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Summary 

 

Enterococcus faecalis is commonly isolated from single- and mixed-species 

biofilm-associated wound infections. As a defense strategy, the host innately 

restricts iron availability at infection sites. Despite E. faecalis prevalence in 

wounds, the mechanism of E. faecalis wound pathogenesis during single- and 

mixed-species wound infection are poorly understood. The overall aim of this 

dissertation is to understand the mixed-species interactions of E. faecalis with 

commonly co-isolated Pseudomonas aeruginosa in biofilms under iron-

restricted conditions, as well as to determine and explore the genetic 

determinants that contributes to E. faecalis wound pathogenesis. To achieve 

the first aim, the mixed-species interactions were explored in biofilm conditions, 

and I found that E. faecalis inhibits P. aeruginosa growth within biofilms when 

iron is restricted. E. faecalis lactate dehydrogenase (encoded by ldh1) gives rise 

to L-lactate during fermentative growth and I found that an E. faecalis ldh1 

mutant fails to inhibit P. aeruginosa growth. Additionally, ldh1 expression was 

induced under iron-restricted conditions, resulting in increased lactic acid 

exported and consequently, a reduction in the local environmental pH which 

contributes to P. aeruginosa growth inhibition. To achieve the second aim, in 

vivo E. faecalis transposon and RNA sequencing were performed to identify 

genetic determinants that are crucial for acute replication and persistence of E. 

faecalis during wound infection. I found that E. faecalis purine biosynthesis 

genes were important for bacterial replication during the early stages of wound 

infection, a time when purine metabolites are also low within wounds as 

quantified by liquid chromatography-mass spectrometry. I also identified the E. 



 xxi 

faecalis MptABCD phosphotransferase system, involved in the import of 

galactose and mannose, is crucial for E. faecalis persistence within wounds 

where carbohydrate availability also changes during the course of infection. 

During in vitro growth with mannose as the sole carbohydrate source, shikimate 

and purine biosynthesis genes were downregulated in the E. faecalis OG1RF 

∆mptD mutant compared to the isogenic wild-type strain, indicating that 

mannose transport, shikimate and purine biosynthesis are linked. Overall, these 

findings emphasize the importance of the wound microenvironment during 

single- and mixed-species wound infection, and how manipulation of the 

microenvironment can affect the pathogenesis of an infection.  



 

 1 

Chapter 1 – Literature Review 

 

1.1 Enterococcus faecalis during infections 

1.1.1 Epidemiology of enterococci 

Enterococci are Gram-positive, diplococci, and commensal bacteria of 

the human gastrointestinal (GI) tract. Enterococci are also opportunistic 

pathogens that are implicated in several types of infections (Arias & Murray, 

2012). Enterococci are resilient to environmental stressors encountered in their 

natural and opportunistic infection environments, such as bile salts and high salt 

conditions (Arias & Murray, 2012; Flahaut et al., 1996). Moreover, enterococci 

are inherently resistant to certain antibiotics such as aminoglycosides, 

cephalosporins, and lincosamides (Hollenbeck & Rice, 2012). The two main 

Enterococcus spp. that account for most enterococcal infections in humans are 

E. faecalis and E. faecium (Higuita & Huycke, 2014; Kristich et al., 2014).  

 

Among hospital-acquired infections, E. faecalis is the top three most 

common pathogen (Hidron et al., 2008) responsible for approximately 15% of 

catheter-associated urinary tract infection (CAUTI), 5 – 15% of infective 

endocarditis, and is often co-isolated from mixed-species chronic wounds 

(Gjødsbøl et al., 2006; Higuita & Huycke, 2014; Peng et al., 2018). Each of these 

infection types is biofilm-associated, which confers additional antibiotic 

tolerance to the bacteria (Ch’ng et al., 2019; Donlan & Costerton, 2002). Due to 

E. faecalis intrinsic and acquired resistance against a range of antibiotics, 

infections are also harder to treat (Hollenbeck & Rice, 2012).  
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1.1.2 E. faecalis wound infection 

Wound infections affect approximately 11 million people worldwide 

(Demidova-Rice et al., 2012) and about 20 billion USD is spent yearly on 

treatment (Sen et al., 2009), which impose a substantial economic burden to 

both patients and the healthcare system. Wounds are broadly classified as 

acute or chronic. Although acute wounds heal in an expected time course while 

chronic wounds are perturbed during the wound healing process(es), both are 

prone to colonization by a diversity of microorganisms such as enterococci 

(Bowler et al., 2001). E. faecalis can colonize a range of wound types including 

diabetic wounds, chronic ulcers (pressure and venous) and surgical sites (Dowd 

et al., 2008; Dworniczek et al., 2012; Fisher & Phillips, 2009; Giacometti et al., 

2000; Shettigar et al., 2018), and form antibiotic tolerance-associated biofilm 

microcolonies on the wound bed (Chong et al., 2017; James et al., 2008), 

rendering E. faecalis wound infections difficult to treat.  

 

1.1.2.1 E. faecalis wound infection dynamics 

Based on a mouse excisional wound infection model, Chong et al. (2017) 

demonstrated that E. faecalis undergoes an acute replication within wounds 

during the first 8 h post-infection (hpi), followed by a continuous tapering of 

bacterial colony-forming unit (CFU) until 3 days post-infection (dpi), after which 

the bacterial load was maintained at 105 CFU until 7 dpi (Chong et al., 2017). In 

the same study, E. faecalis multiple peptide resistance factor (MprF) was 

identified as a genetic determinant involved in E. faecalis persistence in wounds, 

in which OG1RF mprF deletion mutant was significantly less fit compared to 
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parental wild-type OG1RF in a competitive infection at 3 dpi (Chong et al., 2017). 

To date, besides MprF, no other genetic determinants have been reported that 

contribute to E. faecalis replication (8 hpi) and/or persistence (3 dpi) during 

wound infection.  

 

1.1.2.2 E. faecalis and its “partners-in-crime” during wound infection 

In addition to E. faecalis, wounds also often contain other pathogens 

such as Pseudomonas aeruginosa, Staphylococcus aureus, Corynebacterium 

spp, and Enterobacteriaceae spp (Bowler et al., 2001; Citron et al., 2007; 

Giacometti et al., 2000; Gjødsbøl et al., 2006). Therefore, wound infections are 

typically polymicrobial in nature (Bowler et al., 2001; Frank, D. N. et al., 2009; 

Mertz, 2003; Pastar et al., 2013), and exist mainly as biofilms (Black, C. E. & 

Costerton, 2010; Ebright, 2005; Serralta et al., 2001). Such polymicrobial 

biofilms can escape the host immune responses, thus enabling the survival and 

persistence of infecting microbes in wounds, and ultimately hindering wound 

healing (Hall-Stoodley & Stoodley, 2009). An example is the delay of wound 

closure and higher levels of gentamicin tolerance in P. aeruginosa observed 

following E. faecalis co-infection with S. aureus, P. aeruginosa, and Finegoldia 

magna compared to single-species infection (Dalton et al., 2011). Moreover, 

wounds which consist of four or more bacterial species correlate positively with 

non-healing phenotypes (Davies et al., 2007; Trengove et al., 1996).  

