Only E. coli expressing apeE (+pApeE) was able to grow with Lyso-PG as a sole 

carbon source (Figure 6.29B), suggesting that ectopic expression of apeE allowed E. 

coli to utilise Lyso-PG as a sole carbon source.  

As growth in M9 minimal medium supplemented with Lyso-PG as a sole carbon 

source signalled biofilm formation in Salmonella, the ability of E. coli grown in the 

presence of Lyso-PG was tested. Similar factors influence biofilm formation by 

Salmonella and E. coli, and therefore similar environmental signals might induce 

similar responses. To test whether ApeE-mediated growth of E. coli in M9 + Lyso-PG 

medium induced biofilm formation, the crystal violet microtitre plate biofilm assay was  
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Figure 6.28. Biofilm formation of E. coli HB101 strains. Biofilm profiles of HB101 

with either +EV (pink), +pSadA (purple) or +pApeE (red) after growth in a microtitre 

plate statically for 16 h at 37°C. The data presented here are the endpoint OD600nm 

measurements of 3 biological replicates, and the error bars represent SD. Statistical 

significance (p<0.05) was determine by a one-way anova multiple comparison with 

Turkey’s correction using Graphpad prism (*** p<0.001). 
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Figure 6.29. Growth of E. coli HB101 using Lyso-PG as a sole carbon source. (A) 

Growth curve of HB101 + pQE60 (yellow) and HB101 + pQE60-ApeE (red) in M9 

minmal media supplemented with glucose and (B) Lyso-PG. Data here are the average 

of 3 biological replicates of OD600nm measurements taken every hour for 24 hours in a 

Clariostar plate reader. The error bars represent the SEM and plates were incubated 

at 37°C.  
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used. When ApeE mediated growth in Lyso-PG medium, E. coli HB101 did form 

significantly more biofilm than when grown in M9 minimal medium supplemented with 

glucose (Figure 6.30). Therefore, growth on Lyso-PG as a sole carbon source in M9 

minimal medium induced biofilm formation in E. coli as well as S. Typhimurium SL1344 

 

6.3 Discussion.  

In this chapter, the phospholipid binding specificity of ApeE was explored, using 

a PIP strip binding assay. ApeE was shown to bind to most glycerophospholipids 

including those that make up biological membranes and eukaryotic signalling lipids. 

Importantly, binding to these lipids does not necessarily prove that ApeE can hydrolyse 

these lipid species as binding tends to occur at the oxyanion hole and hydrolysis at the 

active site of the enzyme. To test whether ApeE could actively hydrolyse the lipids that 

were identified by PIP strip binding, the utilisation of each as a sole carbon source in 

M9 minimal media/agar could be used. Growth would indicate hydrolysis.   

PI, PS and PA make up eukaryotic cellular membranes (van Meer et al., 2008). 

In this chapter, ApeE was shown to bind strongly to all of these lipid species. A previous 

report showed that S. Cholereasuis and S. Typhimurium could utilise PS as a sole 

source of nitrogen and carbon in vitro and in murine derived caecal mucus (Krivan et 

al., 1992). Therefore, as ApeE can bind to PS with relatively high affinity, the enzyme 

might be mediating the hydrolysis of PS. In contrast, ApeE was shown to not alter the 

membrane phsopholipid composition of S. Typhimurium. This is unsurprising given that 

phospholipid biogenesis occurs in the cytoplasm and the lipase motif of ApeE is 

surface exposed.  

In this study, ApeE was shown to hydrolyse both Lyso-PC and Lyso-PG, allowing 

S. typhimurium to utilise these lipids as sole carbon sources in vitro. Bile is a rich source  
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Figure 6.30 Biofilm profiles of E. coli HB101 expressing apeE. Biofilm profiles of 

E. coli HB101 with either pQE60 (EV) or pQE60-ApeE (+pApeE) after 24 hours growth 

in M9 minimal media supplemented with either glucose (pink) or Lyso-PG (purple). The 

biofilm formation was measured as OD600nm. The data here represent 3 biological 

replicates, with the error bars showing SD. Statistical significance (p<0.05) was 

determined by a 2-way anova with Bonferroni’s correction for multiple comparisons.  
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of phospholipid, whereby 22% of bile content is phospholipid, with the majority being 

PC (Reshetnyak, 2013). ApeE was able to hydrolyse at least 3 lipid species found in 

ox-bile. One of these lipid species was likely to be Lyso-PC. The biological relevance 

for lipid hydrolysis in bile can be speculated. Lyso-PC has been implicated to be an 

important carbon source for S. Typhimurium in bile (Antunes et al., 2011). However, 

the portion of the Lyso-PC that is more important for growth remains unclear. In this 

study, S. Typhimurium was shown to grow on Lyso-PC and Lyso-PG as sole carbon 

sources in the absence of either the Gglp/Ugp or Fad systems, suggesting that the 

head group and fatty acid acyl chains can be used as sole carbon sources.  

In this study, the role of the Glp and Ugp system for import and degradation of 

glycerophosphocholine (GPC) was investigated. When GPC was present as a sole 

carbon and phosphate source, the transporter GlpT and the periplasmic glycerodiester 

phosphatase, GlpQ, were required for growth. When the medium was supplemented 

with GPC and a source of Pi, GlpQ and GlpT to some extent, were required for growth. 

When GPC and a source of carbon was added to the medium, only the double 

glycerodiester phosphatase mutant strain did not grow, suggesting both are important 

for the utilisation of GPC as as sole phosphate source. These data fit in with published 

work that shows that GlpT is not required for utlisation of GPC as a sole source of 

phosphate (Brzoska et al., 1994). The requirement of each system when S. 

Typhimuium is metabolising Lyso-PC, or any ApeE phospholipid substrate, will depend 

upon the nutrient limitation that the cells are exposed to. 

Bile is made up of a mixture of substances, including protein and GPC (Antunes 

et al., 2011). As S. Typhimurium was able to utilise GPC as a sole carbon and 

phosphate source,  then the bacteria could utilise this for energy and would not 

necessary require the fatty acid acyl chains of Lyso-PC for growth. It is plausible that 
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fatty acid uptake might occur for reasons other than, or in addition to, energy 

production. For example, LCFA have been shown to inhibit the expression of hilA and 

the utilisation of LCFA as carbon sources did not affect this inhibition (Golubeva et al., 

2016). Therefore the import of LCFA might not be just for energy production in certain 

environments. A study comparing the differential expression of genes from S. Typhi 

and S. Typhimurium in bile identified that genes involved in the Fad system were 

universally upregulated (Johnson et al., 2018b). Suggesting that the importation of fatty 

acids in bile is an important process conserved in S. Typhi as well as S. Typhimurium. 

Overall, it is hypothesised that utilising phospholipids in additon to other sources of 

carbon/phosphate for growth might enable more efficient growth and thus be 

advantageous in certain environments. 

One of the major lifestyle changes that bacteria can make in response to external 

stimuli is the switch from planktonic growth to biofilm formation. Biofilms are complex 

communities of bacterial cells that are known to contribute to various human diseases 

(Del Pozo, 2018). Biofilms are known to be more resistant to antibiotics and other 

environmental stresses such as the host immune system (Gonzalez et al., 2018). In 

this study, the non-biofilm forming strain of S. Typhimurium, SL1344, was shown to 

form biofilm on polystyrene microtitre plates when grown in M9 minimal medium 

supplemented with Lyso-PG as a sole carbon source. This biofilm was not observed 

when the cells were grown in Lyso-PC as a sole carbon source, although this might be 

because the levels of growth in each medium were not comparable. Processing of the 

Lyso-PG head group was shown to be important for biofilm formation as the ugpQ glpQ 

double mutant was able to grow utlising Lyso-PG as a sole carbon source, but did not 

form biofilm comparable to the wild-type. One possible explanation is that the PG head 

group is negatively charged, and if this headgroup was being processed and 
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incorporated into the bacterial membrane, it might cause the membrane to become 

more nagatively charged than normal. Lyso-PC is a zwitterionic lipid with an overall 

neutral charge, and therefore it could be that the reason for no biofilm formation after 

growth in Lyso-PC might be because the negative charge is important. If that were to 

be the case, growth utilising other negatively charged phospholipids, such as PA or 

PS, as sole carbon sources might induce biofilm as well. In E. coli, various mutants for 

phospholipid synthesis have been constructed such that one does not make PE, 

another PG and the last one CL (Rowlett et al., 2017). In each mutant, the bacterial 

membrane phospholipid ratios altered in comparison with the wild-type, which was 

typically 75% PE, 25% PG and 5%CL (Rowlett et al., 2017). In the PE strain, the 

membrane phospholipid content was approximately 50% PG and the other 50% CL. 

This would generate a highly negatively charged membrane and, under some 

conditions, this strain formed more biofilm than the wild-type (Rowlett et al., 2017). 

Even though the CL- strain would also be more negatively charged than the wild-type, 

this did not form as high biofilm under any condition tested, but the number of dead 

cells increased in this mutant, and therefore lack of biofilm might be attributed to 

increased cell death (Rowlett et al., 2017). Indeed, the overall regulator of the formation 

of ECM molecules, MlrA, was not required for biofilm formation during growth in Lyso-

PG, suggesting that ECM molecules might not be the driving factors for bioiflm 

formation in these conditions. The fact that ApeE enabled E. coli to grow using Lyso-

PG as the sole carbon source, and to form a biofilm, suggests a conserved mechanism 

of biofilm formation. One way to determine the factors responisble for biofilm formation 

would be to investigate the differential expression of genes in S. Typhimurium SL1344 

between gluocse and Lyso-PG growth. This might provide some insight into the factors 

that might be responsible for bifofilm formation. It would also be interesting to 
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investigate whether the utlilisation of Lyso-PG as a sole phosphate source would also 

induced biofilm formation.  
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CHAPTER 7 

The role of ApeE during Salmonella 

infection 
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7.1 Introduction 

 In chapter 4 of this study, the S. Typhimurium autotransporters were shown to 

be important for chronic infections in a murine host. Subsequently, ApeE was shown 

to be highly conserved across Salmonellae and a potent lipase capable of hydrolysing 

lipids in ox-bile with an optimum pH of 8.0 for enzyme activity. Other GDSL containing 

proteins have been shown to be important during infection, such as the S. Typhimurium 

SPI2 effector, SseJ (Kolodziejek and Miller, 2015, Lossi et al., 2008, Ruiz-Albert et al., 

2002). Previous work from our laboratory has shown that ApeE is required for the 

hydrolysis of the tomato cuticle, which is an area of nutrient limitation. ApeE hydrolysis 

of the cuticle allowed the Salmonellae to access the rich tissue underneath. Therefore, 

the presence of ApeE provided an advantage to Salmonella in the nutrient limited 

environment of the tomato cuticle.  

To date, ApeE has not been characterised during murine infections of 

Salmonellosis. Given the conservation of ApeE, its phospholipase activity and 

importance during nutrient limited environments, it was hypothesised that ApeE might 

be important for Salmonella virulence. To test this hypothesis, murine models of acute 

and chronic Salmonella infections were used to characterise the role of ApeE during 

infection.  

  

7.2 Results  

7.2.1. The role of ApeE for invasion and replication inside host cells.  

 One of the first barriers that S. enterica must overcome in an infection setting is 

active invasion into host cells. To test whether an apeE mutant was able to invade host 

epithelial cells, the immortalised HeLa cell line was used. HeLa cells were cultured 
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under standard laboratrory conditons. 5x105 HeLa cells were seeded and bacteria 

(either SL1344 or apeE::aph) were added to a multiplicity of infection (MOI) of 10. After 

2 h of incubation, the HeLa cells were lysed and the bacterial cfu/ml were calculated 

by plating out serial dilutions. Each experiment included a non-infected to control to 

ensure the HeLa cells were not contaminated. The apeE mutant had comparable 

cfu/ml as the SL1344 wild-type in HeLa cells (Figure 7.1A). Therefore ApeE is not 

required for HeLa cell invasion.  

 The next barrier is replication inside host cells. Epithelial cells are usually 

permissive to S. Typhimurium intracellular replication and therefore to test the veracity 

of an apeE::aph mutant inside host cells, the immortalised murine macrophage (Raw 

264.7) cell line was used. These cells were infected with either SL1344 or apeE::aph. 

At 2, 4 and 24 h post infection, the Raw264.7 cells were lysed and the bacterial cfu/ml 

was caculated. The apeE mutant was phagocytosed to the same level as the SL1344 

wild-type (2 h timepoint) and survived as well as the wild-type in later timepoints (4 and 

24 h timepoints) (Figure 7.1B). Therefore ApeE is not required for replication inside 

immortalised macrophages. 

7.2.2 The role of ApeE in complement killing. 

As ApeE did not seem to promote invasion into HeLa cells or survival inside 

immortalised macrophage cell lines, ApeE might be involved in promoting resistance 

to complement mediated killing. Other autotransporters are notable for promoting 

serum resistance (Schindler et al., 2012). To test whether ApeE promoted resistance 

to complement mediated killing, SL1344 apeE::aph and E. coli BW25113 were 

inoculated into whole human serum. The serum and bacteria were incubated at 37°C 

for either 45, 90 or 180 minutes. At each timepoint the bacterial cfu/ml was calculated 

and compared to the initial inoculum. At each timepoint tested, the apeE mutant was  
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Figure 7.1. Invasion and replication of S. Typhimurium inside HeLa and Raw 

macrophages. (A) HeLa cells were infected with either SL1344 (black) or apeE::aph 

(red) at a multiplicity of infection (MOI) of 10 for 2 hours prior to enumeration of serial 

dilutions on agar plates to determine cfu/ml. (B) Raw 264.7 macrophage cells were 

infected with either SL1344 (black) or apeE::aph (red) at an MOI of 10 for either 2, 4 

or 24 hours. At each time point, the Raw 264.7 cells were lysed and the bacterial 

numbers calculated as cfu/ml. Data represented here is from 3 biological replicates, 

and the error bars denote the SD of the geometric mean. 
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as resistant to serum killing as the SL1344 wild-type (Figure 7.2), suggesting that ApeE 

does not have a significant impact on serum resistance in S. Typhimurium. 

7.2.3. The role of ApeE in acute murine infections by Salmonella 

Typhimurium.  

In this study, ApeE was shown in this study to hydrolyse lipids. An area that is 

rich in lipids in the host gallbladder. Given that ApeE was not required for cell invasion, 

replication or for serum resistance, it was hypothesised that its role might be in specific 

sites of the mouse host. To understand the contribution of ApeE to colonisation of the 

different sites in a host, an acute infection model of S. Typhimurium was used. The 

virulent strain S. enterica SL1344 was used to infect 6-8 week old C57BL/6 mice (n=5) 

by oral gavage with 107 cfu per dose. Mice were humanely culled on day 5 post 

infection and the bacterial burdens of the spleen, liver, blood and gallbladders were 

enumerated by methods described previously. In all organs investigated, there were 

no significant differences in bacterial burdens between the wild-type and the mutant 

(Figure 7.3A-D). In the gallbladder, mice infected with the apeE mutant had slightly 

reduced bacterial burdens, but this was not statistically significant (Figure 7.3D). Taken 

together these data suggest that an apeE mutant strain retains the capacity to kill highly 

sensitive C57BL/6 mice, and thus the role of ApeE at later time points could not 

investigated. 

7.2.4. Generating single mutants in Salmonella Typhimurium.  

To investigate whether apeE played a role in SL3261 in the chronic murine model, 

a single apeE gene deletion on an SL3261 background was required. An apeE mutant 

was generated using a modified Datsenko and Wanner method. Primers (P7 and P8) 
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Figure 7.2. Complement mediated killing of S. Typhimurium. Killing curve of S. 

Typhimurium SL1344, apeE::aph and E. coli BW25113 in whole human serum for 180 

minutes. The bacteria were incubated with the serum at 37°C and at 45, 90 and 180 

minutes, the bacterial cfu/ml were calculated by counting colonies from serial dilutions. 

The bacterial numbers at each time point were compared to the initial inoculum and 

the graph shows the Log10 change in live bacteria (cfu/ml) in comparison to the initial 

inoculum over the time of the experiment. E. coli BW25115 (O-antigen-) represents an 

internal control to show the activity of complement. Error bars represent the SD. 
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Figure 7.3. The bacterial burdens of mouse organs at day 5 of infection. The 

bacterial burdens of the spleen (A), liver (B), gallbladder (C) and blood (D) of mice 

infected orally with either SL1344 (black circles) or SL1344 apeE::aph (black squares) 

from day 5 post infection. Statistical significance (p<0.05) was determined using a 

Mann-Whitney non-parametric U-test. 
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were designed to anneal ~200 bp up and downstream of the apeE gene (Figure 7.4A). 

The existing SL1344 apeE::aph mutant was used as a template for PCR, producing a 

DNA fragment containing the kanamycin resistance cassette (aph) flanked by 200 bp 

of homology to the apeE locus. The linear DNA fragment was electroporated into 

SL3261 expressing λ recombinase and the resulting mutants selected for on 

kanamycin agar and gene deletion was confirmed by PCR (Figure 7.4B). Several 

positive candidates were checked for second site mutations using whole genome 

sequencing provided for as a service by MicrobesNG (University of Birmingham); none 

were found. LPS was isolated from SL3261 wild-type and apeE mutant by lysing the 

bacterial cells and degrading cellular proteins using proteinase K as described in 

Chapter 2. The extracted LPS was analysed by Nu-PAGE followed by silver staining. 

The apeE mutant had the same LPS profile as SL3261 wild-type (Figure 7.4C) and 

was therefore used for subsequent studies. 

7.2.5 Role of ApeE in a chronic infection model of Salmonellosis. 

 In previous experiments, day 21 was shown to be a critical time point for 

autotransporter mediated organ colonisation, therefore day 21 was used as an initial 

time-point to understand the interaction of ApeE with the murine host. C57BL/6 mice 

were infected with either SL3261 or apeE mutant intraperitoneally with ~105 cfu’s 

(n=14) and the bacterial burdens of the spleens, livers, and gallbladders were 

measured by plating serial dilutions of homogenised organs onto selective agar plates. 

At day 21, no significant differences in bacterial burdens of mice infected with the wild-

type or apeE mutant were detected in the spleen or liver (Figure 7.5A and B). However, 

mice infected with the apeE mutant had significantly reduced bacterial numbers in the 

gallbladder in comparison to the wild-type SL3261 at day 21 (Figure 7.5C).  
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Figure 7.4. PCR amplification of the apeE loci in S. Typhimurium to generate 

SL3261 apeE::aph via modified Datsenko and Wanner method. (A) The sites of 

primer binding at the apeE loci. (B) Agarose gel analysis of PCR amplification  of the 

SL3261 wild-type and apeE::aph mutant. (C) LPS profiles of apeE::aph mutant and 

SL3261 wild-type analysed by Nu-PAGE and silver staining. 
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Figure 7.5. Bacterial burdens of mouse organs at day 21 of infection. Bacterial 

burdens of mice infected with either SL3261 (black circles) or apeE::aph mutant (red 

squares) at day 21 post infection in the spleen (A), liver (B), and gallbladder (C). On 

day 1 of infection, mice were infected with ~5x105 cfu’s intraperitoneally. Statistical 

significance (p<0.05) was determined using a Mann-Whitney non-parametric U-test (** 

p<0.01). Data shown here represents 3 independent experiments with 4-5 mice in each 

group. 
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To understand the role of ApeE during chronic infections more thoroughly, the 

impact of an apeE mutant on infection at days 7, 14, 21, 28 and 35 were investigated.  

On day 1, C57BL/6 mice were infected with SL3261 and apeE::aph as described 

previously with each group containing 5 mice. At the time points mentioned, spleens, 

livers, gallbladders, and blood were harvested and processed to enumerate bacterial 

burdens. In the spleen there were significant differences between mice infected with 

SL3261 wild-type and apeE mutant on days 7, 21, 28 and 35, although these 

differences were modest. (Figure 7.6A). In the liver, there was a significant difference 

in bacterial burdens between groups on day 21, but again, this difference was modest 

(Figure 7.6B). In the gallbladder and blood, there were significant differences between 

mice infected with SL3261 and the apeE mutant post day 21 of infection (Figure 7.6C 

and D respectively), suggesting the role of ApeE might be in chronic infections rather 

than acute ones.  

7.2.6. The requirement of ApeE for long-term faecal shedding in mice.  

During the infection cycle of S. Typhimurium, the bacteria in the gallbladder are 

secreted into the intestine with gallbladder bile and are then shed out in faeces. As 

ApeE was required for chronic gallbladder colonisation, it might also play a role in 

faecal shedding. To test whether ApeE was required for faecal shedding, faeces from 

mice infected with either SL3261 or apeE mutant were obtained every 2 days for 31 

days. Faeces were weighed and the cfu/ 100 mg of faeces was determined. Over time, 

mice infected with the apeE mutant tended to have fewer detectable bacteria in their 

faeces compared those infected with SL3261, although the bacterial burdens tended 

to vary across groups and days (Figure 7.7A). On each given day, mice infected with 

the SL3261 wild-type had an average of 3 mice per group of 5 with detectable bacteria 

in their faeces, whereas mice infected with the apeE mutant averaged 1 mouse out of  
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Figure 7.6. Bacterial burdens of the spleens, livers, blood, and gallbladders at 

days 7, 21 and 35 post infection. Time series of the bacterial burdens of mice infected 

with either SL3261 (black) or apeE::aph (red) over 35 day infection period in the (A) 

spleen, (B) liver, (C) gallbladder and (D) blood. Statistical significance (p<0.05) was 

determined using a Mann-Whitney non-parametric U-test (*p <0.05 and ** p<0.01). 

Each group had 5 mice. 
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Figure 7.7. Faecal shedding of bacteria over 31 day infection period. (A) Data 

represents the cfu/ 100 mg of faeces of over a 31 day infection period of mice infected 

on day 1 with 5x105 cfu of either SL3261 (pink bars) or apeE::aph (red bars). Faecal 

samples were plated on Xylose Lysine Deoxycholate (XLD) agar with appropriate 

antibiotics to select for Salmonella. (B) The percentage of mice with detectable bacteria 

in their faeces infected with either SL3261 (pink) or apeE::aph (red). Statistical 

significance was determined using a Mann-Whitney non-parametric U-test with 

significance defined as p<0.05 (* p<0.05 and ** p<0.01). Each group had 5 mice. 
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5 (Figure 7.7B). These data suggest that apeE mutant might have a defect in faecal 

shedding, although further experiments are required to confirm this hypothesis. For the 

rest of this study, the mechanism for ApeE mediated gallbladder survival was 

investigated. 

 7.2.7. The interaction of ApeE with murine bile  

 As a single ApeE mutant was attenuated in the gallbladder at day 21 of infection, 

and ApeE has been characterised as a phospholipase capable of hydrolysing 

phospholipids in ox-bile, the interaction of ApeE with murine bile was investigated in a 

liquid-chromatography mass spectrometry (LCMS) experiment. Mice were infected via 

I.P injection with either SL3261 or apeE::aph. Age matched uninfected (naïve) mice 

were used as a control group. On day 21, spleens, livers and bile were extracted from 

the mice. The amount of bile extracted successfully varied between mice and was not 

in sufficient quantity to determine bacteria colonisation of the mouse. The bacterial 

burdens of the spleens and livers of the infected mice groups were enumerated and 

compared to previous datasets. Mice infected with either strain for the lipidomics 

experiment had similar numbers of bacteria per spleen and liver as the previous 

experiments (Figure 7.8). Therefore, the infection dynamics were likely to be similar.  

To determine whether the lipid content of murine bile changed in response to 

ApeE, bile samples were sent for further investigation. Lipids were extracted from the 

bile and subsequently analysed by LCMS as a service by Metabolomics Australia, 

Bio21.The data were analysed by Metabolomics Australia, Bio21 as part of the service. 

Over 400 lipid species were identified in murine bile (see appendix Tables ii, iii and iv). 

The abundance of 151 lipid species were significantly different in naïve mice compared 

to those infected with SL3261 wild-type, 163 were different between the naïve and  
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Figure 7.8 Comparing bacterial loads of mice at day 21 of infection. Bacterial 

burdens of the spleens and livers of mice infected with either SL3261 (black) or 

apeE::aph (red) at day 21 of infection. Block colours represent bacterial burden from 

previous day 21 experiments, and opaque colours represent the bacterial burdens of 

the mice used in the lipidomics study. 
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apeE::aph infected group and 18 were different between mice infected with either 

SL3261 or apeE::aph (Table 7.1). The lipids species that were different between 

SL3261 and apeE::aph infected mice included: Acylcarnitine; Cholesterol ester (CE); 

Lyso-PC (LPC); PE; PI; SM; triacylglycerol (TG); and ubiquinone (Table 7.1). The 

signal intensities of these 18 lipid species were compared to the uninfected naïve 

mouse group to determine the fold change of each lipid species following infection with 

S. Typhimurium (Table 7.2). The fold change values gave an indication about the 

abundancy of each lipid species in relation to the uninfected group and therefore 

provided a more accurate picture about what was happening in vivo. There were lipid 

species that were less abundant in mice infected with SL3261 including: LPC 22:5 

(a/b/c); PE 36:4; PE 40:6; PE (P-18:1/22:5) (a/b); PI 38:3(a/b); and SM 42:2 (a/b) 

(Table 7.2). However, the other 12 lipid species were in higher abundancies in mice 

infected with the SL3261 wild-type, and these included four species of PC, three 

species of ceramide (Cer) and one cholesterol ester (CE) (Table 7.2). From these data, 

there is evidence that ApeE might be hydrolysing certain lipid species in bile in vivo. 

However, as some of the lipid species decreased in mice infected with the mutant in 

comparison to those infected with the wild-type, more complex lipid interactions are 

likely to be occurring in infected murine gallbladders. 

7.2.8 Growth of S. Typhimurium utilising PC as a sole carbon source.  

 In the previous section, four species of PC were identified by LCMS as more 

abundant in the gallbladders of mice infected with the wild-type than those infected 

with the apeE::aph mutant (Table 7.2). It was hypothesised that PC was therefore not 

a substrate of ApeE. To test this hypothesis, overnight cultures of SL1344 wild-type, 

apeE mutant, complement and serine complement were washed twice in sterile PBS 

and serially diluted. The dilution series were spot plated onto M9 minimal  
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Table 7.1 Number of lipids significantly different between the infection groups 

 Number of lipid species 

Lipid species N vs A N vs S A vs S 

Acylcarnitine 12 11 1 

Cholesterol esters (CE) 11 15 1 

Ceramides (CER) 9 12 3 

Diacylglycerol (DG) 4 9 0 

Dihydroxyl ceramides (dhCer) 1 1 0 

Hexosylceramide (Hex1Cer) 1 3 0 

Lyso phosphatidylcholine (LPC) 21 20 1 

Lyso phosphatidylethanolamine (LPE) 5 6 0 

Lyso phosphatidylinositol (LPI) 3 3 0 

Phosphatidylcholine (PC) 48 29 4 

Phosphatidylethanolamine (PE) 18 18 3 

Phosphatidylglycerol (PG) 2 1 0 

Phosphatidylinositol (PI) 6 1 1 

Phosphatidylserine (PS) 1 2 0 

Sphingomyelin (SM) 21 18 2 

Triacylglycerol (TG) 0 2 1 

Total 163 151 18 

Mice infected with N = Naïve; S = SL3261; A = apeE::aph 
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Table 7.2 Fold change vs naïve mice of lipids significantly different between 

wild-type and apeE::aph infected mice. 

Lipid Species 
Mean fold change vs naïve mice 

SL3261 apeE::aph 

Acylcarnitine 17:0  0.140 ± 0.023 0.075 ± 0.025 

CE 16:0  1.755 ± 0.422 0.612 ± 0.067 

Cer(d18:1/26:0)  0.999 ± 0.271 0.435 ± 0.038 

Cer (d20:1/24:0)  3.108 ± 1.031 0.839 ± 0.261 

Cer (d20:1/24:1)  5.502 ± 1.996 0.729 ± 0.130 

LPC 22:5 (a\b\c)* 0.074 ± 0.030 0.310 ± 0.128 

PC 30:0  1.228 ± 0.283 0.503 ± 0.53 

PC 36:0  0.549 ± 0.267 0.273 ± 0.066 

PC 38:3  0.860 ± 0.241 0.426 ± 0.110 

PC (O-32:1)  3.800 ± 0.773 2.077 ± 0.369 

PE 36:4* 0.379 ± 0.079 0.546 ± 0.109 

PE 40:6* 0.439 ± 0.249 0.669 ± 0.174 

PE (P-18:1/22:5)(a\b)*  0.462 ± 0.197 1.203 ± 0.271 

PI 38:3 (a\b)*  0.556 ± 0.170 1.588 ± 0.321 

SM 42:2 (a\b)*  0.190 ± 0.083 0.413 ± 0.143 

SM 44:3 (a\b)  1.883 ± 0.559 0.729 ± 0.130 

TG 14:1 18:1 18:1  0.561 ± 0.124 0.407 ± 0.076 

Ubiquinone  1.478 ± 0.594 0.405 ± 0.042 

Bold* signify lipids that are less abundant in mice infected with SL3261 wild-type 
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agar supplemented with either glucose or PC. The plates were incubated at 37°C for 

36 hours. All strains grew comparably utilising glucose as a sole carbon source, but no 

growth was detected for any strain using PC as a sole carbon source (Figure 7.9). 

Therefore PC cannot be utilised by S. Typhimurium as a sole carbon source and was 

unlikely to be a substrate of ApeE under the conditions tested. 

7.2.9 Growth of S. Typhimurium in M9 minimal media with multiple carbon 

sources. 

It was hypothesised that ApeE mediated long term survival in murine 

gallbladders by hydrolysing phospholipid substrates in bile, such as Lyso-PC, and this 

might confer a growth advantage over time. To test this hypothesis, SL3261 wild-type, 

apeE mutant, apeE complement (+pApeE) and the site directed mutant ApeES35A 

(+pApeES35A) were grown in M9 minimal media supplemented with casamino acids 

(CAA) and either glucose, Lyso-PC or no additional carbon source. The plates were 

incubated for 42 hours and at regular intervals, the cultures were manually 

resuspended and the OD600nm measured at regular intervals. Each strain grew to 

comparative levels with glucose as the sole carbon source (Figure 7.10A). When Lyso-

PC was added to the medium, SL3261 wild-type and pApeE complement grew 

significantly better than the mutant or +pApeES35A complement (Figure 7.10B). The 

addition of casamino acids as a sole carbon source promoted comparable growth in 

all strains (Figure 7.10C). The growth of the apeE mutant and serine mutant in medium 

supplemented with both Lyso-PC and CAA was no different to the growth in CAA 

medium alone (Figure 7.10D). These findings show that hydrolysis of Lyso-PC can 

confer a growth advantage when multiple carbon sources are present, providing active 

ApeE is present.  
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Figure 7.9. Growth of S. Typhimurium on M9 minimal agar supplemented with 

either glucose or phosphatidylcholine. Overnight cultures of either SL1334, 

apeE::aph, apeE::aph + pApeE or apeE::aph +pS35A were washed twice in sterile PBS 

and serially diluted 1:10. The dilution series for each strain was spot plated on M9 

minimal agar supplemented with either 0.4% glucose or 1 mg/ml phosphatidylcholine 

(PC). 
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Figure 7.10. Growth of SL3261 strains using Lyso-PC as a carbon source in vitro. 

Growth of SL3261 (black circles), apeE::aph (red squares), apeE::aph + pApeE (blue 

triangles) and apeE::aph + pApeES35A (purple triangles) in M9 minimal media 

supplemented with casamino acids (CAA) and (A) glucose, (B) Lyso-PC, (C) CAA only. 

(D) Comparison of the apeE::aph and apeE::aph + pApeES35A growth in M9 minimal 

media supplemented with CAA only (lines) or CAA and Lyso-PC (dashed line). All 

growth was at 37°C for 42 hours with manual resuspension prior to OD600nm 

measurement. Statistical significance (p<0.05) was determined using a Two-way 

anova with Turkeys correction for multiple comparison (****p<0.0001).  
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7.3 Discussion 

 In this chapter, the role of ApeE during infection was explored using in vitro and 

in vivo techniques. ApeE was shown not to be required for host cell invasion or 

replication, or for acute infections in a murine host. ApeE was, however, required for 

gallbladder colonisation (post day 21) and potentially for faecal shedding in more long-

term murine infections. This data corroborates the infection data from mice infected 

with the multiple autotransporter knockout strains (SLATs) as this strain also showed 

attenuation in murine gallbladders in comparison to the wild-type (Figure 4.2). The 

SLATs strain was highly attenuated in all organs, on every day tested. This overall 

attenuation was not observed in the single apeE mutant and therefore the attenuation 

observed by the SLATs strain cannot be attributed to loss of ApeE alone.  

Loss of ApeE resulted in an inability to colonise murine gallbladders post day 

21 of infection. To explore the mechanism of gallbladder attenuation, the interaction of 

SL3261 with the lipids in murine bile in vivo were investigated. Lipid profiles of murine 

bile between the different infection groups were compared and 18 lipid species were 

identified as being significantly different between mice infected with the wild-type and 

those infected with an apeE mutant. Some of the lipid species identified were 

decreased upon infection with the wild-type in comparison to the apeE mutant, and 

some were increased. Similar lipids are reduced in bile upon wild-type Salmonella 

infection as identified in a previous studies (Antunes et al., 2011) (Appendix Table i), 

suggesting that the data are robust and reproducible. It is worth noting that as this is a 

different infection model and a different infecting strain of S. Typhimurium. As a result, 

there are likely to be differences in the lipids identified between the two studies.  

 Of interest were the lipid species that had decreased upon infection with the 

SL3261 wild-type but not decreased, or decreased less, in mice infected with the 
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apeE::aph mutant. Lipids that followed this pattern might be ApeE substrates in bile, 

and might provide insight into the mechanism of ApeE mediated gallbladder survival. 

Lipids that followed this pattern included a species of Lyso-PC, PE and PI. Lyso-PC 

has previously been characterised as a substrate of ApeE and in this chapter, growth 

on Lyso-PC in addition to another carbon source (Casamino acids) conferred a 

significant growth advantage in vitro and it is possible that this advantage might exist 

in vivo as well. As bile is replenished regularly (Jazrawi et al., 1995), it might be 

possible that depletion of certain lipid species might not be detected when using in vivo 

models. It would be interesting to compare the lipid species in bile that are affected by 

SL3261 and apeE::aph mutant growth in vitro as this would overcome the issues of 

bile turnover inside hosts, and host metabolite concentration variation. 

Lyso-PC, in the host, is a secondary signalling molecule that has been implicated 

in monocyte and T lymphocyte recruitment (Quinn et al., 1988, McMurray et al., 1993). 

If S. Typhimurium hydrolyses Lyso-PC in the host, and Lyso-PC is a chemoattractant 

for CD4+ T cells, ApeE hydrolysis of Lyso-PC might impact recruitment of T 

lymphocytes. It has been shown in a chronic model of Salmonellosis that at day 21, 

the proportion of CD4+ T cells in spleens increase and this results in initiating bacterial 

clearance (Johanns et al., 2010). Therefore, it is possible that interferring with 

signalling molecules might disrupt immune cell recruitment and impact the ability of the 

immune response to control infections. These hypotheses would need to be tested 

further as in the current experiments investigating ApeE mediated gallbladder survival 

have not extensively characterised the immune response to infection.  