 

Although infected wounds often contain a polymicrobial community, most 

studies have been limited to single-species wound infection models (Chhibber 

et al., 2020; Harrison-Balestra et al., 2003; Hoffmann et al., 2020), and only few 
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have explored the mixed-species interactions between the most commonly co-

isolated wound bacteria: S. aureus and P. aeruginosa (DeLeon et al., 2014; 

Pastar et al., 2013) as well as E. faecalis and Escherichia coli (Keogh et al., 

2016). Mixed-species interactions between methicillin-resistant S. aureus 

USA300 and P. aeruginosa result in delayed wound re-epithelization in a 

porcine wound model through downregulation of keratinocyte growth factor 1 

(KGF1) and induced expression of USA300 virulence factors a-hemolysin and 

Panton-Valentine leucocidin (Pastar et al., 2013). In another example, E. 

faecalis augments E. coli growth during wound infection through the export of E. 

faecalis L-ornithine which signals E. coli enterobactin biosynthesis under iron-

restricting conditions, promoting mixed-species wound infection pathogenesis 

(Keogh et al., 2016). Understanding how pathogens interact during wound 

infections may provide more informed and effective treatment strategies, as well 

as identifying novel therapeutic targets for combating complex infections. 

 

1.1.3 E. faecalis in vivo biofilm 

Most bacteria can adopt two lifestyles: planktonic or sessile (biofilm) 

(Flemming et al., 2016). Bacteria biofilms are defined as an assembly of surface-

associated communities of single or multiple bacterial species that are 

frequently embedded in a self-produced extracellular polymeric substances 

matrix (Vert et al., 2012). In humans, most infections are often biofilm-

associated, and when bacteria adopt the biofilm lifestyle within the host, the 

infection usually becomes harder to treat (Jamal et al., 2018).  
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Enterococcal biofilms are implicated in several infections such as 

infective endocarditis, CAUTI, GI tract colonization, and wound infection. In a 

rabbit model of infective endocarditis, E. faecalis microcolonies are firmly 

attached onto the cardiac endothelia throughout the rabbit aorta and heart 

(Barnes et al., 2021). Moreover, E. faecalis endocarditis clinical isolates formed 

significantly more in vitro biofilm compared to non-endocarditis clinical isolates 

(Mohamed et al., 2004). CAUTI is the most prevalent complication resulting from 

indwelling urinary catheters, and these catheters are ideal for E. faecalis 

attachment and biofilm formation. In a mouse model of CAUTI, E. faecalis is 

seen forming in vivo biofilm on both the outer surface and entire lumen of the 

catheters implanted in mice bladders (Guiton et al., 2010), and the biofilm 

formation is mediated by E. faecalis interacting with fibrinogen deposited on the 

catheters (Flores-Mireles et al., 2014). The formation of E. faecalis in vivo biofilm 

microcolonies is also evident during colonization of the GI tract in a mouse 

model throughout the lower GI tract, and these microcolonies appeared 

distinctly and directly attaching to the gut epithelium (Barnes et al., 2017). 

Likewise, in a mouse wound excisional model, E. faecalis forms in vivo 

microcolonies on the wound surface during acute wound infection as well as 

along the wound edge and in the wound bed during persistence in wounds 

(Chong et al., 2017). Taken together, these examples reveal that E. faecalis 

adopts the biofilm lifestyle during infections. 

 

1.1.4 E. faecalis virulence factors involved in infections 

E. faecalis possess a broad array of virulence factors that allow it to 

colonize many niches and cause a variety of biofilm-associated infections. In 
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this section, virulence factors that are implicated in E. faecalis biofilm-associated 

infections or biofilm formation will be discussed. The majority of the best studied 

virulence factors can be broadly categorized into secreted proteases and 

surface-exposed cell-wall anchored proteins (Figure 1.1). Some E. faecalis 

secreted proteases, that will be elaborated here include gelatinase (GelE), 

serine proteases (SprE), and cytolysin (CylA). 

 

1.1.4.1 E. faecalis secreted proteases 

GelE is a matrix metalloprotease which possesses hydrolytic activity that 

hydrolyzes insulin B-chain and collagen (Mäkinen et al., 1989). GelE activity 

correlates with disease severity in a rabbit endocarditis model (Gutschik et al., 

1979; Thurlow et al., 2010) as well as in mouse and rat peritonitis models 

(Dupont et al., 1998; Singh et al., 1998). Secreted GelE also facilitates 

complement resistance mechanism by cleaving complement components C3 

(Park et al., 2007; Park et al., 2008) and C5a (Thurlow et al., 2010), thus 

decreasing opsonization and neutrophil recruitment. GelE enzymatic activity is 

also required for E. faecalis in vitro biofilm formation, in which gelE mutants 

resulted in impaired biofilm formation (Hancock & Perego, 2004; Thomas et al., 

2008). Together, these data suggest that disease severity could be attributed in 

part to the hydrolytic activity and complement resistance of GelE.  

 

The serine protease SprE is co-transcribed with gelE, and the expression 

of both gelE and sprE is regulated by E. faecalis Fsr quorum sensing system 

(Qin et al., 2000). Thomas et al. (2008) showed that deletion of sprE increased 

in vitro biofilm formation on polystyrene and glass substrates as well as 
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produced more extracellular DNA, a component of the biofilm matrix, compared 

to isogenic wild-type strain. Mutants of sprE display attenuated virulence in 

mouse peritonitis (Qin et al., 2000), Caenorhabditis elegans (Garsin et al., 2001; 

Sifri et al., 2002), and rabbit endophthalmitis models (Engelbert et al., 2004; 

Suzuki et al., 2008). Despite the studies performed on SprE, the mechanism(s) 

by which it contributes to E. faecalis pathogenesis remains unknown. 

 

E. faecalis CylA cytolysin is a toxin belonging to type-A lantibiotics which 

targets neutrophils and macrophages (Miyazaki et al., 1993), and it contributes 

to the severity of E. faecalis infections in rabbit endocarditis (Chow et al., 1993) 

and endophthalmitis models (Jett et al., 1992). Furthermore, in vitro biofilm 

formation was more commonly detected in E. faecalis CylA-positive clinical 

isolates derived from urinary tract infection (UTI) compared to CylA-negative 

isolates (Zheng et al., 2018). CylA may exert its effects synergistically with other 

virulence factors. When both CylA and aggregation substances (AS), a cell-wall 

anchored protein, are expressed together, the mortality rate of rabbits increased 

by 40% compared to rabbits infected with E. faecalis expressing only AS (Chow 

et al., 1993). Most likely, AS-expressing E. faecalis cells promotes adherence 

at the infection site which in turn allows CylA to exert its toxic effects. 