One of the lipids that was reduced upon infected with the SL3261 wild-type but 

increased in mice infected with the mutant was PI 38:3 (a/b). Previous lipid binding 

assays showed that ApeE could bind to PI and also to bi and tri phosphorylated PtdIns 
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(Figure 6.1). PtdIns are important eukaryotic signalling molecules that are involved in 

vesicle trafficking (Roth and Sternweis, 1997). Intracellular pathogens are known to 

interfere with PtdIns signalling to enable survival inside host cells (Gaspar and 

Machner, 2014). Here, ApeE was not required for HeLa cell entry or survival in 

Raw264.7 macrophages in vitro. Therefore ApeE was not an important factor for 

efficient survival inside the host cells tested. Although other studies have identified 

ApeE as a protein that increases in number after 6 h growth inside HeLa cells (Liu et 

al., 2015) and apeE is upregulated 2-fold inside of macrophages (Srikumar et al., 

2015). Taken together, perhaps there is a role for ApeE inside of host cells, but it was 

not identified under the conditions tested in this study. As primary and immortalised 

macrophage cell lines have been shown to have very different transcriptional profiles 

upon infection (Andreu et al., 2017), it is plausible that there might be a role for ApeE 

following ingestion by activated macrophages or primary macrophages isolated from 

murine bone marrow. 

Another body site that was consistently differentially infected with SL3261 and 

autotransporter mutants was murine blood. In Chapter 3, the SLATs strain had fewer 

bacterial cfus detected in blood compared to the SL3261 wild-type and the same 

phenotype was observed for the single apeE mutant. In this chapter, the susceptibility 

of S. Typhimurium lacking ApeE to human complement was tested, and it was 

determined that ApeE was not involved in resistance to complement mediated killing. 

It is unlikely that the SLATs and apeE mutant are susceptible to murine complement, 

especially because murine complement has been shown to be less able to kill 

Salmonella than human complement (Siggins et al., 2011). Another possibility, is that 

ApeE is interacting with lipids in murine blood. Lyso-PC is also present in blood 



213 
 

(Phillips, 1957) and therefore ApeE might be interacting with lipids in blood. It would 

be interesting to repeat the lipidomics analysis but on the serum as well as bile.  

 There were another subset of lipids that changed in abundancy between mice 

infected with the wild-type and those with the apeE mutant, but these lipids showed an 

increase when infected with the wild-type in relation to the mutant. These lipid species 

included CE, CER and PC. CE are formed by the transfer of an acyl chain from PC to 

cholesterol (Buckley, 1982). Enzymes that do this are termed Glycerophospholipid: 

Cholesterol Acyl Transferases (GCAT) enzymes. In the lipidomics data, CE were 

present in higher numbers in mice infected with SL3261 than mice infected with the 

mutant (see Appendices). It could be that ApeE has GCAT activity and is capable of 

transferring an acyl chain from a phospholipid onto cholesterol. Indeed, another S. 

Typhimurium GDSL lipase, SseJ, has GCAT activity in a RhoA GTPase dependent 

manner (Lossi et al., 2008, Christen et al., 2009). Therefore, if ApeE were mediating 

transfer of an acyl chain to cholesterol to generate CE, this would be a novel function 

for ApeE.  

 PC did not appear to be a substrate of ApeE. In the lipidomics study, PC species 

tended to decrease upon infection with the apeE mutant, and this was not observed in 

mice infected with the SL3261 wild-type (Table 7.2). During in vitro growth assays, S. 

Typhimurium SL1344 did not grow on M9 minimal agar supplemented with PC as a 

sole carbon source (Figure 7.9). PC is the most abundant phospholipid in bile and it 

seems counterintuitive that this predominant eukaryotic lipid, might not be an ApeE 

substrate. The role of PC in bile has been extensively studied, and it is proposed to 

form mixed micelles with bile salts, that surround cholesterol, thereby enabling 

cholesterol to stay in solution (Carey and Small, 1978). There are also reports that 

suggest PC shields gallbladder epithelial cells from the damaging properties of bile 
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salts (Dial et al., 2015). It could be that if Salmonella were to hydrolyse PC, it might 

also increase the susceptibility of S. Typhimurium to bile salt damages. The overall 

contribution of S. Typhimurium interaction with PC is not fully understood. However, 

as the abundancies of many PC species changed when infected with S. Typhimurium 

(Table 7.1), there was obviously interaction between biliary PC and Salmonella. 

Further experiments are required to understand this interaction more fully. 

The central dogma of Salmonella life cycle inside hosts is that bacteria in the 

gallbladder are secreted back into the intestines with normal bile secretions, and then 

leave the host during faecal shedding. In this study, the SL3261 wild-type infected mice 

overall had more detectable bacteria in their faeces in comparison to mice infected 

with the apeE::aph mutant. The faecal shedding for all groups was quite variable but 

the data, overall, suggested that ApeE was important for faecal shedding. This role of 

ApeE in faecal shedding might be linked directly to its role in gallbladder survival, as 

fewer bacteria in the gallbladder will also mean fewer are secreted back into the 

intestine. It would be interesting to investigate whether the defect in faecal shedding 

still exists where the bacteria are administered orally.  
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CHAPTER 8 

General Discussion 
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8.1. Summary 

 In this study, the role of the S. Typhimurium autotransporters for virulence in 

mice was investigated. In particular, the role of the GDSL lipase autotransporter ApeE 

was investigated for interaction with host derived lipids. ApeE was shown to be a 

phospholipase B enzyme capable of binding to, and hydrolysing some eukaryotic 

lipids. ApeE mediated growth utilising Lyso-PC and Lyso-PG as a sole carbon sources. 

Growth in Lyso-PG induced biofilm formation in S. Typhimurium and E. coli suggesting 

a conserved mechanism. During in vivo murine infections, ApeE was required for long 

term colonisation of the blood, gallbladder and faeces of mice post day 21 of infection. 

Finally, ApeE was shown to change the abundance of lipids in murine bile by a LCMS 

experiment, indicating that this interaction between ApeE and murine biliary lipids 

might be important for S. Typhimurium inside the host.  

 

8.2. The biological substrates of ApeE. 

 Prior to this study, a role for ApeE during infection had not been elucidated. In 

fact, the first paper that characterised the regulation of apeE suggested that ApeE likely 

did not have a role during infection as phoBR mutants did not have any observable 

virulence defects. The paper concluded it was therefore unlikely that genes under the 

transcriptional control of PhoBR would not be important for Salmonella virulence 

(Conlin et al., 2001). With time, this observation was shown to be incorrect, as some 

PhoBR regulated genes are upregulated inside HeLa cells, including genes that form 

the ugp operon (Liu et al., 2015), suggesting that there are roles for proteins that are 

produced in response to phosphate limitation inside the host. There is an argument 

that the induction of apeE expression might not be just under phosphate limiting 

conditions, as apeE was expressed when SL1344 was grown in M9 minimal media 
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supplemented with Lyso-phospholipids (Figure 6.20). M9 minimal medium is rich in Pi 

and as a result, there might be another mechanism of apeE regulation that has not yet 

been investigated.  

 In this study ApeE was shown to bind to and cleave various phospholipids. 

These lipids included eukaryotic derived Lyso-PC, PE, and PI. Lipids in the host can 

be involved in maintaining structural integrity of membranes, for energy storage or for 

signalling (van Meer et al., 2008). The hydrolysis of host lipids by pathogens is an 

important virulence function for many intracellular organisms (van der Meer-Janssen 

et al., 2010). Many pathogens have proteins that disable or hijack host signalling by 

lipids for their benefit (Gaspar and Machner, 2014, Niebuhr et al., 2002). Salmonella 

also have mechanisms to interfere with host PtdIns signalling to re-arrange the host 

cytoskeleton during host cell invasion (Perrett and Zhou, 2013a). In this study, ApeE 

bound to various PtdIns, and might hydrolyse a species of PI in bile, which might 

indicate a role for ApeE in mediating efficient host cell replication/survival. S. 

Typhimurium is hypothesised to hydrolyse phospholipids in bile for use as carbon 

sources (Antunes et al., 2011). In this study, ApeE was shown to hydrolyse Lyso-PC 

in bile in vivo and in vitro and is most catalytic active at pH 8.0, which falls within the 

normal pH range of bile (Crawford and Brooke, 1955), suggesting that ApeE might be 

highly efficient at lipid hydrolysis in the gallbladder.   

  

8.3. Hypothesised mechanism of ApeE mediated gallbladder survival. 

 Evidence from this study suggests that ApeE hydrolysis of Lyso-PC might 

confer a growth advantage over time. Hydrolysis of Lyso-PC in bile by ApeE would 

generate free fatty acids and a glycerophosphocholine (GPC) head group. The head 
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group can be imported into the cell. If the phospholipid was to be used as a source of 

phosphate, GlpQ and UgpQ would break apart the head group into glycerol-3-

posphate (G3P), and this would be used solely as a phosphate source. If the 

phospholipid was to be utilised as a carbon source, the head group would be 

processed by GlpQ only, and the G3P would be imported by GlpT and then enter 

glycolysis (Tommassen et al., 1991). The acyl chains would be imported into the cell 

by FadL, and if they are to be used for energy, they would be processed by FadD, 

which would add an acyl-CoA molecule onto the fatty acid as the first step in β-

oxidation (Clark and Cronan, 2005). However, the exact role for these fatty acids is 

unclear, as in this study, it was determined that GPC could be used a phosphate and 

carbon source in vitro, thereby suggesting that the acyl chains might not be required 

simply for energy production. This would concur with other studies, which determined 

that long chain fatty acid import in bile was not for energy production, but was instead 

to repress expression of SPI1 and thus active host cell invasion (Golubeva et al., 2016, 

Prouty and Gunn, 2000). The overall result of ApeE mediated phospholipid hydrolysis 

would be that Salmonella growth was increased and therefore in the absence of ApeE, 

this growth would not occur and the bacterial burdens of the gallbladder would be 

reduced (Figure 8.1).  

 The next step in the model is that as S. Typhimurium replicate inside the 

gallbladder utilising Lyso-PC for energy production, the bacteria would be transported 

into the intestines alongside bile. Therefore, an increased bacterial burden in the 

gallbladder might cause increased bacterial numbers detected in faeces. Inefficient 

growth in bile by an apeE mutant might lead to decreased bacteria in the faeces. Of 

course, the relevance of this is that if ApeE is indirectly mediating efficient faecal  
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Figure 8.1. Hypothesised mechanism of ApeE mediated gallbladder survival. (A) 

S. Typhimurium in the gallbladder (1) utilise Lyso-PC in bile to generate 

glycerophosphocholine (GPC) (2) and free fatty acids (3). This allows the bacteria to 

grow efficiently in bile (4). (B) ApeE in the outer membrane (OM) of S. Typhimurium 

hydrolyses Lyso-PC into its constituent parts. (C). GPC diffuses across the OM (1) and 
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is picked up by GlpQ (2), which breaks apart GPC into glycerol-3-phsophate (G3P) 

and an alcohol. G3P is transported across the inner membrane (IM) by GlpT against 

the antiport of Pi (3). G3P can then be used as a carbon source in glycolysis (4). (D) 

The free fatty acid generated from ApeE hydrolysis of Lyso-PC crosses the OM via the 

transporter FadL (1) and an Acyl-CoA molecule is added at the IM by FadD (2). The 

fatty acid might inhibit expression of Spi1 (3) or be used for β-oxidation. (E) Efficient 

growth mediate by ApeE hydrolysis of Lyso-PC in the gallbladder permits more 

bacteria to pass into the duodenum with bile secretion and thus more bacteria are shed 

in the faeces.  
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shedding, it is plausible to assume that S. Typhimurium lacking ApeE would be less 

able to transmit from an infected host to an uninfected one.    

 

8.4 The role of ApeE and the chronic carrier state. 

 Approximately 1-4% of typhoid patients develop asymptomatic chronic carriage, 

which has frequently been linked with chronic gallbladder colonisation and faecal 

shedding (Gunn and Keddie, 1972). This phenomenon is not only found in humans 

with systemic Salmonella infections, it is also observed in chronic infections of chickens 

with serovar Gallinarum (Sadeyen et al., 2004) and non-susceptible mouse strains with 

serovar Typhimurium (Crawford et al., 2010). Therefore, chronic carriage of 

Salmonella inside a host seems to be a fairly conserved mechanism to enable spread 

and dissemination of this pathogen. As ApeE seems to be required for survival in 

murine gallbladders post infection, it might be that ApeE is an important Salmonella 

factor for long term survival in gallbladders, and this could have implications for the 

carrier state. The animal model used in this study typically clears systemic bacteria by 

12 weeks post infection, and actually, colonisation of the gallbladder was starting to 

clear by week 5 (Figure 3.2 and Figure 7.6). To understand whether ApeE contributes 

towards the carrier state in murine infections, non-susceptible mouse strains (such as 

CD1 mice) could be used as an infection model. These mice can be infected with the 

virulent S. Typhimurium strain SL1344 and can be chronically infected with Salmonella 

(Prouty et al., 2002, Crawford et al., 2010). These mice might prove a very powerful 

model to try to understand whether ApeE contributes to the carrier state or not. 

Furthermore, these resistant mouse breeds can be fed a lithogenic diet to induce 

gallstone formation (Crawford et al., 2010). In chapter 6 of this study, ApeE hydrolysis 

of the anionic Lyso-PG in M9 minimal medium resulted in significantly higher biofilm 
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formation than when the strains were grown in M9 glucose or Lyso-PC media (Figure 

6.22). Cholesterol gallstones have been widely implicated to be a scaffold for 

Salmonella biofilms in vivo (Prouty et al., 2002, Crawford et al., 2010, Gonzalez-

Escobedo et al., 2011), and that to form efficient biofilms on gallstones in vitro, bile 

needs to present (Prouty et al., 2002), demonstrating that cholesterol might not be the 

important signal that Salmonella can detect to induce biofilm formation. It might be 

possible that ApeE mediated hydrolysis of certain phospholipid species in bile might 

induce biofilm formation with cholesterol gallstones.  

 

8.5 The future prospects of research into the role of ApeE during infection 

There are still outstanding questions in this model. First, which was discussed 

above is, what are the roles, if any, for the free fatty acids generated by hydrolysis of 

phospholipids? One way to address this question might be to use an RNA-seq 

experiment to observe what genes are differentially expressed when S. Typhimurium 

utilising phospholipids/free fatty acids as sole carbon-phosphate sources in vitro. The 

next question is what are the consequence of ApeE hydrolysis of PtdIns? ApeE was 

shown to bind to PtdIns, and bi and tri phosphorylated PtdIns. In the lipidomics study, 

PI 38:0 was identified as a lipid species that was decreased upon infection with the 

wild-type but not with the apeE mutant. Therefore, it is plausible that ApeE can bind to 

and hydrolyse PtdIns, but the role for this hydrolysis is currently unknown. One method 

to confirm whether ApeE can hydrolyse PtdIns would be to use them as sole carbon 

sources in M9 minimal media for growth, but this would not answer the fundamental 

question about the role of this hydrolysis in vivo.  
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8.6 Concluding remarks  

 In this study, the role of ApeE for chronic gallbladder colonisation was 

established. Interaction of ApeE with host derived lipids might mediate this colonisation 

by providing extra nutrients for growth in bile. Further studies are required to determine 

the effect that loss of ApeE has on the carrier state in murine models of infection. 