 

1.1.4.2 E. faecalis surface-exposed cell-wall anchored proteins 

E. faecalis encode a number of well-described cell-wall anchored 

proteins including AS, enterococcal surface protein (Esp), endocarditis and 

biofilm-associated pili (Ebp). These proteins are important for binding to 

substrata. For example, AS binds to extracellular matrix proteins such as 
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collagen type I, thrombospondin, fibronectin, and vitronectin, but not laminin and 

collagen type IV (Rozdzinski et al., 2001). AS can mediate opsonin-independent 

phagocytosis by human polymorphonuclear leukocytes (PMNs) but the 

internalized bacteria are not readily killed by PMNs possibly due to inhibition of 

phagosomal acidification (Rakita et al., 1999). E. faecalis AS also confers 

resistance to killing by macrophages by inhibiting the respiratory burst (Süßmuth 

et al., 2000). Although AS is important in endocarditis (Chow et al., 1993; 

Schlievert et al., 2010), it is dispensable for urinary tract colonization where AS 

mutants do not impair colonization in the upper or lower urinary tract (Johnson 

et al., 2004). Moreover, the expression of AS promotes biofilm formation in an 

ex vivo porcine heart valve model, in which AS-expressing E. faecalis cells 

colonizes the heart valve better (by approximately 41%) and has denser 

exopolymeric matrix around the biofilm compared to AS mutants at 4 hpi 

(Chuang-Smith et al., 2010).  

 

Another enterococcal surface protein, Esp, seems to have different 

effects depending on substrate material. While the ability to form biofilm on 

polystyrene correlates with the presence of Esp (Toledo-Arana et al., 2001), Esp 

does not promote adhesion to medically relevant substrates like silicone rubber 

and polyethylene (Waar et al., 2002). However, E. faecalis Esp is important in 

an animal model where it contributed to mouse ascending UTI, possibly due to 

enhanced bacterial adhesion to bladder epithelium (Shankar et al., 2001).  

 

Lastly, the E. faecalis pilus which is made up of EbpA, EbpB and EbpC 

subunits, is important for adherence to fibrinogen (Flores-Mireles et al., 2014; 
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Nallapareddy, Singh, et al., 2011), collagen (Nallapareddy, Singh, et al., 2011), 

and platelets (Nallapareddy, Sillanpää, et al., 2011). E. faecalis ebp mutants 

cannot form biofilms on plastic surfaces and are attenuated in a rat endocarditis 

model (Nallapareddy et al., 2006) and mouse ascending UTI model (Singh et 

al., 2007). Ebp pili also contributes to E. faecalis pathogenesis during CAUTI 

(Nielsen et al., 2012) and gastrointestinal tract colonization (Banla et al., 2019), 

in which a non-piliated pilus mutant was significantly attenuated compared to its 

isogenic wild-type strain in both models. In addition, Flores-Mireles et al. (2014) 

demonstrated that EbpA contributes to the formation of E. faecalis catheter-

associated biofilm, and immunizing mice with an EbpA-based vaccine 

prevented EbpA from binding to fibrinogen and formation of catheter-associated 

biofilm, which in turn protected the mice against CAUTI. An E. faecalis biofilm 

and pilus-associated sortase (bps) mutant, which cannot polymerize Ebp pilins, 

was also attenuated in mouse UTI model and had lowered biofilm forming 

capability (Kemp et al., 2007). These studies suggest that the biofilm forming 

capability of E. faecalis attributed by Ebp pili plays a critical role in contributing 

to the pathogenesis of infections. 

 

Taken together, E. faecalis expresses a repertoire of biofilm-associated 

virulence factors to colonize and cause infections in difference niches 

(summarized in Table 1.1). The examples mentioned above also revealed how 

virulence factors have multifunctional roles in host-pathogen interactions in 

different infection settings. While many studies have been done to investigate 

how E. faecalis virulence factors affects the pathogenesis of endocarditis, UTI, 
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CAUTI, endophthalmitis and peritonitis, little has been done on E. faecalis 

wound infection. 

 

 

Figure 1.1 E. faecalis virulence factors involved in infections.  
E. faecalis possesses numerous virulence factors that can be classified into 
secreted proteases (GelE, SprE and CylA) and surface-exposed cell-wall 
anchored proteins (AS, Esp and Ebp). GelE has hydrolytic activity that 
hydrolyzes collagen, and CylA targets neutrophils and macrophages to exert its 
toxic effects. AS is important for adherence to extracellular matrix proteins like 
collagen type I, thrombospondin, fibronectin, and vitronectin, while the Ebp pilus 
adheres to fibrinogen, collagen and platelets. Cells and molecules depicted in 
this figure is not drawn to scale.  
 

1.1.5 Transposon and RNA sequencing, a step forward to understand E. 

faecalis wound infection 

Different approaches can be adopted to elucidate genetic determinants 

that are involved in infections. Transposon sequencing (Tn-seq), which 

examines the relative fitness of transposon mutants within a large pool, is useful 

for investigating the contribution of individuals genes required for growth or 
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persistence during an infection at a genome-wide level. In particular, Tn-seq has 

been used to identify genetic determinants that are important for S. aureus and 

P. aeruginosa wound infection (Turner et al., 2014; Valentino et al., 2014). 

Alternatively, or complementarily, transcriptomic approaches such as RNA 

sequencing (RNA-seq) enable the genome wide evaluation of bacterial genes 

that are induced during an infection. RNA-seq has been proven successful in 

profiling pathogenic bacteria transcriptomes from various animal infection 

models and provided genome-scale insights into differential gene expression 

during infections (Frank, K. L. et al., 2014; Jorth et al., 2013; Lindenstrauß et al., 

2014; Mandlik et al., 2011; Skvortsov et al., 2013; Turner et al., 2014). However, 

to date, no in vivo Tn-seq or RNA-seq studies of E. faecalis during wound 

infection have been reported.  
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Table 1.1 E. faecalis virulence factors and their contribution to infection. 
E. faecalis virulence factors Implication(s) during E. faecalis infections Reference 
Secreted proteases 
Gelatinase (GelE) Hydrolyzes insulin B-chain and collagen Mäkinen et al. (1989) 

Increases severity of disease in rabbit endocarditis model Gutschik et al. (1979); Thurlow et 
al. (2010) 

Increases severity of disease in mouse peritonitis model Singh et al. (1998) 
Increases severity of disease in rat peritonitis model Dupont et al. (1998) 
Decreases opsonization and neutrophil recruitment 
 
Affects biofilm formation 

Park et al. (2008); Thurlow et al. 
(2010) 
Hancock and Perego (2004); 
Thomas et al. (2008) 

Serine proteases (SprE) Affects biofilm formation 
Increases severity of disease in mouse peritonitis model 

Thomas et al. (2008) 
Qin et al. (2000) 

Increases severity of disease in rabbit endophthalmitis 
model 

Engelbert et al. (2004); Suzuki et 
al. (2008) 

Cytolysin (CylA) Targets neutrophils and macrophages Miyazaki et al. (1993) 
Increases severity of disease in rabbit endocarditis model Chow et al. (1993) 
Increases severity of disease in rabbit endophthalmitis 
model 