However, the importance of the work in this study is that the interaction of ApeE with 

host lipids might be an important process for efficient and long term gallbladder 

colonisation in mice. 
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Appendix 

 

Appendix Table i. Comparison of lipid species reduced in bile by Salmonella 

 Fold change of lipid species abundance naïve: infected with wild-
type S. Typhimurium 

Lipid (Antunes et al., 2011) Metabolomics Australia 

LPC 16:1 1:0.47 1:0.1 

LPC 18:1 1:0.31 1:0.07 

LPC 20:4 1:0.29 1:0.04 

LPC 20:5 1:0 1:0.07 

LPC 22:6 1:0.32 1:0.04 

LPE 18:2 1:0.27 1:0.07 

LPE 22:6 1:0.45 1:0.07 

PC 30:0 1:0 1:1.61 

PC 35:4 1:0 1:0.49 

PC 38:4 1:0 1:0.48 

PC 40:8 1:0 1:0.36 
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Appendix Table ii. Signal intensity for lipids detected from mice infected with 
apeE::Aph 

Name ApeE-1 ApeE-2 ApeE-3 ApeE-4 ApeE-5 ApeE-6 ApeE-7 

AcylCarnitine 
12:0  

21175 37080 190150 9407 89998 8738 10252 

AcylCarnitine 
13:0  

2819 5940 26433 1299 15884 1275 1915 

AcylCarnitine 
14:0  

36762 128251 324841 29540 125616 32100 17462 

AcylCarnitine 
14:1  

78745 97560 707887 25210 303986 27650 26099 

AcylCarnitine 
14:2  

26234 28127 210502 9195 105196 8537 9493 

AcylCarnitine 
15:0  

4235 11931 38752 4435 16073 4274 1773 

AcylCarnitine 
16:0  

166517 364493 991503 234107 285620 198992 81547 

AcylCarnitine 
16:1  

44331 168392 447220 39199 226255 49189 18598 

AcylCarnitine 
17:0  

3525.24
7 

6618.91
5 

21639.3
2 

3847.79
8 

10793.6
1 

5138.28
8 

2509.03
8 

AcylCarnitine 
18:0  

22696 47782 168817 49411 50690 31881 21681 

AcylCarnitine 
18:1  

139225 407049 940687 167022 465244 180160 60133 

AcylCarnitine 
18:2  

44167 167392 483858 60381 159774 67816 16425 

CE 16:0  548 361 670 351 452 346 344 
CE 16:1  1213 1037 1055 910 657 934 1047 

CE 16:2  87 78 78 41 83 79 47 

CE 18:0  575 247 775 605 393 665 365 

CE 18:1  10176 3013 6457 5041 5785 5458 4669 
CE 18:2  55933 3704 12346 11645 9668 6753 19580 
CE 18:3  2460 664 1161 1145 1407 1673 1636 

CE 20:0  1339 1203 1220 535 1080 1001 1250 

CE 20:1  1337 878 2679 1345 1278 1666 1438 

CE 20:2  2199 520 4664 1390 487 2115 1397 

CE 20:3  3912 408 3626 1537 688 1352 2118 

CE 20:4  74887 2965 15296 12811 4601 5030 24408 
CE 20:5  5703 77 1488 1278 1017 694 2855 
CE 22:0  570 473 575 642 637 609 579 

CE 22:1  1282 880 1910 1271 1314 1539 1273 

CE 22:4  5134 116 9347 3661 206 6469 6715 

CE 22:5(a\b)  7468 518 13711 4127 1106 6321 10709 
CE 22:6  53572 4297 31681 17162 8292 12073 26291 
CE 24:0  1118 942 847 1022 1085 1068 1198 

CE 24:1  3226 1945 5279 3120 2215 3748 2943 

CE 24:4  8641 546 31981 8107 1115 13408 11303 

CE 24:5  634 76 2376 798 23 1113 1883 

CE 24:6  563 47 1056 537 206 487 701 

Cer(d16:1/24:1)  637 2645 619 1067 2544 1058 492 
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Cer(d17:1/16:0)  10101 26732 7472 33780 12437 14416 5622 

Cer(d17:1/18:0)  512 357 421 413 505 280 426 

Cer(d17:1/20:0)  50 311   130 219 17   

Cer(d18:1/14:0)  339 60 79 1097 84 1554 90 

Cer(d18:1/16:0)  3779 378 683 6673 412 2641 772 

Cer(d18:1/18:0)  475 60 408 113 3640 401 3938 

Cer(d18:1/20:0)  4087 13777 5670 11558 10211 6705 3268 
Cer(d18:1/22:0)  43248 140786 28937 93862 111914 56438 15166 
Cer(d18:1/24:0)  121148 211426 84537 293776 145203 149756 49158 

Cer(d18:1/24:1)  192571 176163 113311 372274 127471 261239 59344 

Cer(d18:1/26:0)  1072 1286 1126 1665 1143 1897 1224 

Cer(d18:2/16:0)  12514 21405 5271 49533 3995 23756 9666 

Cer(d18:2/18:0)  2197 10852 4166 7828 6957 3431 1302 

Cer(d18:2/20:0)  97 841 371 602 542 343 138 

Cer(d18:2/22:0)  1394 12577 2448 4923 9311 2395 1248 

Cer(d18:2/26:0)  1982 1953 1817 1833 1741 1181 1804 

Cer(d19:1/20:0)  174 920 258 913 832 117 731 

Cer(d19:1/24:0)  388 480 496 1012 469 698 589 

Cer(d19:1/26:0)  454 401 486 447 348 466 446 
Cer(d20:1/22:0)  3655 4024 4991 9114 3091 5751 2319 
Cer(d20:1/24:0)  981 872 4285 5866 762 4477 1159 

Cer(d20:1/24:1)  1545 1702 6289 9012 1102 5564 1878 

Cer(d20:1/26:0)  2093 1825 2365 2875 1561 2672 2101 

DG 30:0 -(14:0)  47278 47950 42528 48911 49431 58204 58453 

DG 32:0 -(16:0)  
128931

1 
130829

1 
127417

7 
118599

4 
123426

3 
120117

4 
124085

1 
DG 34:1 -(18:1)  25477 21896 19725 99749 141311 30169 24677 
DG 34:2 -(18:2)  5724 3175 4489 27397 71581 10489 3675 

DG 36:1 -(18:1)  12986 11154 9089 18311 35012 12744 12530 

DG 36:2 -(18:2)  7464 2259 3898 15317 34038 4175 3564 

DG 36:3 -(18:2)  9471 5227 6334 24107 178039 10844 6877 

DG 36:4 -(18:2)  6133 2026 3779 29868 265994 8648 3502 
DG 36:4 -(18:3)  1932 1113 1398 6664 44186 2311 1374 

DG 36:4 -(20:4)  2907 152 341 4728 446 927 2210 

DG 38:4 -(20:4)  18950 222 5611 34457 2563 11903 15666 

DG 38:5 -(20:4)  1865 240 211 2953 7102 1096 1462 

DG 38:5 -(22:5)  13296 13156 11125 16389 17211 14890 14888 

DG 38:6 -(20:4)  2116 311 934 5011 22775 1512 1190 
DG 38:6 -(22:6)  2161 257 452 5167 2491 1119 980 

DG-D5 (IS)  53147 51484 57947 47603 63977 55381 64673 

dhCer 24:0  1238 2391 2204 2699 1876 1842 758 

dhCer 24:1  3923 3145 1574 3949 2617 4102 272 

GM1(d18:1/16:0)  1398 2030 1504 1390 1705 1375 1143 

GM3(d18:1/16:0)  2051 785 1275 4360 1101 2269 579 
Hex1Cer(d16:1/2

0:0)  
820 770 4 814 846 835 807 

Hex1Cer(d18:1/1
8:0)  

1889 903 889 4715 1333 2072 914 
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Hex1Cer(d18:1/2
0:0)  

1040 1155 1535 2225 3591 1635 484 

Hex1Cer(d18:1/2
2:0)  

1972 2419 2518 5660 7254 2543 897 

Hex1Cer(d18:1/2
4:0)  

7744 4574 7234 14167 7034 9137 2162 

Hex1Cer(d18:1/2
4:1)  

14437 2839 15079 25412 7466 18306 4231 

Hex2Cer(d18:1/2
4:0)  

1207 1128 1041 2356 1171 961 303 

Hex2Cer(d18:1/2
4:1)  

5 16 92 270 46 71 9 

LPC 14:0  9190 37377 85372 22927 30164 15325 7517 
LPC 15:0  7928 57125 93786 20782 53421 14182 8906 

LPC 16:0  
177862

4 
840984

1 
137493

31 
318555

1 
670414

2 
202714

6 
157636

9 

LPC 16:1  
64884 935546 151226

3 
290629 117044

2 
202079 51564 

LPC 18:0  
610149 133874

2 
194218

5 
884405 155836

8 
489826 535580 

LPC 18:1  
294206 202598

4 
333415

4 
636366 136886

17 
509373 226877 

LPC 18:2  
466916 664541

0 
158139

79 
103302

9 
524598

14 
517103 315839 

LPC 18:3  
8690 584713 461445 112356 114249

4 
53497 13248 

LPC 18:3(104)  43186 351924 504808 120975 276111 56818 36096 

LPC 20:0  5943 56506 24512 9485 55325 5958 5810 

LPC 20:1  7997 40310 38895 18065 37470 16650 7551 
LPC 20:2  13447 56627 100750 43771 94049 36196 12420 

LPC 20:3  
62417 858263 759673 263499 180243

1 
192738 46543 

LPC 20:4  
332937 704200

6 
347930

3 
140421

5 
167549

58 
704719 155075 

LPC 20:5  14953 346537 298453 95237 962339 47426 11937 

LPC 22:0  2315 5941 7197 2548 4858 1560 2088 

LPC 22:1  1130 4986 3858 2400 3778 1298 1323 

LPC 22:4  6737 33020 28386 33828 22917 18396 4755 
LPC 22:5(104)  8545 53874 50066 22900 103931 13012 5408 

LPC 22:5(a\b\c)  30219 318192 325832 113764 711291 75019 16437 

LPC 22:6  
169202 303205

1 
217881

5 
637101 798907

6 
319325 67114 

LPC 24:0  2831 6443 8728 5275 4232 2762 3307 

LPC(O-16:0)  26189 34021 809382 55010 29133 33389 24085 

LPC(O-18:0)  17101 14303 234061 23230 21369 15171 12535 

LPC(O-18:1)  23610 22381 205105 76188 21367 38397 15546 
LPC(O-20:0)  33211 71590 71724 36759 86300 30820 33767 

LPC(O-20:1)  1126 3857 7059 2610 3640 2713 1306 

LPC(O-22:0)  457 1940 1645 495 1975 398 482 

LPC(O-24:0)  445 916 1482 662 787 369 516 
LPC(O-24:1)  256 424 497 298 238 266 271 
LPC(O-24:2)  280 179 1077 376 158 247 213 
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LPC(P-16:0)  300 1157 8685 1493 1136 736 542 

LPC(P-18:0)  21748 19886 193805 64098 17868 32958 13781 

LPE 16:0  35035 351083 190552 98207 263766 53769 24175 

LPE 18:0  21886 228625 95445 79270 147635 36675 21347 

LPE 18:1  15014 192595 109947 44189 143913 36294 12767 

LPE 18:2  11982 146796 153719 50575 491218 30922 7049 

LPE 20:4  14339 424984 89658 80335 373362 44746 9615 
        

LPE 22:6  14931 431029 136926 65013 511662 36991 7331 

LPE(P-16:0)  2157 8515 27297 5067 1651 1842 1136 

LPE(P-18:0)  2291 7563 31413 4362 2369 2391 1371 

LPE(P-18:1)  489 2768 8464 1535 507 652 354 

LPE(P-20:0)  304 539 1478 428 201 331 235 

LPI 18:0  2107 1946 2106 3387 5813 1785 1084 

LPI 18:1  546 1308 1999 1173 1492 864 646 

LPI 18:2  1017 2718 4772 1636 4386 997 1197 

LPI 20:4  9455 22975 31932 19544 43005 13595 9369 
oxCE 18:2 +2O 

NH4  
1894 1505 1365 1624 1535 1964 1871 

PC 30:0  170615 223963 790003 252621 400923 115107 122466 
PC 31:1  23485 25817 31743 50726 28790 38994 16950 

PC 32:0  
466283

1 
616357

2 
121426

86 
807148

2 
831200

4 
398301

2 
330874

4 

PC 32:1  
124349

69 
142867

15 
375816

51 
129756

76 
183784

00 
861284

6 
226203

05 

PC 32:2  
657646 997304 309518

4 
420819 253226

8 
251283 627879 

PC 34:0  
851967

5 
932411

8 
130007

21 
641345

8 
130065

51 
372996

1 
910757

1 

PC 34:1  
130824

89 
125523

44 
150843

49 
791447

6 
157298

60 
627335

4 
130408

92 

PC 34:2  
######

## 
######

## 
######

## 
854795

07 
######

## 
629169

21 
######

## 

PC 34:3(a\b\c)  
102658

10 
240870

37 
432052

07 
554953

4 
655260

50 
248568

4 
965097

0 

PC 34:4  
301349 503694 814152 160243 119348

9 
59352 204710 

PC 34:5  6871 12005 10795 5158 35904 2889 8448 

PC 35:4  
254134 515318 768784 177981 158659

1 
78977 242379 

PC 35:5  18839 25631 64957 12028 92755 7195 35826 
PC 36:0  214998 297955 554195 225805 709780 116403 225858 

PC 36:1  
238858

4 
317140

3 
532636

9 
251314

2 
785471

0 
118520

4 
223836

0 

PC 36:2(a\b)  
292377

23 
434859

26 
648056

03 
239709

97 
873903

60 
869993

6 
202598

05 

PC 36:3(a\b\c)  
338538

44 
391088

66 
763973

58 
234731

93 
831646

89 
160393

31 
305646

73 

PC 36:4(a\b)  309579
43 

278605
01 

316195
37 

311545
83 

357032
20 

161157
84 

237883
01 

PC 36:5(a\b)  
180000

4 
425740

4 
841945

9 
176971

9 
146158

07 
743556 303484

0 
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PC 36:6  28992 40122 54617 20946 120765 11390 23306 

PC 37:6  82409 77536 224606 45861 489562 21808 45171 

PC 38:2  305615 560010 571395 474325 417473 307874 174080 

PC 38:3  
459396 923874 672856 694970 157294

6 
204941 251422 

PC 38:4(a\b\c)  
493308

1 
807505

0 
853781

8 
610672

5 
129317

18 
202377

5 
242685

6 

PC 38:5(a\b)  
810943

1 
991598

9 
928025

4 
864036

7 
121668

95 
584204

6 
664367

4 

PC 38:6(a\b)  
189693

56 
221057

81 
196426

82 
139297

38 
486637

84 
805455

0 
150611

01 

PC 38:7(a\b\c)  
173831 275357 642721 202207 170583

1 
105574 206415 

PC 39:5  20402 47342 32045 22143 61440 9001 11773 

PC 40:4(a\b)  40155 69245 92173 94496 116392 57828 27027 

PC 40:5(a\b)  
513331 997510 565754 971877 136698

6 
450161 316630 

PC 40:6  312349 294968 324845 390297 178842 308245 217468 

PC 40:7(a\b\c)  
821877 970380 860611 112208

0 
115438

5 
839684 738034 

PC 40:8  
220205 696988 445703 355558 195742

6 
142421 159260 

PC(19:0/19:0)(IS
)  

47281 99843 88070 53505 121133 42132 55998 

PC(O-32:0)  59472 74247 112120 133188 172109 109198 29856 

PC(O-32:1)  23606 29975 14829 42875 19523 38994 10499 

PC(O-32:2)  4971 7739 9173 9350 4175 6077 2637 

PC(O-34:1)  
327185

7 
486546

4 
890280

1 
237527

4 
690679

4 
135650

3 
409250

8 

PC(O-34:2)  
133665

9 
267859

9 
460202

0 
669459 639784

7 
316603 106968

5 

PC(O-35:4)  
301349 503694 814152 160243 119348

9 
90311 278261 

PC(O-36:1)  
474619 766516 160660

0 
372699 241624

7 
179184 512259 

PC(O-36:2)(a\b)  
173072

2 
337313

5 
730347

0 
105537

9 
126381

96 
625258 207936

7 

PC(O-36:3)(a\b)  
157557

4 
299056

8 
326649

6 
857862 501828

7 
547315 172854

0 

PC(O-36:4)  
386547 856190 151571

3 
260850 279856

7 
119876 365772 

PC(O-36:5)  26083 38436 64957 12028 92755 12764 35826 

PC(O-38:5)  184656 175307 150052 650873 120961 329780 98104 

PC(O-38:6)  82409 77536 224606 45861 489562 21808 45171 

PC(O-40:5)  20402 40111 2475 22143 61440 305 2352 
PC(O-40:6)  26393 28969 36119 25920 21867 33859 12481 

PC(O-40:7)(a\b)  13364 13874 31759 20233 36804 105740 61811 
PC(P-30:0)  10458 9915 19436 15657 34095 8298 5952 

PC(P-32:0)  20733 25817 14829 42875 19523 38994 10499 

PC(P-32:1)  3973 4114 9173 9350 4175 6077 2637 

PC(P-34:0)  
327185

7 
486546

4 
890280

1 
237527

4 
690679

4 
135650

3 
409250

8 
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PC(P-34:1)  
133665

9 
267859

9 
460202

0 
669459 639784

7 
295068 104840

2 
PC(P-34:2)  3394 1748 3736 2786 681 4807 1356 
PC(P-34:3)  661 2544 2845 343 947 2696 281 

PC(P-36:2)(a\b)  
157557

4 
299056

8 
326649

6 
857862 501828

7 
547315 172854

0 

PC(P-36:3)  
253177 488540 907902 176675 154209

0 
69798 181770 

PC(P-36:4)  26083 38436 64957 12028 92755 12764 35826 
PC(P-36:5)  33 789 4922 172 702 172 85 
PC(P-38:4)  184656 186398 96582 650873 120961 329780 98104 

PC(P-38:5)(a\b)  82409 126770 224606 45861 489562 21808 45171 

PC(P-38:6)  214998 297955 554195 225805 709780 116403 225858 

PC(P-40:4)  20402 40111 2475 22143 61440 305 2352 

PC(P-40:5)(a\b)  32324 33712 36119 25920 21867 17242 12481 
PC(P-40:6)  55655 57511 31759 20233 36804 105740 61811 

PC(P-40:7)  32024 12165 5599 30386 8171 84145 33477 
PE 32:0  11427 9443 13507 20822 8456 13356 10224 

PE 32:1  40234 32099 109039 90987 26161 61649 88072 

PE 34:1  
590764 641004 240480

6 
729326 825799 408821 797076 

PE 34:2  
979055 151387

2 
223105

0 
117688

9 
187002

5 
608199 104045

9 
PE 34:3(a\b\c)  80964 149577 232026 118792 219228 58144 99216 

PE 36:0  5361 3358 1185 1651 806 1664 3852 
PE 36:1  38236 75556 102879 80010 101415 62366 38110 

PE 36:2(a\b)  
410420 976574 917079 645157 203195

2 
331571 256995 

PE 36:3(a\b)  
288183 839195 799515 479062 173302

2 
256792 213087 

PE 36:4  34046 102169 50476 57281 109237 37961 33411 
PE 36:5(a\b)  35159 143410 113084 89380 293677 40626 38532 
PE 38:3(a\b)  135961 494868 211867 369653 960647 124455 67116 

PE 38:4  
124695

0 
439492

4 
166139

0 
320400

8 
777393

7 
106095

6 
534550 

PE 38:5(a\b)  
657727 182891

7 
109072

2 
138478

8 
265989

8 
764924 457839 

PE 38:6  
915637 125176

5 
450880 181606

6 
985780 114400

6 
434844 

PE 40:4  26467 36765 56731 82214 34171 33446 11423 

PE 40:5(a\b)  32999 84580 58347 84431 184590 13358 19564 
PE 40:6  13883 35606 32271 31062 76932 15892 16694 