Jett et al. (1992) 

Surface-exposed cell-wall anchored proteins 
Aggregation substances (AS) Binds to extracellular matrix proteins Rozdzinski et al. (2001) 

Mediates opsonin-independent phagocytosis by PMNs Rakita et al. (1999) 
Resists killing in macrophages by inhibiting respiratory burst Süßmuth et al. (2000) 
Increases severity of disease in rabbit endocarditis model 
 

Chow et al. (1993); Schlievert et al. 
(2010) 
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Affects biofilm formation Chuang-Smith et al. (2010) 
Enterococcal surface protein 
(Esp) 

Affects biofilm formation 
Increases severity of disease in mouse ascending UTI 
model 

Toledo-Arana et al. (2001) 
Shankar et al. (2001) 

Endocarditis and biofilm-
associated pili (Ebp) 

Adheres to fibrinogen, collagen, and platelets Nallapareddy, Sillanpää, et al. 
(2011); Flores-Mireles et al. (2014); 
Nallapareddy, Singh, et al. (2011) 

Increases severity of disease in rat endocarditis model Nallapareddy et al. (2006) 
Increases severity of disease in mouse ascending UTI 
model 
Increases severity of disease in mouse CAUTI model 
 
Increases severity of disease in mouse gastrointestinal tract 
colonization 
Affects biofilm formation 

Singh et al. (2007); Kemp et al. 
(2007) 
Flores-Mireles et al. (2014); 
Nielsen et al. (2012) 
Banla et al. (2019) 
 
Nallapareddy et al. (2006); Flores-
Mireles et al. (2014); Kemp et al. 
(2007) 
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1.2 Microenvironment of the infection site 

To colonize and persist during an infection, pathogens must overcome 

both the host innate immune response, as well as numerous environmental 

aspects of the infection site meant to prevent infection including nutrient 

limitation and pH changes.  

 

1.2.1 Impact of iron availability on the pathogenesis of infections 

Iron is a necessary nutrient for almost all microbial species. In humans, 

restriction of iron availability functions as a host innate immune mechanism 

against invading pathogens (Cassat & Skaar, 2013). Human iron metabolism 

ensures that iron is scarcely available for pathogens by sequestering the 

majority of iron intracellularly such that only a small amount of free iron 

(approximately 10-24 M) is accessible in the absence of an infection (Raymond 

et al., 2003). During an infection, there are additional iron-withholding 

mechanisms to further restrict iron to pathogens (Cassat & Skaar, 2013). 

 

Immune cells such as macrophages and neutrophils synthesize hepcidin 

to modulate iron availability at the infection foci (Peyssonnaux et al., 2006). 

Additionally, neutrophils sequester iron locally at infection site through the 

production of lactoferrin (LF) and siderocalin/lipocalin-2 (Lcn-2) (Baker & Baker, 

2012; Masson et al., 1969). Pathogens are typically phagocytosed into 

phagocytes as part of the host innate immune clearance response. However, 

some intracellular pathogens like Mycobacterium tuberculosis are able to adopt 

strategies to acquire iron intracellularly (Cassat & Skaar, 2013). 
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Bacteria also possess mechanisms such as siderophore production, 

heme uptake systems, and transferrin or lactoferrin receptors to uptake iron from 

the extracellular environment for successful colonization in the host. Under iron-

restricted conditions, many Gram-positive and Gram-negative bacteria produce 

and secrete siderophores into the extracellular environment, in which the 

siderophores typically bind to ferric iron with high-affinity and the iron-

siderophore complexes are subsequently imported into the microbial cells 

(Boukhalfa & Crumbliss, 2002; Braun & Killmann, 1999). For example, P. 

aeruginosa produces pyoverdine (Ravel & Cornelis, 2003; Visca et al., 2007) 

and pyochelin (Brandel et al., 2012; Dumas et al., 2013) when grown under iron-

restricted conditions. Most iron in host is contained in hemoglobin, and 

pathogens like S. aureus possesses an iron-responsive surface determinant 

system for direct heme-iron uptake (Grigg et al., 2010; Hammer & Skaar, 2011). 

P. aeruginosa can also uptake heme from hemoproteins through the Has and 

Phu systems (Ochsner et al., 2000). Iron in host plasma is mostly bound to host 

glycoproteins, transferrin and lactoferrin. However, some pathogens like 

Neisseria meningitidis, have evolved mechanisms to acquire iron via transferrin- 

and lactoferrin-bound iron. N. meningitidis expresses both transferrin (Black, J. 

R. et al., 1986; Legrain et al., 1993; Schryvers, A. B. & Morris, L., 1988; 

Schryvers, A. B. & Morris, L. J., 1988) and lactoferrin receptors (Quinn et al., 

1994; Schryvers, A. B. & Morris, L. J., 1988) under iron-restricted conditions. 

Although there are no study that characterizes enterococcal iron acquisition 

systems, E. faecalis encodes four putative iron-associated uptake systems that 

share homology to iron transporters in E. coli and Bacillus subtilis (Kammler et 

al., 1993; Ollinger et al., 2006; Sprencel et al., 2000; Zawadzka et al., 2009): (1) 
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OG1RF_10136 to OG1RF_10139, (2) OG1RF_10359 (feoA) and 

OG1RF_10360 (feoB), (3) OG1RF_11352 to OG1RF_11354, and (4) 

OG1RF_12351 to OG1RF_12354. Therefore, E. faecalis is also equipped with 

iron acquisition systems to uptake iron from the extracellular environment.  

 

In another round of the arms race for iron, to counteract these bacterial 

iron acquisition strategies, the host secretes proinflammatory cytokines which 

can decrease expression of transferrin receptors on surface of macrophages to 

restrict iron uptake such that it limits iron to intracellular pathogens (Cassat & 

Skaar, 2013). Increased expression of Nramp1, found on phagosomes within 

the macrophage, also actively remove iron from phagosomes, limiting its 

availability to some intracellular pathogens (Jabado et al., 2000; Vidal et al., 

1995). Moreover, proinflammatory cytokines can modulate iron metabolism by 

increasing ferritin synthesis to store iron in ferritin to restrict available iron in host 

cells (Cassat & Skaar, 2013). Hence, the microenvironment, particularly in the 

context of iron availability, is highly regulated and limited as part of the host 

defense mechanism during infections.  

 

Multiple studies have demonstrated the importance of iron for 

pathogenesis. Transport of iron-siderophore complexes depends on TonB-

dependent transporters and Runci et al. (2019) showed that tonB3 of 

Acinetobacter baumannii is essential for its growth under iron-restricted 

conditions and virulence in Galleria mellonella and mouse models of infection. 

The deletion of tonB3 resulted in increased survivability of larvae and mice 

compared to wild-type, indicating the significance of iron acquisition for A. 
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baumannii pathogenesis (Runci et al., 2019). Pyoverdine produced by P. 

aeruginosa is also essential for pathogenesis in C. elegans (Kang et al., 2018; 

Kirienko et al., 2015), mouse burned (Meyer et al., 1996) and lung infection 

(Minandri et al., 2016) models. More importantly, compounds that inhibit P. 

aeruginosa pyoverdine biosynthesis is effective in suppressing P. aeruginosa 

virulence in C. elegans (Kang & Kirienko, 2017) and mouse lung infection model 

(Imperi et al., 2013). Together, these studies emphasize the importance of 

bacterial iron acquisition from the microenvironment during various infections.  

 

1.2.2 Impact of pH changes on the pathogenesis of infections 

Changes in environmental pH can impact bacterial growth. Decreases in 

pH can be detrimental to bacteria due to (but not limited to) lowered enzyme 

activity, cell membrane perturbation, and DNA damage (Lund, P. et al., 2014). 

Some examples of low pH environments in humans are in the stomach (~pH 1 

– 2) where gastric cells produce hydrochloric acid (Fallingborg, 1999) and the 

vaginal epithelium (~pH 4) where commensals such as Lactobacillus spp. 

produce weak acids as metabolic byproducts (O’Hanlon et al., 2019). Hence, to 

colonize and infect these acidic niches, bacteria usually adopt one of the 

following strategies in response to acid stress: (1) promote reactions that 

produces basic products to neutralize the decrease pH, (2) promote enzyme-

catalyzed reactions that uses hydrogen ions, and (3) remove hydrogen ions at 

the expanse of ATP consumption (Lund, P. A. et al., 2020).  

 

An acidic pH environment can also negatively impact the efficiency of 

immune functions. For example, secretion of tumor necrosis factor alpha (TNF-
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α) by lipopolysaccharide-induced alveolar macrophages is decreased at low pH 

(Heming et al., 2001). A decrease in pH can also result in lowered lymphocyte-

mediated cytotoxicity and chemotaxis of polymorphonuclear leukocytes 

(Lardner, 2001; Nakagawa et al., 2015; Severin et al., 1994). Although an acidic 

pH can enhance the ability of neutrophils for endocytosis through PI3K and ERK 

pathways (Martínez et al., 2006), the intracellular bacteria killing ability is 

simultaneously decreased by approximately 50% compared to normal 

conditions at pH 7.4 (Cao, S. et al., 2015). By contrast, a low pH environment 

can have a positive effect on complement activation, in which human C-reactive 

protein are found to activate the complement system at acidic pH 6.5 (Miyazawa 

& Inoue, 1990). In summary, the effect of acidic pH environment on 

immunological responses in human host is complex, and a low pH can exert a 

variety of effects depending on the different aspects of the host immune defense 

system.  

 

The pH of healthy skin is usually slightly acidic, with a pH range of pH 4.2 

– 5.6 (Hampton, 2008). During wound infection, the pH of wounds inclines 

towards a more alkaline pH due to the diffusion of interstitial fluids and plasma 

extravasation from injured capillaries (Scalise et al., 2015). Simultaneously, 

acute inflammation as a result of wound infection stimulates acidification of the 

wound microenvironment. Consequently, the final pH of the wound 

microenvironment depends on the pathophysiology of the wound and this pH 

can in turn affect the wound healing process. Generally, wound healing 

correlates with a pH transition from alkaline to neutral and then to acidic (Gethin, 

2007). However, chronic wounds tend to be more alkaline, exhibit lower healing 
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rate and more conducive for bacterial growth (Gethin, 2007; Hoffman et al., 1999; 

Leveen et al., 1973; Schneider et al., 2007; Shukla et al., 2007). An increase in 

bacterial growth can further increase alkalinity of the wound microenvironment 

which in turn can further promote bacterial growth and simultaneously impede 

wound healing (Shukla et al., 2007). As such, modulating the pH of the wound 

microenvironment towards an acidic pH can promote wound healing (Bennison 

et al., 2017; Milne & Connolly, 2014; Schmid-Wendtner & Korting, 2006; Sharpe 

et al., 2009). Another characteristic of chronic wounds is tissue hypoxia which 

is one of the most important factors that hinder wound healing (Castilla et al., 

2012). A factor that affects oxygen availability is the changes in pH, whereby 

decreasing the pH by 0.6 units causes the release of approximately 50% more 

oxygen and in turn, promotes wound healing (Hunt & Beckert, 2005; Leveen et 

al., 1973). Altogether, pH changes to the wound microenvironment can impact 

the wound healing process and bacterial growth.  

 

1.2.3 Impact of purines availability on the pathogenesis of infections 

Purine metabolites are obligatory in all living organisms for their critical 

role in the synthesis of DNA and RNA, as well as serving as main energy donors 

for cellular processes such cell signaling and energy metabolism (Kilstrup et al., 

2005). In E. faecalis, the purine biosynthesis genes are organized in the pur 

operon. The first and last genes of the pur operon are purE and purD, 

respectively (Figure 1.2A). The first step of E. faecalis purine biosynthesis 

begins with the formation of 5-phosphoribosylamine from L-glutamine and 

phosphoribosyl diphosphate (PRPP), catalyzed by an enzyme encoded by purF 

(Ramsey et al., 2014). Subsequently, 5-phosphoribosylamine undergoes ten 
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additional reactions catalyzed by genes products of the pur operon until inosine 

monophosphate (IMP) is formed (Ramsey et al., 2014). Purine biosynthesis 

then branches into specific pathways to produce either adenosine 

monophosphate which is catalyzed by enzymes encoded by purA and purB or 

guanosine monophosphate by enzymes encoded by guaB and guaA (Ramsey 

et al., 2014) (Figure 1.2B).  

 

The Pur enzymes are only required when there is sufficient supply of 

PRPP to kickstart the purine biosynthesis. Therefore, PRPP functions as a feed-

forward inducer for the pur operon (Kilstrup et al., 2005). In other Gram-positive 

bacteria like B. subtilis and Lactococcus lactis, the PurR repressor regulates the 

expression of purine biosynthesis genes (Gitton et al., 2005; Jendresen et al., 

2012; Kilstrup & Martinussen, 1998). Likewise, E. faecalis also encodes PurR 

which has high sequence similarity to PurR of these two species (Gitton et al., 

2005; Jendresen et al., 2012; Kilstrup & Martinussen, 1998). As such, it is 

believed that the pur operon in E. faecalis is regulated by PurR in a similar 

fashion. In the absence of PRPP, PurR binds to the promoter of the pur operon. 

As a result, it prevents RNA polymerase from binding to the promoter and 

consequently, transcription of the pur operon is inhibited (Weng et al., 1995).  