PE 40:7  211897 457096 203776 453473 521018 282115 103838 

PE(O-34:2)  2263 7617 6178 6032 7995 4071 1804 

PE(O-36:3)(a\b)  604 2718 1612 1935 1151 1244 508 

PE(O-36:4)  9755 58571 53089 47269 40966 42220 19358 
PE(O-36:5)  166 444 912 41 1265 762 159 

PE(O-38:4)(a\b)  6868 34672 40041 25879 39853 21016 11166 

PE(O-38:5)(a\b)  29024 48073 45124 48018 43145 36252 27634 

PE(O-38:6)  
102186

6 
109330

2 
872589 106291

9 
101083

5 
114560

0 
974406 
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PE(O-40:5)  11040 17581 16389 16033 21639 11212 8417 

PE(O-40:6)  10217 20241 24173 19713 24160 12158 7794 

PE(P-16:0/18:1)  8687 41307 25526 25738 44731 15114 8719 

PE(P-16:0/18:2)  5853 12014 6551 17801 9687 11674 3000 

PE(P-16:0/20:4)  101385 272727 121803 332422 99774 165366 65276 

PE(P-16:0/20:5)  642 1995 201 2902 530 1639 319 

PE(P-16:0/22:4)  16993 56384 49697 50278 50489 31097 10222 
PE(P-

16:0/22:5)(a\b)  
18819 63353 47383 93209 50432 46705 17386 

PE(P-16:0/22:6)  70729 161856 283200 211291 172996 80436 47815 

PE(P-18:0/18:1)  2385 5638 5147 3845 6238 2788 935 

PE(P-18:0/18:2)  2638 6167 4406 7055 8355 5192 1498 

PE(P-18:0/20:3)  2181 8212 6999 8489 6880 5197 1606 

PE(P-18:0/20:4)  34428 120390 95737 112752 94704 59438 25481 
PE(P-18:0/22:4)  848 3609 2968 3803 1865 2286 499 

PE(P-
18:0/22:5)(a\b)  

3264 14625 10469 12481 12147 6438 2844 

PE(P-18:0/22:6)  20593 57660 75577 57469 63256 29393 14638 

PE(P-18:1/18:1)  2601 10503 7557 5953 12455 4109 2142 

PE(P-18:1/18:2)  1819 5070 3248 5097 4789 3025 1009 

PE(P-18:1/18:3)  1285 1245 1392 228 1399 1322 1049 
PE(P-18:1/20:4)  35076 102603 62100 132593 67293 56455 29046 
PE(P-18:1/22:4)  7425 24253 23406 25970 20696 12134 3887 

PE(P-
18:1/22:5)(a\b)  

4078 14296 13115 15478 8607 4918 2395 

PE(P-
18:1/22:6)(a\b)  

19362 38264 43494 54988 22801 23667 10173 

PE(P-20:0/18:2)  1001 237 1132 246 1201 1203 993 
PE(P-20:0/20:4)  999 2719 1590 2971 2307 1146 316 
PE(P-20:0/22:6)  208 885 449 500 766 125 55 

PG 17:0 17:0 
(IS)  

459334
8 

285729
4 

226538
8 

406427
8 

309457
0 

507689
3 

446030
4 

PG 34:1  25373 107241 39566 86430 86984 42310 16017 

PG 34:2  4805 20020 6151 19596 35633 9310 4546 

PG 36:1  2679 4545 1023 6377 2434 2928 931 

PG 36:2  10521 17815 6498 25584 11996 6403 2146 
PI 32:0  547 1456 2211 1171 2195 1146 459 
PI 32:1  1315 4383 1532 7001 3260 4442 1032 

PI 34:0  1333 1712 838 3208 659 3979 1132 

PI 34:1  14513 29890 15739 42739 24971 26837 8418 

PI 36:1  1858 2613 1404 9218 1518 11091 1649 
PI 36:2  46584 100111 51100 112138 81303 59021 18133 

PI 36:3(a\b\c)  53947 125098 56196 162452 258627 99191 23036 

PI 36:4  160874 321784 151496 451283 595823 261247 72265 

PI 38:2  21203 37564 3313 33737 25815 35605 9277 

PI 38:3(a\b)  235656 541898 129627 495164 471054 365096 105876 

PI 38:4  
101464

3 
305007

2 
123936

3 
220329

5 
304293

2 
101965

5 
420620 

PI 38:5(a\b)  68781 169157 99243 201620 357822 147317 38521 
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PI 38:6  12800 17337 8410 39136 41125 15473 4787 

PI 40:5(a\b)  26441 29551 12257 58151 21634 54955 9933 

PI 40:6  24633 44848 20855 41812 90367 13391 7064 

PS 36:1  81065 236691 223311 232453 209938 137303 80174 

PS 36:2  38675 47650 16567 145161 12310 52306 22739 

PS 38:3  8392 14446 11248 23956 55316 23576 8726 

PS 38:4  
429593 868695 320836 112018

8 
887344 583561 224899 

PS 40:5  42381 51444 35483 114714 52959 83296 21700 

PS 40:6  169854 405898 223281 478239 645904 191175 58551 

SM 30:1  358 622 1943 227 1238 193 290 

SM 31:1  266 552 931 236 963 133 248 

SM 32:0  973 1920 2527 1290 2914 733 687 

SM 32:1  10591 20911 25134 13285 32356 7306 7736 
SM 32:2  227 779 1037 215 1301 167 250 
SM 33:1  31326 54031 62776 46926 109031 25485 20408 

SM 34:0  222572 211629 251350 649196 133721 490088 133438 

SM 34:1  
369235

1 
504997

9 
981803

1 
920964

9 
582889

0 
349302

2 
163079

9 
SM 34:2  31746 95420 76445 54338 86448 22232 20146 

SM 36:1  211225 771614 495023 431385 755359 244332 156413 
SM 36:2  24651 113825 38158 60707 67349 31515 21174 
SM 36:3  31 151 475 304 230 95 58 

SM 37:1  
609742 119038

8 
189041

9 
256871 322449

0 
163101 540997 

SM 37:2  4273 2555 14328 3285 3665 3043 11295 

SM 38:1  
668724

37 
587795

01 
809210

21 
419990

56 
667849

21 
328575

01 
597865

78 

SM 38:2  
583003

0 
948390

7 
236100

57 
245679

1 
319142

42 
121646

3 
462853

2 
SM 38:3 (a\b)  173713 272820 401350 92951 737605 48306 140837 

SM 39:1  
153539

9 
247094

4 
448743

8 
762168 813249

2 
392884 119120

1 

SM 40:0  
123637

1 
152768

0 
278249

3 
118350

4 
402071

3 
724416 125699

4 

SM 40:1  
169751

68 
257311

82 
410858

38 
117581

65 
537507

31 
452474

5 
138204

01 

SM 40:2 (a\b)  
175101

00 
246895

57 
524744

26 
140239

53 
563614

65 
999478

2 
204059

00 

SM 40:3 (a\b\c)  
136096

29 
177237

74 
131124

07 
142481

40 
207299

73 
843394

5 
985659

9 
SM 41:0  2903 7476 15021 5104 22807 2030 5367 

SM 41:1  63620 174156 189683 71784 532155 55845 59570 

SM 41:2(a\b)  102011 61758 195150 85008 247166 75882 103925 

SM 42:1  115082 151296 223423 145022 266834 120742 55974 

SM 42:2 (a\b)  
497676 703517 141356

3 
677030 290461

2 
392017 393474 

SM 44:2  1904 8849 2320 4474 7295 1223 611 
SM 44:3 (a\b)  17025 34113 41259 33034 53776 23290 11789 
TG 14:0 16:0 

18:2  
38358 40442 39970 50664 112647 54069 62160 
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TG 14:0 16:1 
18:1  

45650 20959 44335 45988 63692 40600 48787 

TG 14:0 16:1 
18:2  

37113 30998 30576 37648 69571 36927 39129 

TG 14:0 18:0 
18:1  

7114 6070 5423 5938 12206 7220 7205 

TG 14:0 18:2 
18:2  

7928 2485 4916 10154 59394 5730 5964 

TG 14:1 16:0 
18:1  

11087 12045 11183 10826 14295 12644 13651 

TG 14:1 16:1 
18:0  

133085 151092 146946 146524 151685 186575 230888 

TG 14:1 18:0 
18:2  

2270 2115 1434 2092 1926 2231 1095 

TG 14:1 18:1 
18:1  

31826 19475 26940 34412 76392 31008 44462 

TG 15:0 18:1 
16:0  

28244 28409 25561 25950 27216 31310 34271 

TG 15:0 18:1 
18:1  

8156 5309 7277 7640 15833 8850 8543 

TG 16:0 16:0 
16:0  

360924 326328 284222 350613 475779 345983 398283 

TG 16:0 16:0 
18:0  

115286 99675 85903 98375 142513 120827 115989 

TG 16:0 16:0 
18:1  

185564 110641 157385 223412 638697 155176 198247 

TG 16:0 16:0 
18:2  

89392 31242 75082 124081 517107 84385 92771 

TG 16:0 16:1 
18:1  

242499 136617 187900 251408 585935 266637 345843 

TG 16:0 18:0 
18:1  

47918 26945 47198 66304 230104 45947 55603 

TG 16:0 18:1 
18:1  

372186 68865 213211 379285 100710
7 

240917 323584 

TG 16:0 18:1 
18:2  

467250 40148 228381 386111 135760
7 

235785 258309 

TG 16:0 18:2 
18:2  

72977 7575 35601 67988 219787 43407 39982 

TG 16:1 16:1 
16:1  

164081 150083 155889 155444 172094 158819 192867 

TG 16:1 16:1 
18:0  

10516 8690 9666 10495 25097 10620 12709 

TG 16:1 16:1 
18:1  

74636 45295 64150 81820 120274 78110 105569 

TG 16:1 18:1 
18:1  

87215 31318 65463 107889 259651 78273 108801 

TG 16:1 18:1 
18:2  

39098 8859 23098 46008 173805 27018 37072 

TG 17:0 16:0 
16:1  

133613 141329 111312 114916 102848 132337 146586 

TG 17:0 16:0 
18:0  

11338 13681 15165 16349 19597 10915 12149 

TG 17:0 17:0 
17:0 (IS)  

5903 5077 2676 3898 1319 3423 4502 
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TG 17:0 18:1 
14:0  

53725 49535 43926 41614 36774 65106 60145 

TG 17:0 18:1 
16:0  

21204 15089 15868 16827 27524 20950 16490 

TG 17:0 18:1 
16:1  

40106 32134 28743 41020 60493 43975 44232 

TG 17:0 18:1 
18:1  

5962 3497 5362 7526 23323 5947 6030 

TG 17:0 18:2 
16:0  

29818 17791 21013 29296 69151 29241 32572 

TG 18:0 18:0 
18:0  

105205 82021 62531 99695 93246 116500 103772 

TG 18:0 18:0 
18:1  

20869 13903 16437 24206 70613 20337 20568 

TG 18:0 18:1 
18:1  

13789 14923 5579 50977 202314 18633 26770 

TG 18:0 18:2 
18:2  

11351 1706 8783 17820 52288 11904 7200 

TG 18:1 14:0 
16:0  

128896 126692 123427 136509 238021 147967 157287 

TG 18:1 18:1 
18:1  

438757 249868 502200 502276 178977
5 

383948 441561 

TG 18:1 18:1 
18:2  

48336 10953 34158 63043 185956 35434 28596 

TG 18:1 18:1 
20:4  

38311 114 13506 25589 29587 17056 10883 

TG 18:1 18:1 
22:6  

9994 39 4728 6532 15792 4383 2615 

TG 18:1 18:2 
18:2  

104855 33300 67315 126574 382138 77022 68463 

TG 18:2 18:2 
18:2  

79606 23475 66460 120658 295678 80042 43952 

TG 18:2 18:2 
20:4  

19961 28 7320 12307 16021 7972 5114 

TG(O-50:1)  129258 121469 111312 114916 102848 132337 146586 

TG(O-52:0)  8840 11275 12745 14039 16268 9005 8927 
TG(O-52:2)  29818 17791 21013 29296 69151 29241 32572 

Ubiquinone  722 920 870 1030 672 1324 631 

 

  



235 
 

Appendix Table iii. Signal intensities for lipid species detected in uninfected mice 

Name Naive-1 Naive-2 Naive-3 Naive-4 Naive-5 Naive-6 

AcylCarnitine 12:0  280576 322031 281591 287291 196183 334449 
AcylCarnitine 13:0  33168 39934 37354 45480 32570 85646 
AcylCarnitine 14:0  543808 575756 459503 454838 613963 913195 

AcylCarnitine 14:1  989046 1074856 933850 1048843 933941 1877194 

AcylCarnitine 14:2  354326 403797 305097 410169 232055 631016 

AcylCarnitine 15:0  29588 31784 26182 47634 39663 99864 
AcylCarnitine 16:0  1899692 1548682 1128951 1089223 1332728 1368887 
AcylCarnitine 16:1  974155 1034044 834185 855775 1139650 1864040 

AcylCarnitine 17:0  34941.31 28200.21 20018.95 29061.56 284645.1 223057.9 

AcylCarnitine 18:0  193153 195016 72843 129088 332986 204811 

AcylCarnitine 18:1  1638467 1658989 1200036 1865378 2365567 4108625 

AcylCarnitine 18:2  253910 296058 159582 871217 517631 1314380 

CE 16:0  134 539 385 32 1489 1721 
CE 16:1  700 934 578 517 1986 1637 
CE 16:2  109 82 49 37 76 182 

CE 18:0  279 359 338 291 644 900 

CE 18:1  2410 5046 2439 1114 17982 21524 

CE 18:2  3510 6599 4196 1672 17830 17327 
CE 18:3  769 1472 907 96 2779 3740 
CE 20:0  1536 1496 693 1118 1847 1362 

CE 20:1  733 1176 896 617 1653 1688 

CE 20:2  231 276 326 383 1303 1461 

CE 20:3  213 317 136 160 1528 1030 

CE 20:4  1624 2444 2442 440 17128 12468 

CE 20:5  285 455 418 35 1793 1397 
CE 22:0  632 705 465 487 1163 1079 
CE 22:1  1085 1169 785 730 2273 1808 

CE 22:4  47 49 137 125 183 401 

CE 22:5(a\b)  486 263 698 62 852 921 

CE 22:6  2778 3475 3770 741 10713 15600 
CE 24:0  921 1212 764 819 2028 1501 
CE 24:1  2077 2319 1501 1598 3653 3322 

CE 24:4  1091 555 1032 1196 1449 1313 

CE 24:5  12 51 47 11 224 192 

CE 24:6  82 113 172 25 118 83 

Cer(d16:1/24:1)  1134 1141 1429 1283 8260 4351 

Cer(d17:1/16:0)  8131 7141 6846 5947 8771 3260 
Cer(d17:1/18:0)  104 483 391 522 439 515 
Cer(d17:1/20:0)  77 258 224 155 2455 1064 

Cer(d18:1/14:0)  73 17 28 30 103 10 

Cer(d18:1/16:0)  96 99 30 17 15 14 

Cer(d18:1/18:0)  197 263 332 3585 684 744 
Cer(d18:1/20:0)  8572 6020 5134 6468 63252 27973 
Cer(d18:1/22:0)  66312 76230 81228 45621 224945 190153 

Cer(d18:1/24:0)  88998 114084 123779 68957 99871 76274 

Cer(d18:1/24:1)  83390 75956 84942 61927 293375 179273 
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Cer(d18:1/26:0)  1172 612 483 1194 9314 5784 

Cer(d18:2/16:0)  4398 1879 2670 2009 6147 1598 

Cer(d18:2/18:0)  5959 5751 2794 4353 22525 2816 

Cer(d18:2/20:0)  426 365 188 505 8336 2546 

Cer(d18:2/22:0)  6538 6485 7803 4538 43903 27922 

Cer(d18:2/26:0)  1827 1873 1713 1852 257 133 

Cer(d19:1/20:0)  88 852 25 548 308 850 
Cer(d19:1/24:0)  387 341 302 365 839 667 
Cer(d19:1/26:0)  440 576 636 448 963 1199 

Cer(d20:1/22:0)  2415 3657 3231 3787 963 552 

Cer(d20:1/24:0)  1132 758 633 1421 11677 3172 

Cer(d20:1/24:1)  1288 1213 866 1613 4129 1048 

Cer(d20:1/26:0)  2145 2160 1733 2162 2967 3502 

DG 30:0 -(14:0)  46352 43501 45959 49212 21685 20518 

DG 32:0 -(16:0)  1316153 1186371 1252406 1348625 1111569 1096046 

DG 34:1 -(18:1)  10423 19353 17001 17698 68067 53117 

DG 34:2 -(18:2)  1616 4783 1622 4464 23314 30458 

DG 36:1 -(18:1)  10084 9669 10534 12912 86002 71895 

DG 36:2 -(18:2)  1895 2160 2610 2620 11187 12478 
DG 36:3 -(18:2)  4334 8209 5558 1955 42950 34853 
DG 36:4 -(18:2)  1892 6463 2544 3494 10757 12816 

DG 36:4 -(18:3)  1179 1582 628 930 3848 2856 

DG 36:4 -(20:4)  700 314 109 1042 1160 1037 

DG 38:4 -(20:4)  287 192 487 974 3056 2109 

DG 38:5 -(20:4)  17 190 274 501 2721 1207 

DG 38:5 -(22:5)  15498 13829 13600 13996 5036 4481 

DG 38:6 -(20:4)  64 487 252 208 921 555 

DG 38:6 -(22:6)  1553 2333 274 167 1533 777 

DG-D5 (IS)  59773 54045 40284 47097 205691 193860 

dhCer 24:0  1528 1653 1404 991 3137 1527 

dhCer 24:1  1716 2191 2039 2185 3414 2164 
GM1(d18:1/16:0)  1256 1875 1787 1228 14 11 
GM3(d18:1/16:0)  1460 782 417 305 2331 186 

Hex1Cer(d16:1/20:
0)  

825 829 849 794 847 685 

Hex1Cer(d18:1/18:
0)  