 

Multiple studies have hinted that purine metabolite availability is likely 

limited during infections. For example, Samant et al. (2008) showed that de novo 

purine and pyrimidine biosynthesis pathways are crucial for E. coli and 

Salmonella typhimurium growth in human serum. In the same study, the 

virulence of B. anthracis ∆purE mutant was significantly attenuated in a 
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bacteremia mouse model (Samant et al., 2008). Similarly, S. aureus purine 

biosynthesis is also essential for its replication and pathogenesis during 

bacteremia (Goncheva et al., 2020). In another example, a methicillin-resistance 

S. aureus ∆purF mutant colonized more poorly than its isogenic wild-type strain 

and was hypersusceptible to vancomycin treatment in an infective endocarditis 

rabbit model. More importantly, Turner et al. (2014) showed that the virulence 

of P. aeruginosa ∆purF mutant was completely attenuated during wound 

infection. Together, these studies reveal the limited availability of purine 

metabolites in the microenvironment of the infection site, and the importance of 

de novo purine biosynthesis across various bacteria during different infections.  
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Figure 1.2 The de novo purine biosynthesis in E. faecalis.  
(A) pur operon arrangement in E. faecalis. (B) Purine biosynthesis begins with 
L-glutamine and PRPP until IMP is formed, and then branches into specific 
pathways to synthesize GMP or AMP. Adapted from KEGG pathways efi00230. 
 

1.2.4 Impact of carbohydrate availability on the pathogenesis of infections 

Carbohydrates are usually large uncharged polar molecules and thus 

cannot cross the bacterial plasma membrane freely (Cooper, G. & Hausman, R., 
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2000). Consequently, phosphotransferase systems (PTS) are used by bacteria 

for the import of carbohydrates from the environment for use in metabolic 

pathways as well as in signal transduction (Deutscher et al., 2006). A PTS is 

made up of several subunits: (1) two cytosolic subunits (EI and HPr) which is 

common to all PTS, (2) two hydrophilic subunits (EIIA and EIIB), and (3) at least 

one or two integral membrane subunit(s) (EIIC and/or EIID) (Deutscher et al., 

2006). The carbohydrate specificity of each PTS is contributed by the EII 

subunits (Deutscher et al., 2006), and thus, there are many PTS found in each 

bacterial species to enable the transport of different carbohydrates into the cells.  

 

The carbohydrate import process is a multi-step phosphorelay system, 

which begins with the transfer of a phosphoryl group from phosphoenolpyruvate 

(PEP) to EI subunit of the PTS (Figure 1.3, step 1), followed by EI to HPr (step 

2), HPr to EIIA (step 3), and the phosphoryl group continues to transfer through 

the PTS subunits (step 4 and 5) until it reaches the carbohydrate it is designed 

to import, where the phosphoryl group is then transferred to the intended 

carbohydrate as it translocate across the membrane into the cytosol (step 6) 

(Deutscher et al., 2006). Depending on the phosphorylation state of HPr, it will 

have different regulatory functions. Phosphorylation of HPr at His-15 promotes 

carbohydrate import from the environment while phosphorylation at Ser-46 

greatly reduces phosphorylation at His-15 and thus inhibits carbohydrate import 

(Deutscher et al., 2006). The phosphorylation of HPr at Ser-46 (and not His-15) 

also promotes association of HPr with the transcriptional regulator, catabolite 

control protein A (CcpA), to regulate gene expression involved in catabolite 
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repression (Deutscher et al., 2006). Hence, the HPr protein is the master 

regulator in Gram-positive bacteria for carbohydrate metabolism. 

 

 

Figure 1.3 Phosphorylation of carbohydrate by phosphotransferase 
system during import. 
A PTS consists of the following subunits: EI, HPr, EIIA, EIIB, EIIC and/or EIID. 
Transport of carbohydrate from the extracellular space into the bacteria by PTS 
starts with the transfer of a phosphoryl group from phosphoenolpyruvate (PEP) 
to E1 (step 1), followed by EI to HPr (step 2), HPr to EIIA (step 3), EIIA to EIIB 
(step 4), EIIB to EIIC and/or EIID (step 5), and finally the phosphoryl group is 
transferred to the intended carbohydrate for import as the carbohydrate 
translocate across the bacteria cell membrane into the cytosol (step 6). 
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Different studies have showed how carbohydrate availability and 

utilization in some Gram-positive bacteria can affect the progress of infections. 

In one study, the expression of Streptococcus suis virulence genes was 

influenced by carbohydrate availability (Ferrando et al., 2014). The expression 

of S. suis virulence genes, involved in adhesion and invasion of mucosal 

epithelial cells, were significantly increased when grown in starch/pullulan 

compared to glucose (Ferrando et al., 2014). In another study, Paixão et al. 

(2015) demonstrated the importance of carbohydrate utilization and disease 

progression in Streptococcus pneumoniae. Although free carbohydrates are 

limited during nasopharyngeal colonization of the human upper respiratory tract, 

S. pneumoniae encodes for galactosidases which can depolymerize 

glycoconjugates composed of monosaccharides for potential use as nutrients. 

Galactose (derived from glycoconjugates) is an important carbohydrate in 

nasopharynx and the deletion of S. pneumoniae galactose catabolic genes 

resulted in a decreased ability of these mutants to colonize the nasopharynx 

(Paixão et al., 2015). Additionally, based on a S. pneumoniae signature-tagged 

mutagenesis screen, genes involved in the import and metabolism of 

carbohydrates such as mannose, cellobiose, mannitol, lactose, and fructose 

were identified as essential for lung infection (Hava & Camilli, 2002). These 

studies suggest a possible link between carbohydrate metabolism as a result of 

carbohydrate availability at the infection site and pathogenesis of infections.  

 

Altogether, the different examples in section 1.2 suggest that the 

environmental conditions of the infection site can affect the pathogenesis of 
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infections, and that these conditions could be playing a role in E. faecalis wound 

pathogenesis as well.  

 

1.3 Thesis outline and aims 

1.3.1 Research motivation 

E. faecalis is usually co-isolated with P. aeruginosa during wound 

infection (Citron et al., 2007; Giacometti et al., 2000; Gjødsbøl et al., 2006) and 

it is clinically significant that wound infections are usually polymicrobial and 

biofilm-associated in nature (Bowler et al., 2001; Frank, D. N. et al., 2009; Mertz, 

2003; Pastar et al., 2013). As a host defense response against invading 

pathogens, the host may change the microenvironment, in particular iron 

availability, to limit these pathogens. Further, Keogh et al. (2016) is the only 

study that investigated the mechanistic basis for mixed-species wound 

interactions of E. faecalis in low iron condition. Despite the prevalence of E. 

faecalis and P. aeruginosa during wound infections, and that the site of infection 

is likely to be low in iron availability, no studies have been undertaken to explore 

the interactions between these two pathogens in an infection-relevant, low iron 

condition. As such, understanding the mixed-species interactions between E. 

faecalis and P. aeruginosa is of interest and clinical relevance, and is explored 

in this dissertation in Chapter 2.  

 

E. faecalis is an opportunistic pathogen implicated in several infections, 

and many studies have endeavored to understand the pathogenic mechanisms 

of E. faecalis in infection settings such as endocarditis, urinary tract infection, 

endophthalmitis and peritonitis. However, given the widespread and clinical 
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importance of E. faecalis during wound infection (Dowd et al., 2008; Dworniczek 

et al., 2012; Fisher & Phillips, 2009; Giacometti et al., 2000; Shettigar et al., 

2018), the contributions of how this pathogen contributes to wound infection 

remains poorly understood. Hence, identifying and understanding the genetic 

determinants that contributes to E. faecalis wound pathogenesis is of great 

interest, and is explored in this dissertation in Chapter 3.  

 

1.3.2 Thesis aims 

The specific aims of this dissertation are:  

Aim 1: To explore the mixed-species interactions between E. faecalis and P. 

aeruginosa under iron-restricted conditions. We characterized the nature of the 

mixed-species interactions under in vitro iron-restricted conditions using static 

biofilm and macrocolony biofilm assays and in vivo mouse wound excisional 

model. To understand the mechanism(s) underlying E. faecalis and P. 

aeruginosa mixed-species interactions, we performed an E. faecalis mariner 

transposon library screen. This work is described in Chapter 2.  

 

Aim 2: To determine E. faecalis genetic determinants that contributes to wound 

infection. We identified genetic determinant(s) that is/are important for acute 

replication and persistence of E. faecalis during wound infection using in vivo 

Tn- and RNA-seq approaches in a mouse wound excisional model. To 

understand how the genetic determinant(s) discovered contributes to wound 

pathogenesis, we examined the nutrients availability of the wound 

microenvironment using the same mouse model. This work is described in 

Chapter 3.  
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The research undertaken in this dissertation contributes to our 

understanding of the mechanistic basis and pathogenic requirements of E. 

faecalis wound infection in a single- and mixed-species settings. A summary of 

the findings in this dissertation, the future applications, and future directions are 

discussed in Chapter 4. Overall, the studies conducted here advance our 

knowledge of E. faecalis wound pathogenesis and may help to better design 

current treatment options for improved management of E. faecalis wound 

infection.  
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Chapter 2 – Enterococcus faecalis antagonizes 

Pseudomonas aeruginosa growth in mixed-species 

interactions 

 

This chapter contains material that has been published as Tan, C. A. Z., Lam, 

L. N., Biukovic, G., Soh, E. Y. C., Toh, X. W., Lemos, J. A., & Kline, K. A. (2022). 

Enterococcus faecalis antagonizes Pseudomonas aeruginosa growth in mixed-

species interactions. Journal of Bacteriology, e00615-21. DOI: 

https://doi.org/10.1128/jb.00615-21. Permission has been granted by the 

licensed content publisher “American Society for Microbiology” to use the 

published content as a chapter in this thesis.  

 

2.1 Introduction 

Many infections are often polymicrobial in nature (Bakaletz, 2004; 

Brogden et al., 2005; Nelson et al., 2012) and include wound infections (Bowler 

et al., 2001; Frank, D. N. et al., 2009; Mertz, 2003; Pastar et al., 2013), 

periodontitis (Darveau, 2010; Roberts, F. A. & Darveau, 2015), otitis media 

(Bakaletz, 2010; Marom et al., 2012), urinary tract infections (UTI) (Croxall et al., 

2011; Mobley & Warren, 1987; Siegman-Igra et al., 1994; Warren et al., 1982) 

and cystic fibrosis (Coburn et al., 2015; Filkins et al., 2012; Lyczak et al., 2002; 

Shinzato & Saito, 1995; Sibley et al., 2008). Biofilms are also implicated in all 

these infections (Bakaletz, 2007; Bakar et al., 2018; Black, C. E. & Costerton, 

2010; Colombo, A. & Tanner, 2019; Colombo, A. P. V. et al., 2016; Delcaru et 

al., 2016; Ebright, 2005; Hatt & Rather, 2008; Høiby, 2002; Høiby et al., 2010; 
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Kovach et al., 2017; Kriebel et al., 2018; Lasserre et al., 2018; Naginyte et al., 

2019; Serralta et al., 2001; Soto, 2014; Thornton et al., 2011). Polymicrobial 

biofilms can better tolerate antibiotic treatment and escape from host immune 

responses, enabling the survival and persistence of the infecting bacteria (Hall-

Stoodley & Stoodley, 2009; Radlinski et al., 2017). Hence, understanding how 

pathogens interact in biofilms may inform improved treatment strategies.  

 

Iron is an essential nutrient for almost all microbial species. In humans, 

iron regulation functions as a host innate immune mechanism against invading 

pathogens (Cassat & Skaar, 2013). In the human body, iron is scarcely available 

to pathogens due to the sequestration of most iron intracellularly such that only 

a small amount of free iron (approximately 10-24 M) is accessible in the absence 

of infection (Raymond et al., 2003). During an infection, additional iron-

withholding mechanisms further restrict iron availability to pathogens (Cassat & 

Skaar, 2013). For example, immune cells producing hepcidin (Peyssonnaux et 

al., 2006) or lactoferrin (Baker & Baker, 2012), and siderocalin/lipocalin-2 (Baker 

& Baker, 2012; Masson et al., 1969) to modulate iron availability at the infection 

site. As a result, when developing in vitro polymicrobial biofilm interaction 

models, it is critical to take into account the iron availability in the environment.  

 

Enterococci are opportunistic pathogens implicated in several types of 

infections (Arias & Murray, 2012), and enterococcal infections in humans are 

mostly caused by Enterococcus faecalis and Enterococcus faecium (Higuita & 

Huycke, 2014; Kristich et al., 2014). E. faecalis is often co-isolated with 

Pseudomonas aeruginosa in biofilm-associated infections such as wound 
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infections, urinary tract infections, and periodontitis (Bowler et al., 2001; Citron 

et al., 2007; Colombo, A. V. et al., 2013; Dalton et al., 2011; Giacometti et al., 

2000; Gjødsbøl et al., 2006; Tsuchimori et al., 1994). As such, understanding 

the polymicrobial interactions between these two species is of interest. The 

biofilm forming potential of E. faecalis and P. aeruginosa is well-studied 

individually (Ch’ng et al., 2019; del Mar Cendra & Torrents, 2021; Tolker-

Nielsen, 2014). However, despite their co-occurrence as well as increasing 

efforts made to understand the polymicrobial interactions between bacterial 

species, there have been no reports examining E. faecalis and P. aeruginosa 

polymicrobial interactions in both biofilms and under iron-restricted conditions.  