1254 530 531 331 1214 1030 

Hex1Cer(d18:1/20:
0)  

2889 1963 2299 932 5560 2799 

Hex1Cer(d18:1/22:
0)  

3076 3594 3746 2120 27992 16986 

Hex1Cer(d18:1/24:
0)  

4223 3602 5562 2335 11785 11013 

Hex1Cer(d18:1/24:
1)  

3925 3856 3888 3175 27869 11732 

Hex2Cer(d18:1/24:
0)  

890 587 524 186 2615 1110 

Hex2Cer(d18:1/24:
1)  

143 82 74 99 364 3 

LPC 14:0  163790 171873 160867 34335 52916 38549 
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LPC 15:0  188407 219455 211471 78729 57438 84690 

LPC 16:0  
3146312

9 
3274682

1 
3400055

3 
1029508

7 
1350962

4 
1359133

4 
LPC 16:1  6973691 7032941 6277661 645650 1212921 1058965 

LPC 18:0  3242677 3189553 3134956 1837760 5423812 2967122 

LPC 18:1  
7299577

1 
5906073

5 
7391812

5 
5319572 9516869 9653295 

LPC 18:2  
#######

# 
#######

# 
#######

# 
1958682

0 
2404625

7 
3693271

8 
LPC 18:3  7542613 7693695 8166525 492397 504903 906067 

LPC 18:3(104)  433783 559102 346653 333191 574595 564634 
LPC 20:0  71113 113106 67589 60143 155865 139533 

LPC 20:1  122168 96902 110421 26010 79245 49560 

LPC 20:2  580439 292387 581230 26521 57856 38808 

LPC 20:3  
1109967

5 
7749268 1147988

2 
442064 874686 886991 

LPC 20:4  
5841040

3 
4934608

8 
5338210

2 
4537843 7910177 7484816 

LPC 20:5  3434069 2582513 4097535 207762 389308 432041 

LPC 22:0  6966 8047 6250 6245 21029 16319 

LPC 22:1  5473 8949 3738 3965 12361 7311 

LPC 22:4  98350 67902 117699 6879 17323 9264 

LPC 22:5(104)  427413 433681 604924 123779 77250 84674 

LPC 22:5(a\b\c)  605571 1711592 1558807 103046 267021 157019 

LPC 22:6  
3362545

0 
2649161

5 
3045800

1 
1925923 3310288 3910978 

LPC 24:0  6275 6568 4116 4302 12572 5026 

LPC(O-16:0)  41489 49792 42812 34972 89445 48746 

LPC(O-18:0)  25341 30848 28323 21552 45379 33390 

LPC(O-18:1)  13671 12284 13956 10774 21866 11762 

LPC(O-20:0)  103530 118374 104196 232717 154801 116899 
LPC(O-20:1)  12619 11243 17504 4998 5296 4231 
LPC(O-22:0)  2226 2656 1991 2287 4903 4943 

LPC(O-24:0)  1033 988 845 701 2489 1259 

LPC(O-24:1)  566 362 357 368 919 543 

LPC(O-24:2)  146 172 193 190 513 390 
LPC(P-16:0)  3809 4105 3082 1249 6186 4234 
LPC(P-18:0)  11702 12606 12231 10429 19177 10177 

LPE 16:0  621939 809657 869902 207338 224075 274084 

LPE 18:0  317673 346438 398423 114613 173049 168746 

LPE 18:1  416354 412378 461620 117667 134220 124707 

LPE 18:2  1420338 1504426 1516697 169885 198897 323937 

LPE 20:4  889544 892048 746477 95145 212573 164840 
LPE 22:6  1106234 1123459 862003 114375 252428 250287 

LPE(P-16:0)  5652 5685 3041 2082 3603 1275 

LPE(P-18:0)  5583 4684 3060 2813 2832 1275 

LPE(P-18:1)  1360 1355 879 695 1173 330 

LPE(P-20:0)  404 363 426 216 550 414 
LPI 18:0  1015 1489 1149 1203 2589 2486 
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LPI 18:1  464 643 397 839 2545 1986 

LPI 18:2  5189 6540 3710 3036 9460 11824 

LPI 20:4  42416 56571 36503 24069 113996 86599 
oxCE 18:2 +2O 

NH4  
1510 1900 1356 1327 1999 3009 

PC 30:0  403232 577843 476709 403969 1218644 458596 

PC 31:1  33970 18356 11140 8769 9207 2778 

PC 32:0  
8666401 7821640 9001057 5497771 1697039

5 
6896440 

PC 32:1  
1531735

9 
2351337

4 
1418542

1 
1445672

6 
3661384

2 
2228370

7 

PC 32:2  
2061960 4271660 1832469 3401324 1585894

1 
1043570

3 

PC 34:0  
1262669

7 
1513914

2 
1301145

2 
1398761

4 
1675313

4 
1776494

1 

PC 34:1  
1495980

4 
1769359

5 
1399622

4 
1637519

3 
1584514

2 
1550287

1 

PC 34:2  
#######

# 
#######

# 
#######

# 
#######

# 
#######

# 
#######

# 

PC 34:3(a\b\c)  
5956038

6 
#######

# 
5832004

7 
9084544

1 
#######

# 
#######

# 
PC 34:4  1087604 1939726 885889 1962608 4725706 6244920 
PC 34:5  16079 33640 21298 36332 79652 74643 

PC 35:4  2019650 1706998 2106111 2364060 2802718 2278344 

PC 35:5  55785 82258 82004 115498 234787 445894 

PC 36:0  657107 735121 582349 731116 2564764 2109269 

PC 36:1  
6203098 7985893 5663783 7386448 2704568

3 
2504487

4 

PC 36:2(a\b)  
7291720

2 
8674319

5 
8717269

5 
9033225

7 
#######

# 
#######

# 

PC 36:3(a\b\c)  
7519863

5 
8123851

7 
7502172

2 
8613368

4 
#######

# 
#######

# 

PC 36:4(a\b)  
2622610

9 
3607064

6 
3359651

9 
3084945

9 
4074042

8 
2598104

5 

PC 36:5(a\b)  
8457746 4469000 1053916

3 
1223097

1 
1821396

8 
1413342

2 
PC 36:6  90643 126477 77173 149815 517651 412896 
PC 37:6  347978 433188 370342 552629 432609 724070 

PC 38:2  669304 651785 582201 442838 2315424 1411131 

PC 38:3  1736516 1688551 1665365 1514250 1701025 1306363 

PC 38:4(a\b\c)  
1323339

7 
1365516

4 
1339964

1 
1260683

9 
1607274

6 
1087851

0 

PC 38:5(a\b)  
1159739

7 
1282566

0 
1176486

1 
1270278

4 
1379803

8 
1155263

3 

PC 38:6(a\b)  
4665034

1 
3914471

3 
3237054

2 
4204918

7 
5515297

2 
4743606

3 
PC 38:7(a\b\c)  1229564 1536217 1084158 2296488 7134552 5990931 

PC 39:5  46447 22933 65292 43501 17696 58968 

PC 40:4(a\b)  119243 89145 55105 78041 339742 190596 

PC 40:5(a\b)  1004496 822127 751571 682274 1108126 632593 

PC 40:6  139381 192498 97457 374516 102193 23721 
PC 40:7(a\b\c)  798962 600271 650213 597620 887216 607264 
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PC 40:8  1414390 1366024 1376061 1917798 1145976 2333659 

PC(19:0/19:0)(IS)  133702 139450 134263 330669 212547 170486 

PC(O-32:0)  149356 105774 115033 73512 279688 99343 

PC(O-32:1)  24179 18356 11127 8769 9207 2778 

PC(O-32:2)  7033 7348 6700 3425 6268 6624 

PC(O-34:1)  
5568129 8901023 6618535 6853028 8081706 1068665

9 

PC(O-34:2)  
6592506 9340445 7638845 8694719 9303061 1507044

4 
PC(O-35:4)  1087604 1939726 885889 1962608 4725706 6321684 
PC(O-36:1)  1510876 2106187 1949630 1664731 3663796 5131188 

PC(O-36:2)(a\b)  
9087238 1160159

6 
1286944

5 
1334316

1 
1429053

4 
2445263

7 
PC(O-36:3)(a\b)  5108401 6253415 4769016 5983952 5564047 9801539 

PC(O-36:4)  3019851 2521008 2221934 3471658 3753811 3456294 
PC(O-36:5)  55785 82258 82004 115498 234787 445894 

PC(O-38:5)  139256 72050 59869 64634 79416 18952 
PC(O-38:6)  347978 433188 370342 552629 432609 724070 

PC(O-40:5)  46447 22933 65292 43501 17696 58968 

PC(O-40:6)  24258 20058 11587 14719 16710 6524 

PC(O-40:7)(a\b)  37602 19160 43160 25359 24469 25347 
PC(P-30:0)  30598 29781 28910 28774 103215 53999 
PC(P-32:0)  24179 18356 3533 8769 9207 2778 
PC(P-32:1)  2552 7348 2818 3425 6268 7555 

PC(P-34:0)  
5568129 8901023 6618535 6853028 8081706 1068665

9 

PC(P-34:1)  
6592506 9340445 7638845 8694719 9303061 1507044

4 
PC(P-34:2)  1156 290 579 472 985 477 
PC(P-34:3)  1099 1102 1446 871 1049 2315 

PC(P-36:2)(a\b)  5108401 6253415 4769016 5983952 5564047 9801539 

PC(P-36:3)  1737507 2242594 1788070 1374107 2619104 2526893 

PC(P-36:4)  55785 82258 82004 115498 234787 445894 

PC(P-36:5)  1696 3595 674 2384 4614 647 

PC(P-38:4)  139256 66562 57998 64634 79416 12647 

PC(P-38:5)(a\b)  347978 433188 370342 552629 432609 724070 
PC(P-38:6)  657107 735121 582349 731116 2564764 2109269 
PC(P-40:4)  46447 22933 65292 43501 17696 58968 

PC(P-40:5)(a\b)  15503 20058 11587 14719 16710 6524 

PC(P-40:6)  37602 19160 43160 25359 24469 25347 

PC(P-40:7)  10313 10989 4467 2335 4357 9409 
PE 32:0  6342 5328 5004 3642 10269 2300 

PE 32:1  7130 12601 7191 5338 21614 12021 

PE 34:1  486894 714637 508336 674164 1090700 1031325 

PE 34:2  1245786 1801320 1749895 2038640 2202879 3426318 

PE 34:3(a\b\c)  118245 200423 130116 209704 443413 445586 

PE 36:0  780 773 2038 465 59 528 

PE 36:1  138490 120312 61857 81580 342876 150508 
PE 36:2(a\b)  1239384 1245936 1368635 1553567 3156867 3551615 
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PE 36:3(a\b)  1054919 1141128 1100086 1347423 1806203 2275143 

PE 36:4  90049 82637 95433 130870 87354 180001 

PE 36:5(a\b)  156859 193911 198908 189927 547388 354836 

PE 38:3(a\b)  703434 629698 757450 433201 988191 697311 

PE 38:4  6544564 5404757 6195227 3629007 7991939 5461055 

PE 38:5(a\b)  2246372 2111808 2475133 1606016 2914854 1755168 

PE 38:6  585816 465076 533886 411312 778758 565903 
PE 40:4  66136 51619 26220 34479 106387 28316 

PE 40:5(a\b)  128282 117134 121410 70444 175891 144015 

PE 40:6  40904 39121 46494 29314 87239 41817 

PE 40:7  395041 353425 446146 245396 437710 355685 

PE(O-34:2)  23074 17973 4352 8490 38488 4246 

PE(O-36:3)(a\b)  4771 3739 1032 2463 7426 284 

PE(O-36:4)  94152 77530 29600 45806 131478 9852 

PE(O-36:5)  1552 134 311 28 66 140 

PE(O-38:4)(a\b)  69863 60875 22349 33596 196653 15447 

PE(O-38:5)(a\b)  55347 35715 27512 29819 37487 18441 

PE(O-38:6)  1096283 875007 806433 761135 946810 784275 

PE(O-40:5)  23663 15751 14515 14989 34737 23459 
PE(O-40:6)  28625 18288 14388 14265 53160 17035 

PE(P-16:0/18:1)  123310 89530 25043 50143 205914 21729 

PE(P-16:0/18:2)  12720 11767 8656 6210 10198 7157 

PE(P-16:0/20:4)  366441 206000 78804 113567 149695 14024 

PE(P-16:0/20:5)  522 1103 370 387 843 107 

PE(P-16:0/22:4)  109089 89530 32113 51558 160763 17974 
PE(P-

16:0/22:5)(a\b)  
84825 71352 30146 39468 75006 13894 

PE(P-16:0/22:6)  313299 248837 106619 151837 313318 81520 

PE(P-18:0/18:1)  8542 8302 3254 5692 59912 11135 

PE(P-18:0/18:2)  6962 8048 6993 6335 12152 10084 

PE(P-18:0/20:3)  17580 11535 4456 7735 31793 4158 

PE(P-18:0/20:4)  262668 173391 67999 101031 391096 45558 
PE(P-18:0/22:4)  5301 4502 1917 2955 28214 3064 

PE(P-
18:0/22:5)(a\b)  

17335 18850 7973 9611 35942 5798 

PE(P-18:0/22:6)  91230 71424 43359 38045 124962 37422 

PE(P-18:1/18:1)  22659 16756 8485 11424 43354 8075 

PE(P-18:1/18:2)  6301 4714 4339 2771 4857 2017 

PE(P-18:1/18:3)  279 145 22 1256 1406 1274 
PE(P-18:1/20:4)  152804 112515 50875 72538 125517 16282 

PE(P-18:1/22:4)  37727 28918 17180 19245 62523 9704 
PE(P-

18:1/22:5)(a\b)  
14836 9040 4236 5864 9416 1407 

PE(P-
18:1/22:6)(a\b)  

45619 29083 17570 20016 30278 3025 

PE(P-20:0/18:2)  181 224 1158 1133 863 720 
PE(P-20:0/20:4)  4502 3681 2329 2040 10376 2939 

PE(P-20:0/22:6)  1033 691 890 377 2491 2189 
PG 17:0 17:0 (IS)  2368566 1739906 1889266 1671774 2362171 1611665 
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PG 34:1  59137 43734 53015 18936 36563 13965 

PG 34:2  18286 17362 23158 12195 28288 17825 

PG 36:1  2177 2030 1044 1020 1315 838 

PG 36:2  12584 9519 8941 3194 2164 2522 

PI 32:0  2325 2322 1731 1625 8538 1185 

PI 32:1  1661 1808 1475 656 3219 707 

PI 34:0  714 541 690 422 433 4 
PI 34:1  17742 18501 8859 12824 37145 9925 
PI 36:1  1579 1087 757 1245 1941 412 

PI 36:2  55620 49181 45975 26795 32567 18259 

PI 36:3(a\b\c)  121024 108505 135808 58740 142655 118607 

PI 36:4  265606 279174 330831 107847 362743 195446 

PI 38:2  16702 9865 16389 3210 3581 3754 

PI 38:3(a\b)  364593 234038 369237 92194 128481 77137 

PI 38:4  2906160 1806911 2728707 753571 1217786 664276 

PI 38:5(a\b)  238403 193201 230082 98172 281522 120944 

PI 38:6  16901 13922 16389 6063 11060 11912 

PI 40:5(a\b)  16868 8363 7076 2591 6246 2427 

PI 40:6  54014 31352 58818 14388 11390 11605 
PS 36:1  715908 448756 130176 256169 654860 57048 
PS 36:2  17765 21226 12815 11629 68149 11444 

PS 38:3  60218 42535 35232 17766 58876 16253 

PS 38:4  1038783 707333 642406 306940 838669 247139 

PS 40:5  37549 52416 22474 20613 49083 11719 

PS 40:6  577463 304190 354275 143332 283229 122405 

SM 30:1  1415 1609 1336 1079 7543 4723 

SM 31:1  1053 1402 1038 899 4148 2383 

SM 32:0  2579 2980 2939 2384 7250 3656 

SM 32:1  30454 32501 28936 23751 72624 35324 

SM 32:2  1517 1754 1802 1151 4558 1767 

SM 33:1  97096 94693 84860 83082 295196 172386 
SM 34:0  164266 74655 67461 59336 57625 20939 
SM 34:1  8207908 7179796 5385055 3501400 8665844 2010867 

SM 34:2  148653 134965 93691 86310 278140 92376 

SM 36:1  2070556 1281280 483767 630744 1745520 178996 

SM 36:2  192165 159922 53346 85413 215780 18650 

SM 36:3  140 356 90 1657 472 564 

SM 37:1  2973170 4111502 3386327 3902695 4151564 7668731 

SM 37:2  3267 3533 552 302 6813 906 

SM 38:1  
7336999

2 
8349953

6 
7287285

7 
8061547

2 
6723114

5 
7720126

3 

SM 38:2  
3257996

1 
3863518

3 
1802848

4 
3576334

8 
4452816

6 
6215922

6 
SM 38:3 (a\b)  486444 999914 595393 851826 2859215 2908602 

SM 39:1  
6683749 8165515 7286663 9371973 1042007

9 
1666175

6 

SM 40:0  3716412 4202012 2739218 3749770 1421057
4 

1261667
1 
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SM 40:1  
4776087

0 
5567192

1 
5337797

9 
5844829

1 
7307440

8 
7385085

4 

SM 40:2 (a\b)  
4901989

9 
5259106

6 
4655979

0 
4253453

4 
7478319

6 
6024519

8 

SM 40:3 (a\b\c)  
4645781

9 
4793310

3 
4667653

8 
4820440

6 
5410047

8 
6648592

5 
SM 41:0  6777 19361 16783 19662 93228 88626 

SM 41:1  286882 357012 422685 362291 766987 1061556 

SM 41:2(a\b)  123783 147025 176795 174469 225146 248651 
SM 42:1  264476 279068 209258 160990 281 1198245 

SM 42:2 (a\b)  979177 1451421 1656959 1604292 4820237 3982708 
SM 44:2  4181 8141 3651 3868 32545 25208 

SM 44:3 (a\b)  58147 39473 27450 38499 77632 10628 

TG 14:0 16:0 18:2  37395 44836 33757 47494 208018 135215 

TG 14:0 16:1 18:1  27923 48835 26760 49981 140549 150690 
TG 14:0 16:1 18:2  29908 32044 29675 37469 44699 41590 

TG 14:0 18:0 18:1  6321 7242 5558 7671 13676 13204 
TG 14:0 18:2 18:2  2552 2901 2376 6198 18281 17240 

TG 14:1 16:0 18:1  9738 11705 8886 12641 28418 31662 

TG 14:1 16:1 18:0  140769 159578 120581 176411 556203 452042 

TG 14:1 18:0 18:2  2210 2043 1569 1221 10070 9417 
TG 14:1 18:1 18:1  19278 14198 16522 26807 297337 183372 
TG 15:0 18:1 16:0  28504 33423 20340 23848 57375 61160 
TG 15:0 18:1 18:1  5951 6409 5660 9068 28092 34035 

TG 16:0 16:0 16:0  358014 387776 295198 414322 569285 597313 

TG 16:0 16:0 18:0  107418 105068 117291 132113 425390 337025 

TG 16:0 16:0 18:1  107255 126817 61494 158759 739284 469054 
TG 16:0 16:0 18:2  39339 47343 28024 72029 240483 211468 

TG 16:0 16:1 18:1  168955 184633 142346 186178 1128634 593219 
TG 16:0 18:0 18:1  33899 38445 19537 46569 295500 217614 

TG 16:0 18:1 18:1  61364 88869 58456 281677 2551680 1616471 

TG 16:0 18:1 18:2  40012 53654 34258 434650 2245463 2113555 

TG 16:0 18:2 18:2  7633 10007 5715 71135 628887 663484 
TG 16:1 16:1 16:1  152818 161242 138606 162393 189827 181110 
TG 16:1 16:1 18:0  8575 11179 7635 11801 19459 17606 
TG 16:1 16:1 18:1  49677 66203 41950 76215 743127 415076 

TG 16:1 18:1 18:1  35439 38198 28328 70637 659516 369126 

TG 16:1 18:1 18:2  10355 11606 6982 36744 596174 495494 

TG 17:0 16:0 16:1  79844 150363 102291 138224 206800 224408 
TG 17:0 16:0 18:0  18347 19293 7796 12904 81514 65334 
TG 17:0 17:0 17:0 

(IS)  
4014 4492 2612 5868 32783 25337 

TG 17:0 18:1 14:0  52168 39892 40168 60433 82570 89839 

TG 17:0 18:1 16:0  16002 20963 15143 18392 49267 52532 

TG 17:0 18:1 16:1  30418 36963 28047 43162 157044 151684 

TG 17:0 18:1 18:1  4129 3776 2988 6223 27911 29210 
TG 17:0 18:2 16:0  18113 21169 15842 26403 144306 105708 

TG 18:0 18:0 18:0  79364 65791 113539 94475 1801192 1550653 
TG 18:0 18:0 18:1  16851 15800 13093 18672 61366 46541 
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TG 18:0 18:1 18:1  9099 10537 10148 16533 137176 64771 

TG 18:0 18:2 18:2  2827 3025 1956 7700 32571 38755 

TG 18:1 14:0 16:0  114813 134208 105782 126652 211225 194538 

TG 18:1 18:1 18:1  223434 287642 220552 485888 2211949 2286707 

TG 18:1 18:1 18:2  10243 15150 10548 41058 162224 196315 

TG 18:1 18:1 20:4  509 559 524 8243 64938 51374 

TG 18:1 18:1 22:6  32 52 45 6752 49115 78160 
TG 18:1 18:2 18:2  30875 36224 28151 91083 427315 565694 
TG 18:2 18:2 18:2  25161 25805 22041 74397 142319 207997 

TG 18:2 18:2 20:4  276 220 122 3653 14755 17879 

TG(O-50:1)  79844 150363 102291 138224 206800 224408 

TG(O-52:0)  15134 16168 6985 8710 76100 59664 

TG(O-52:2)  18113 21169 15842 26403 144306 105708 

Ubiquinone  696 1318 660 729 8144 1501 
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Appendix Table iv. Signal intensities for lipids detected from mice infected with 
SL3261 

Name WT_1 WT_2 WT_3 WT_4 WT_5 WT_6 WT_7 

AcylCarnitine 
12:0 

20562 15997 43170 136359 26085 158943 24607 

AcylCarnitine 
13:0 

2909 1096 7859 17759 2161 26644 2895 

AcylCarnitine 
14:0 

37010 42097 109409 170337 68130 233374 47697 

AcylCarnitine 
14:1 

58773 35872 134832 352885 71344 593473 64624 

AcylCarnitine 
14:2  

28375 13305 54339 122295 24188 231235 22400 

AcylCarnitine 
15:0  

4870 4954 15733 18092 6716 29165 5338 

AcylCarnitine 
16:0  

176261 235852 639696 587370 238463 612112 204166 

AcylCarnitine 
16:1  

46376 38886 145236 151656 88140 296200 47948 

AcylCarnitine 
17:0  

7068.83
2 

7121.30
1 

18600.1
4 

18962.0
9 

10424.7
3 

22266.7
8 

17046.0
8 

AcylCarnitine 
18:0  

32485 54945 156842 210366 26820 177069 42699 

AcylCarnitine 
18:1  

137796 159705 480441 539159 209829 779408 158019 

AcylCarnitine 
18:2  

60362 58443 223123 194538 95132 212050 52298 

CE 16:0  658 1596 694 2092 488 2498 779 
CE 16:1  1436 1310 1118 3290 603 4162 849 

CE 16:2  82 28 106 624 12 546 43 

CE 18:0  518 1086 940 1123 346 1119 394 

CE 18:1  7747 14172 11726 8271 1919 10673 7679 
CE 18:2  23575 44368 17158 9140 3650 8522 15325 
CE 18:3  1412 3150 2342 2758 518 2009 1504 

CE 20:0  1057 1739 934 2888 1455 2102 1127 

CE 20:1  1468 2656 1932 2294 1025 2304 1290 

CE 20:2  2215 4200 2638 3533 892 2449 1719 

CE 20:3  1846 3572 2378 2218 605 1363 1168 

CE 20:4  19493 55594 10221 25317 3372 5281 16985 
CE 20:5  1605 3177 1421 1095 295 192 1741 
CE 22:0  633 671 517 1217 472 1307 516 

CE 22:1  1384 2055 1485 2198 879 2415 1105 

CE 22:4  6293 22287 6543 16567 2000 7885 5645 

CE 22:5(a\b)  6296 22226 9598 20448 2369 6964 4715 
CE 22:6  24176 63040 24896 43289 6480 7815 21128 
CE 24:0  1261 913 879 2038 901 2212 908 

CE 24:1  3895 4591 3662 4103 2203 4368 2886 

CE 24:4  10235 39842 13073 12082 6265 4679 9909 

CE 24:5  1381 4311 1369 3912 485 1665 823 

CE 24:6  576 1491 715 1783 294 244 285 

Cer(d16:1/24:1)  690 1243 2977 1055 354 745 344 
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Cer(d17:1/16:0)  11620 32683 34938 4644 6062 5775 7465 

Cer(d17:1/18:0)  402 447 230 471 401 273 345 

Cer(d17:1/20:0)  64 163 134 300 29 148 70 

Cer(d18:1/14:0)  460 1176 1286 25 295 34 327 

Cer(d18:1/16:0)  3481 4726 4828 62 875 204 2545 

Cer(d18:1/18:0)  394 675 683 140 206 585 653 

Cer(d18:1/20:0)  4141 13896 16538 23284 2877 8610 5591 
Cer(d18:1/22:0)  37360 108602 163341 100653 12372 41950 36111 
Cer(d18:1/24:0)  107514 326004 453176 87349 38715 74420 105488 

Cer(d18:1/24:1)  169430 418972 775430 325048 30575 135237 154453 

Cer(d18:1/26:0)  1277 2289 2947 7323 1699 4726 1361 

Cer(d18:2/16:0)  12920 41680 30843 5594 8798 2270 21362 

Cer(d18:2/18:0)  2210 11745 13849 5529 1629 1875 5140 

Cer(d18:2/20:0)    567 160 1260 82 1003 82 

Cer(d18:2/22:0)  2099 6294 5359 8467 703 2223 2018 

Cer(d18:2/26:0)  1709 1865 1856 2067 2034 1384 1763 

Cer(d19:1/20:0)  844 796 936 632 804 76 126 

Cer(d19:1/24:0)  443 1200 2221 613 738 964 497 

Cer(d19:1/26:0)  640 523 440 1021 1087 867 620 
Cer(d20:1/22:0)  3565 2754 3714 170 3278 4243 3468 
Cer(d20:1/24:0)  2392 4565 23895 14925 2625 16172 3570 

Cer(d20:1/24:1)  4455 8711 29231 4895 4451 7819 5636 

Cer(d20:1/26:0)  2030 2764 5101 3298 4779 2271 2245 

DG 30:0 -(14:0)  55061 54805 48675 3923 63564 6889 71320 

DG 32:0 -(16:0)  
132564

9 
131538

4 
140412

2 
30341 135335

3 
44587 134727

7 
DG 34:1 -(18:1)  23623 37149 52119 53387 19444 54086 28431 
DG 34:2 -(18:2)  9626 17374 16572 15600 4490 16361 6221 

DG 36:1 -(18:1)  12796 12960 14532 13132 13681 9824 13863 

DG 36:2 -(18:2)  9399 17579 17124 3579 2646 4870 8405 

DG 36:3 -(18:2)  9126 13326 10707 18585 7472 24209 7728 

DG 36:4 -(18:2)  8345 11639 11510 4472 5578 7027 7205 
DG 36:4 -(18:3)  2335 3536 2679 2387 1955 3272 2354 

DG 36:4 -(20:4)  4025 14102 6735 440 327 1364 4324 

DG 38:4 -(20:4)  26522 113383 43895 3621 1505 11060 35360 

DG 38:5 -(20:4)  4778 7750 3902 169 764 1021 3145 

DG 38:5 -(22:5)  13531 13684 17476 542 15110 1181 16924 

DG 38:6 -(20:4)  4921 8700 7398 107 2706 172 3075 
DG 38:6 -(22:6)  5349 11959 8005 316 357 1719 3970 

DG-D5 (IS)  52349 51312 54715 148210 55318 184470 55127 

dhCer 24:0  1167 2753 3469 1366 1128 1183 1234 

dhCer 24:1  2834 6625 7951 2038 1446 807 3224 

GM1(d18:1/16:0)  1594 1014 2101 45 1737 16 1966 

GM3(d18:1/16:0)  2657 4637 11565 852 403 444 2015 
Hex1Cer(d16:1/2

0:0)  
838 685 814 709 819 806 806 

Hex1Cer(d18:1/1
8:0)  

2177 4254 3943 416 717 385 804 
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Hex1Cer(d18:1/2
0:0)  

1365 3218 4130 790 473 974 1527 

Hex1Cer(d18:1/2
2:0)  

2034 4509 11187 5057 800 3030 2052 

Hex1Cer(d18:1/2
4:0)  

6496 11900 29321 10045 2544 3037 4901 

Hex1Cer(d18:1/2
4:1)  

15206 19087 46359 18164 2520 11124 7321 

Hex2Cer(d18:1/2
4:0)  

965 4673 3642 1862 530 599 1054 

Hex2Cer(d18:1/2
4:1)  

3 356 697 13 32 23 35 

LPC 14:0  10620 12538 39681 54052 26132 31855 10276 
LPC 15:0  9203 10697 39277 68014 25002 38847 10847 

LPC 16:0  
184146

2 
247199

9 
684849

0 
152467

83 
334345

8 
752056

3 
183786

6 
LPC 16:1  69707 118615 519164 724767 458537 226058 128035 

LPC 18:0  
589760 769291 159883

0 
565409

6 
888828 247493

2 
523075 

LPC 18:1  
546143 109870

8 
360322

3 
637499

3 
279799

1 
174931

7 
877329 

LPC 18:2  
109134

2 
190574

3 
567797

6 
152735

59 
507652

8 
276320

6 
124329

5 
LPC 18:3  16997 40310 112460 536725 171872 62413 28483 

LPC 18:3(104)  41199 63671 245259 676748 139013 362507 44817 

LPC 20:0  7193 7680 25032 36218 8322 22842 6906 

LPC 20:1  14402 11277 44750 36488 12805 29066 9807 

LPC 20:2  23047 22166 86940 59949 34628 37145 16744 

LPC 20:3  75308 102330 390988 577237 212866 145272 68377 

LPC 20:4  
300978 577677 144688

3 
406148

8 
125202

0 
580473 323591 

LPC 20:5  15581 29177 93318 497893 114672 51992 22701 

LPC 22:0  2119 2596 8637 11456 2082 7924 2242 

LPC 22:1  1501 1634 6144 4870 1323 3603 1484 

LPC 22:4  7414 16166 36554 21038 21177 8267 8058 

LPC 22:5(104)  4089 8507 12652 125983 27867 17589 3689 
LPC 22:5(a\b\c)  13844 29764 76937 173812 48879 18061 16675 

LPC 22:6  
140170 243256 625908 275472

0 
573536 302921 133088 

LPC 24:0  2845 4824 21169 14203 2829 8934 4042 

LPC(O-16:0)  31385 35807 108889 131011 33736 77803 24118 
LPC(O-18:0)  19683 19765 65682 43931 17550 25044 13623 

LPC(O-18:1)  34964 33941 96872 41941 32956 27743 20873 
LPC(O-20:0)  34126 34153 68291 67245 40583 50412 32171 

LPC(O-20:1)  1929 2122 5304 5885 2856 3965 1439 

LPC(O-22:0)  502 527 1563 1096 437 887 448 

LPC(O-24:0)  409 757 1993 1997 407 1034 545 

LPC(O-24:1)  267 425 767 384 202 255 272 
LPC(O-24:2)  279 284 941 1336 230 883 225 
LPC(P-16:0)  1917 1417 1565 4183 2244 3568 7934 

LPC(P-18:0)  30543 32122 89652 38227 32828 24182 20129 



247 
 

LPE 16:0  41942 62676 173985 305413 93442 88141 27459 

LPE 18:0  35836 56568 126833 140416 52758 62885 21688 

LPE 18:1  23462 29872 95685 114870 41870 44526 15876 

LPE 18:2  14969 19361 75223 190253 41080 28604 10385 

LPE 20:4  17102 34475 98740 104230 36525 15112 16078 

LPE 22:6  11795 24483 61708 127443 29387 15011 10970 

LPE(P-16:0)  2688 4972 7173 3568 4242 3077 2029 
LPE(P-18:0)  2934 5001 10016 2271 3765 1828 2033 
LPE(P-18:1)  773 1386 1768 821 1030 602 581 

LPE(P-20:0)  444 415 977 264 239 230 148 

LPI 18:0  3008 3895 8128 1221 584 862 1563 

LPI 18:1  1274 824 3788 2128 405 1448 959 

LPI 18:2  879 955 3143 5096 898 3579 1473 

LPI 20:4  10458 10492 35860 41529 8218 23533 12698 
oxCE 18:2 +2O 

NH4  
1997 1773 1653 3612 1142 3720 2039 

PC 30:0  
410924 765891 122605

4 
137842

7 
299986 722324 267178 

PC 31:1  35505 85310 87246 7236 22186 27707 48007 

PC 32:0  
467926

4 
894367

1 
230219

60 
107965

90 
265249

0 
634551

0 
434413

1 

PC 32:1  
132967

93 
116170

79 
334573

64 
301649

91 
173524

99 
332049

88 
223349

18 

PC 32:2  
640292 419328 271120

7 
721169

8 
468423 378723

7 
853361 

PC 34:0  
655613

6 
660080

7 
111713

40 
166627

36 
666332

5 
153573

96 
900413

6 

PC 34:1  
111507

11 
900478

8 
123106

00 
167034

75 
978791

1 
156103

99 
113202

01 

PC 34:2  
987794

79 
907569

27 
######

## 
######

## 
######

## 
######

## 
######

## 

PC 34:3(a\b\c)  
656443

0 
596881

5 
352210

13 
######

## 
505084

8 
595111

54 
841533

2 

PC 34:4  
323086 315903 125306

2 
453711

3 
289770 199364

8 
457896 

PC 34:5  4871 5372 22864 71079 4427 31768 8583 

PC 35:4  
271098 301274 107683

2 
296704

4 
161666 113346

6 
288936 

PC 35:5  20942 18520 59307 267102 16805 93113 25439 

PC 36:0  
161789 229494 694249 255832

8 
149332 755174 181843 

PC 36:1  
166157

8 
249131

1 
647722

9 
259748

80 
173129

4 
839016

3 
203872

4 

PC 36:2(a\b)  
167859

32 
141351

32 
615479

37 
######

## 
143219

83 
738680

31 
162575

79 

PC 36:3(a\b\c)  
298233

82 
171613

10 
558581

43 
######

## 
139660

72 
892419

15 
245306

78 

PC 36:4(a\b)  
259793

11 
332799

56 
353081

30 
321713

64 
246864

85 
301141

68 
295842

49 

PC 36:5(a\b)  
186734

8 
237367

7 
741979

0 
392839

78 
165455

5 
110964

15 
241412

6 
PC 36:6  46630 40744 192044 524397 30126 235030 58573 
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PC 37:6  49369 56750 185786 776428 20514 309517 51446 

PC 38:2  
374788 611270 127660

6 
227970

1 
184142 104955

1 
331206 

PC 38:3  
782141 122970

4 
324862

7 
127755

0 
384461 219880

9 
526520 

PC 38:4(a\b\c)  
232787

5 
585363

0 
102737

57 
103179

37 
167550

5 
594361

2 
233801

2 

PC 38:5(a\b)  
765133

8 
100397

46 
146089

64 
170672

64 
489100

9 
999076

3 
782643

8 

PC 38:6(a\b)  
161561

31 
199509

34 
266674

69 
495718

07 
949488

4 
280783

07 
119477

76 

PC 38:7(a\b\c)  
241038 212810 837126 316764

8 
126339 113943

3 
239380 

PC 39:5  7751 43516 46923 56714 11972 12087 14788 

PC 40:4(a\b)  56578 135815 96206 126753 35811 40272 26008 

PC 40:5(a\b)  
571015 118039

2 
137873

1 
758521 302761 495333 407096 

PC 40:6  117209 254177 632540 360522 16678 420066 105090 

PC 40:7(a\b\c)  
109888

7 
138595

0 
216796

9 
927524 399458 107833

1 
769116 

PC 40:8  
225958 374252 103754

3 
131772

7 
79571 527483 139972 

PC(19:0/19:0)(IS
)  

48709 51869 86478 105246 66916 79107 47803 

PC(O-32:0)  77015 148330 574531 90942 63351 68399 121025 

PC(O-32:1)  35505 85310 78810 40485 21521 23439 44847 

PC(O-32:2)  3988 8552 22768 2292 5001 6129 6791 

PC(O-34:1)  
252024

3 
239501

2 
703602

2 
112051

14 
258923

1 
102503

33 
454080

0 

PC(O-34:2)  870650 672627 317410
3 

926920
4 

566721 622277
7 

917772 

PC(O-35:4)  
337130 320563 130301

0 
441746

1 
295467 199364

8 
457896 

PC(O-36:1)  
187795 169092 960522 199094

1 
84384 765665 235370 

PC(O-36:2)(a\b)  
852990 831682 320117

0 
115064

67 
683526 501656

0 
889977 

PC(O-36:3)(a\b)  
134717

7 
822803 208209

0 
347180

4 
756333 473721

9 
132247

0 

PC(O-36:4)  
330425 341226 133699

3 
458011

5 
163229 223828

0 
381363 

PC(O-36:5)  20942 18520 59307 267102 16805 93113 25439 
PC(O-38:5)  276592 517664 435801 10263 159010 35335 165031 

PC(O-38:6)  49369 56750 187620 776428 20514 309517 51446 

PC(O-40:5)  7751 43516 46923 24281 2187 12087 14788 

PC(O-40:6)  15281 54019 68257 7830 14854 11643 14341 
PC(O-40:7)(a\b)  29918 46267 26101 24302 46869 39680 44448 

PC(P-30:0)  10381 15519 40033 35285 5912 14070 10048 
PC(P-32:0)  35505 85310 54627 7236 11450 3313 33988 

PC(P-32:1)  3988 8552 22768 3862 5001 6129 6791 

PC(P-34:0)  
252024

3 
239501

2 
703602

2 
112051

14 
258923

1 
102503

33 
454080

0 
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PC(P-34:1)  
617662 553036 256967

7 
926920

4 
357346 541810

3 
769444 

PC(P-34:2)  5135 6549 9500 418 1014 1207 4844 
PC(P-34:3)  599 4769 12700 150 1218 1038 262 

PC(P-36:2)(a\b)  
134717

7 
822803 208209

0 
347180

4 
756333 473721

9 
134479

8 

PC(P-36:3)  
205731 212652 896611 279268

2 
115208 104999

6 
187351 

PC(P-36:4)  20942 18520 59307 267102 16805 93113 25439 
PC(P-36:5)  78 531 4272 3330 29 4801 205 
PC(P-38:4)  282195 517664 481560 31787 169089 35335 165031 

PC(P-38:5)(a\b)  49369 56750 187620 776428 20514 309517 51446 

PC(P-38:6)  
161789 229494 694249 255832

8 
149332 755174 181843 

PC(P-40:4)  7751 43516 46923 24281 2187 12087 14788 

PC(P-40:5)(a\b)  39456 54019 68257 7830 14854 11643 14341 
PC(P-40:6)  29918 46267 26101 24302 46869 39680 44448 
PC(P-40:7)  73522 42404 7086 4685 55346 6613 65539 

PE 32:0  14212 24539 21897 10855 6839 4932 9618 

PE 32:1  81293 62224 195671 71501 42480 88407 68201 

PE 34:1  
848603 646335 301850

3 
332988

3 
319212 230165

2 
516989 

PE 34:2  
102037

3 
984372 251426

9 
504638

4 
435646 180645

1 
642091 

PE 34:3(a\b\c)  83738 79843 340341 704005 37506 251993 60880 
PE 36:0  3544 2099 208 125 9957 56 3816 

PE 36:1  52299 113206 304518 214496 23130 112512 66079 

PE 36:2(a\b)  
466911 623306 212127

5 
251720

4 
143466 826904 281651 

PE 36:3(a\b)  
420335 372248 165705

2 
135346

8 
65907 870091 205969 

PE 36:4  55367 43309 81096 50265 10326 30071 24172 
PE 36:5(a\b)  41055 71500 349612 360798 11912 114132 31137 

PE 38:3(a\b)  104487 300967 668944 298060 31658 108263 95444 

PE 38:4  
115930

3 
337325

9 
701799

9 
339699

2 
314226 110649

3 
999249 

PE 38:5(a\b)  
726514 103035

8 
326092

3 
126545

2 
134016 785896 580366 

PE 38:6  
107638

4 
181033

2 
209832

2 
607545 275595 421784 575890 

PE 40:4  27008 70572 94188 26451 15952 13253 17618 
PE 40:5(a\b)  23520 80795 217788 91726 8999 26066 20882 

PE 40:6  1437 12409 88406 27106 927 14141 1529 

PE 40:7  301408 386778 702250 157596 43257 103641 137470 

PE(O-34:2)  2917 8110 15088 4858 1272 2732 3552 

PE(O-36:3)(a\b)  1097 1234 11574 1936 796 878 3575 

PE(O-36:4)  21806 89459 205375 47986 19923 39474 79853 

PE(O-36:5)  44 217 880 111 1254 1109 331 
PE(O-38:4)(a\b)  11547 52211 94581 45320 7503 24551 35278 

PE(O-38:5)(a\b)  32932 54771 94935 22054 26748 33175 31947 
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PE(O-38:6)  
103704

8 
100190

3 
991453 799284 891774 869894 935140 

PE(O-40:5)  11466 15279 26126 18659 7590 15926 8529 
PE(O-40:6)  7383 16653 34022 14392 7297 10885 10666 

PE(P-16:0/18:1)  10260 39127 49408 24347 5681 13542 16654 

PE(P-16:0/18:2)  8781 13676 11394 2823 6292 4417 8825 

PE(P-16:0/20:4)  150017 378219 348745 31891 70433 33104 109326 

PE(P-16:0/20:5)  1384 1179 2715 216 320 140 483 
PE(P-16:0/22:4)  22669 60088 128885 19907 11415 9561 14934 

PE(P-
16:0/22:5)(a\b)  

31459 72232 70913 9437 12653 8811 21078 

PE(P-16:0/22:6)  79276 219690 358829 122255 38156 71234 84563 

PE(P-18:0/18:1)  2010 4721 8104 9582 1044 9195 3311 

PE(P-18:0/18:2)  3403 6100 19510 4668 2948 4978 4560 

PE(P-18:0/20:3)  2355 8074 13041 4625 1354 2431 2926 
PE(P-18:0/20:4)  51852 138550 220466 55337 25410 34541 49287 

PE(P-18:0/22:4)  1065 4656 4467 2843 565 1640 618 
PE(P-

18:0/22:5)(a\b)  
4677 13322 15497 4445 2318 2782 3659 

PE(P-18:0/22:6)  28693 70786 107745 35425 11733 18566 20467 

PE(P-18:1/18:1)  3132 8150 14410 1518 776 805 3378 
PE(P-18:1/18:2)  2066 4328 9701 1295 456 1102 2332 
PE(P-18:1/18:3)  1203 1534 543 1169 1144 1080 1372 
PE(P-18:1/20:4)  52081 123400 156647 29859 18881 16629 44433 

PE(P-18:1/22:4)  10227 16212 50855 5069 1847 2237 6511 
PE(P-

18:1/22:5)(a\b)  
3484 2870 12000 1397 849 1223 2342 

PE(P-
18:1/22:6)(a\b)  

25710 59656 62303 11482 8254 10137 21856 

PE(P-20:0/18:2)  1016 1114 570 238 919 1041 1076 

PE(P-20:0/20:4)  1395 2554 5309 2411 316 1366 273 

PE(P-20:0/22:6)  152 520 538 606 146 266 159 
PG 17:0 17:0 

(IS)  
393125

2 
439675

3 
353593

8 
214655

3 
515626

5 
201254

4 
442280

1 
PG 34:1  38256 105456 179979 10405 11799 12264 41917 

PG 34:2  7869 20891 45253 9757 2231 3576 11241 
PG 36:1  2890 5937 3418 497 1536 354 2891 
PG 36:2  14735 22299 29985 1951 4389 1134 4866 

PI 32:0  615 2900 8797 2054 804 1133 1527 

PI 32:1  2222 4086 22479 622 1457 361 2516 

PI 34:0  2484 6158 2535 69 3259 301 2496 

PI 34:1  19801 39488 187546 14143 9076 7701 20802 

PI 36:1  4101 10065 14921 571 4040 1155 5835 
PI 36:2  45607 86428 268701 11298 17732 19210 35206 

PI 36:3(a\b\c)  73148 116257 457392 23314 16962 14230 52379 

PI 36:4  
241201 369849 133784

8 
79886 59531 44720 155066 

PI 38:2  25346 32100 31512 321 8452 815 14360 

PI 38:3(a\b)  177948 228367 220899 3616 67576 8489 114565 



251 
 

PI 38:4  
124027

9 
270136

9 
447501

5 
282974 361600 372122 899301 

PI 38:5(a\b)  149308 194063 685105 40393 24652 28351 75338 
PI 38:6  14815 28570 61318 5136 4545 2114 11049 

PI 40:5(a\b)  32211 52562 58181 2212 9722 3051 20105 

PI 40:6  14360 36583 102132 5808 6036 3720 15580 

PS 36:1  120309 405184 999936 172408 68398 152800 255582 

PS 36:2  162920 27889 390921 29889 63162 30482 109949 
PS 38:3  12138 20549 35706 9652 2839 8676 11229 

PS 38:4  
575171 124240

0 
166460

3 
244371 155513 152727 530836 

PS 40:5  54616 86020 134132 6500 15923 9325 30950 

PS 40:6  
435235 863878 175675

9 
273187 99882 100506 307893 

SM 30:1  289 219 676 1516 438 1209 193 
SM 31:1  214 179 650 1331 174 940 161 

SM 32:0  787 1095 3664 3632 559 1793 776 
SM 32:1  8606 11909 38805 39404 7312 20107 9194 

SM 32:2  220 199 443 1770 267 890 275 

SM 33:1  34293 48561 118436 102378 20924 45324 32636 

SM 34:0  356464 880331 398444 43403 298367 57109 346864 

SM 34:1  
382701

2 
101261

74 
241657

39 
728033

6 
219178

3 
409472

1 
404529

1 
SM 34:2  24927 53908 81892 72645 34906 34776 37296 

SM 36:1  
218415 949903 115818

6 
289170 126621 328735 399487 

SM 36:2  23920 76671 56634 31020 27120 23174 44817 

SM 36:3  75 77 334 1039 296 747 116 

SM 37:1  
289532 231145 122751

9 
417021

1 
178699 279748

5 
377238 

SM 37:2  3307 3735 12510 8023 9275 16574 11770 

SM 38:1  
538789

63 
439337

28 
710620

96 
734750

02 
485745

33 
866535

12 
510599

91 

SM 38:2  
165536

5 
231550

9 
703367

9 
150125

77 
698006 201041

45 
281538

0 

SM 38:3 (a\b)  
106175 111984 435658 157760

0 
100976 558155 159084 

SM 39:1  
257909 535700 177674

8 
683379

2 
451468 320831

5 
677520 

SM 40:0  
762686 134931

3 
384900

2 
149195

43 
944205 464841

6 
112273

0 

SM 40:1  121350
86 

125573
68 

363159
14 

765778
45 

786745
5 

506098
83 

100798
87 

SM 40:2 (a\b)  
216428

83 
121469

94 
479235

18 
747625

82 
863851

4 
580802

41 
177273

90 

SM 40:3 (a\b\c)  
162616

49 
182106

75 
222302

55 
453305

58 
119220

53 
234699

40 
147428

78 
SM 41:0  2628 5147 12547 78375 4169 34765 4546 

SM 41:1  44140 45718 116979 328111 25420 119981 33678 

SM 41:2(a\b)  134216 94529 222397 290185 52024 278017 100122 
SM 42:1  29599 47626 154200 396941 16935 218111 26951 
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SM 42:2 (a\b)  
304209 69227 160220

5 
527648 121530 448006 140891 

SM 44:2  3004 4387 6819 6547 1186 5450 1343 
SM 44:3 (a\b)  41378 111179 208514 98222 27069 39634 27142 
TG 14:0 16:0 

18:2  
45351 280656 54636 109198 37270 99748 56708 

TG 14:0 16:1 
18:1  

40925 82617 42717 99978 41822 85248 29516 

TG 14:0 16:1 
18:2  

36367 64529 37687 30132 29606 26145 38082 

TG 14:0 18:0 
18:1  

10901 11541 9225 25984 8402 23884 11071 

TG 14:0 18:2 
18:2  

8972 14741 10249 3139 2977 2046 11391 

TG 14:1 16:0 
18:1  

1073 9960 1078 23543 6118 22455 10753 

TG 14:1 16:1 
18:0  

145187 394806 164868 416507 141344 395661 153915 

TG 14:1 18:0 
18:2  

2208 3714 1604 7971 1998 5147 4325 

TG 14:1 18:1 
18:1  

36758 113044 36638 68448 21652 48023 40086 

TG 15:0 18:1 
16:0  

27417 32293 21522 69038 24465 62719 27771 

TG 15:0 18:1 
18:1  

7916 9374 8300 18446 6739 16545 9554 

TG 16:0 16:0 
16:0  

354302 651881 323094 594029 381494 537906 384126 

TG 16:0 16:0 
18:0  

96122 152292 64669 80389 114630 81492 135376 

TG 16:0 16:0 
18:1  

229233 497726 234730 333723 117811 392545 252434 

TG 16:0 16:0 
18:2  

96659 214137 105548 77572 35872 69346 103839 

TG 16:0 16:1 
18:1  

299803 728780 405311 307185 166277 292536 357944 

TG 16:0 18:0 
18:1  

58989 102577 57085 104020 29634 90757 70835 

TG 16:0 18:1 
18:1  

332529 556921 411839 240491 78873 258876 383208 

TG 16:0 18:1 
18:2  

395508 584570 429499 136642 65454 45068 395449 

TG 16:0 18:2 
18:2  

64004 63884 69310 27730 8782 19305 63362 

TG 16:1 16:1 
16:1  

164642 400462 154423 157679 152070 122381 159168 

TG 16:1 16:1 
18:0  

10687 18602 9738 20306 9233 18134 10688 

TG 16:1 16:1 
18:1  

83060 10132 18753 192152 47306 133877 63614 

TG 16:1 18:1 
18:1  

102956 268326 147716 86050 41236 81911 106998 

TG 16:1 18:1 
18:2  

36649 88935 43745 28950 8079 17474 43963 
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TG 17:0 16:0 
16:1  

126010 138956 99039 323630 58948 275491 128171 

TG 17:0 16:0 
18:0  

17495 10412 8625 25787 6706 24399 9065 

TG 17:0 17:0 
17:0 (IS)  

4026 4902 2241 11817 3847 13608 6767 

TG 17:0 18:1 
14:0  

45500 40472 27919 121820 54496 115035 53661 

TG 17:0 18:1 
16:0  

15423 20553 16020 43925 18317 56173 15820 

TG 17:0 18:1 
16:1  

42875 44401 33898 105085 31791 90302 43910 

TG 17:0 18:1 
18:1  

6037 8825 5393 12113 3303 12862 7322 

TG 17:0 18:2 
16:0  

30213 43219 30118 55489 18516 52911 32235 

TG 18:0 18:0 
18:0  

126333 109061 84782 25877 105777 26279 136170 

TG 18:0 18:0 
18:1  

27594 28487 26235 43267 14976 41378 26043 

TG 18:0 18:1 
18:1  

52359 49239 34986 85921 25143 87877 40204 

TG 18:0 18:2 
18:2  

17267 18101 15701 10920 4015 10145 18701 

TG 18:1 14:0 
16:0  

134572 165325 130447 214477 107872 177317 121058 

TG 18:1 18:1 
18:1  

547882 621063 369173 737655 262566 771171 579090 

TG 18:1 18:1 
18:2  

54318 53396 45926 31891 14839 29643 57156 

TG 18:1 18:1 
20:4  

41614 64227 75259 2114 1803 1315 33749 

TG 18:1 18:1 
22:6  

13811 21949 17073 1136 564 486 10540 

TG 18:1 18:2 
18:2  

125054 135171 103443 86337 36634 61232 123221 

TG 18:2 18:2 
18:2  

94435 80861 91217 32517 28325 22246 124334 

TG 18:2 18:2 
20:4  

20088 33705 33587 1089 985 367 15725 

TG(O-50:1)  126010 138956 99039 323630 116450 275491 128171 

TG(O-52:0)  17495 10412 8625 25787 6706 24399 9065 

TG(O-52:2)  30213 43219 30118 55489 18516 52911 32235 
Ubiquinone  1334 2179 2446 10380 401 4509 1245 
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