 

In this work, we show that E. faecalis inhibited P. aeruginosa growth 

within biofilms when iron is restricted. The growth inhibition is a consequence of 

increased L-lactate produced by E. faecalis, catalyzed by lactate 

dehydrogenase (ldh1) from pyruvate. We also show that ldh1 expression is 

upregulated when iron is restricted. L-lactate produced by E. faecalis is exported 

from the cell as lactic acid (Harold & Levin, 1974), whereupon it is deprotonated 

to L-lactate releasing a hydrogen ion (H+) and in turn lowering the pH in the 

surrounding environment. We demonstrate that this lowered environmental pH 

and L-lactate-mediated chelation of iron ultimately contributes to P. aeruginosa 

growth inhibition by E. faecalis under iron-restricted conditions. Together, our 

work highlights the possibility of manipulating the microenvironment to 

antagonize specific bacterial species within biofilms.
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2.2 Materials and methods 

2.2.1 Bacterial strains and growth conditions 

Bacterial strains used in this study are listed in Table 2.1. Unless stated, 

all P. aeruginosa and E. faecalis bacterial strains were grown at 37 °C in shaking 

or static conditions for 16 – 18 h, respectively. Cells were harvested by 

centrifugation at 12,000 g for 5 min and cell pellets were washed twice with 1 

mL of 1X sterile phosphate buffered saline (PBS). The final pellet was 

resuspended in 3 mL of 1X sterile PBS prior to optical density (OD) 

measurement at 600 nm. Cell suspensions were then normalized to the required 

cell number for different experimental assays. For Pseudomonas selection, 

bacteria were spotted onto Pseudomonas Isolation agar (PIA) (Difco™ BD, USA) 

supplemented with 100 µg/mL ampicillin (Sigma-Aldrich, USA). For E. faecalis 

OG1RF selection, bacteria were spotted onto Tryptone Soya Broth (TSB) 

(Oxoid, Canada) solidified with 1.5% agar (Oxiod Technical No. 3) and 

supplemented with 10 mM glucose (TSBG), 10 µg/mL colistin (Sigma-Aldrich, 

USA) and 10 µg/mL nalidixic acid (Sigma-Aldrich, USA). 
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Table 2.1 Bacterial strains used in Chapter 2. 
Strain Description Reference 

P. aeruginosa 
PAO1 WT Wild-type Hentzer et al. (2002) 
PADP6 PAO1 WT with a single nucleotide polymorphism in the nalC 

repressor gene (4166561G>T, R15L) 
This study 

PADP6-mCherry PADP6 tagged with mCherry chromosomally This study 
PAO1 BAA-47 Wild-type Pirnay et al. (2009) 
PR1 Clinical isolate Pirnay et al. (2009) 
PR2 Clinical isolate Pirnay et al. (2009) 
PR30 Clinical isolate Pirnay et al. (2009) 
PR80 Clinical isolate Pirnay et al. (2009) 
PR82PR101 Clinical isolate Pirnay et al. (2009) 
PR305 Clinical isolate Pirnay et al. (2009) 
PR325 Clinical isolate Pirnay et al. (2009) 

E. faecalis 
OG1RF Wild-type, rifr Dunny et al. (1978) 
OG1RF ∆ldh1 OG1RF with ldh1 deletion This study 
OG1RF ∆ldh1::ldh1 ∆ldh1 with ldh1 complemented chromosomally This study 
DS16 MG1505 ST40 Clinical isolate McBride et al. (2007) 
Merz 192 MG1519 ST40 Clinical isolate McBride et al. (2007) 
WH257 MG1422 ST9 Clinical isolate McBride et al. (2007) 
WH571 MH1424 ST9 Clinical isolate McBride et al. (2007) 
SF26630 MG1556 ST6 Clinical isolate McBride et al. (2007) 
V583MG899 ST6 Clinical isolate McBride et al. (2007) 
T13 MG1344 ST21 Clinical isolate McBride et al. (2007) 
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SF24396 MG1544 ST21 Clinical isolate McBride et al. (2007) 
UAA1014 MG2962 ST23 Clinical isolate PRJNA88811 
B84847 MG3030 ST23 Clinical isolate Guardabassi et al. (2010) 
SF21521 MG1542 ST28 Clinical isolate McBride et al. (2007) 
B56765 MG3031 ST28 Clinical isolate Guardabassi et al. (2010) 

 E. coli 
E. coli pTNS1 Helper plasmid for Tn7 transposase, ampr Choi et al. (2005) 
E. coli pUC18-miniTn7-Ptac-mCherry Mini-Tn7 vector containing mCherry under the control of tac 

promoter, gmr 
Lagendijk et al. (2010) 

Rifr, ampr and gmr represents rifampicin, ampicillin and gentamycin resistance, respectively.
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2.2.2 Planktonic, static biofilms and macrocolony biofilm assays 

Bacterial cultures were normalized to 1 – 2 × 108 CFU/mL in 1X sterile 

PBS. Macrocolonies were produced by inoculating 5 μL of the respective 

bacterial cultures onto the surface of TSB or TSBG solidified with 1.5% agar and 

incubated at 37 °C for either 24 h or 48 h. For mixed-species macrocolonies, 

bacterial species were mixed at a 1:1 ratio. When appropriate, the TSB or TSBG 

agar was further supplemented with or without 2,2’ Bipyridyl (22D) (Sigma-

Aldrich, USA), iron (III) chloride hexahydrate (Merck, USA), citric acid (Merck, 

USA), lactic acid, iron (II) sulfate heptahydrate, copper (II) chloride anhydrous, 

manganese (II) sulfate, magnesium (II) chloride, zinc chloride anhydrous, 1,4-

Piperazinediethanesulfonic acid disodium salt (PIPES), 4-

Morpholinepropanesulfonic acid, 3-(N-Morpholino)propanesulfonic acid (MOPS) 

or 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) buffer (all 

purchased from Sigma-Aldrich, USA). Macrocolonies were excised and 

resuspended in 2 mL of 1X sterile PBS, followed by bacteria enumeration on 

respective selection agar. For supernatant transfer and static biofilm assays, 

single- and mixed-species inocula were prepared as described above and 

inoculated in TSBG media for 24 h at 37 °C unless stated otherwise. For static 

biofilm assays, CFU enumeration were performed first by scraping the wells of 

6-well microtiter plates, then pipetting to mix homogenously and serially diluted 

for plating on selective agar plates. For preparation of supernatant media, 24 h 

biofilms were first scraped, suspended in conical tubes (cells and spent media 

together) and centrifuged at 4,000 rpm for 20 min to pellet the cells. Spent media 

is transferred to a new tube and filter-sterilized to obtain cell-free supernatant. 

The cell-free supernatant was then mixed with fresh TSBG media or water, and 
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then supplemented with 1 mM 22D, prior to inoculating for subsequent growth 

at 37 °C in static conditions for 24 h. For planktonic assay, 5 μL of the respective 

bacterial cultures were inoculated into TSBG media and incubated at 37 °C in 

shaking conditions for 24 h.  

 

2.2.3 Construction of PADP6 and PADP6-mCherry strains 

Overnight cultures of PAO1-WT were diluted to 109, 108, 107 and 106 

CFU/mL in 1X sterile PBS, and 300 µL of each cell suspension were plated onto 

LB Lennox agar (Difco™ BD, USA) supplemented with 1.5, 2, 2.5, 3 and 4 mM 

22D. Plates were incubated at 37 °C for 24 to 36 h. PAO1-WT and few colonies 

that grew in 3 mM 22D-chelated condition were isolated and gDNA extracted 

using Wizard® Genomic DNA Purification Kit (Promega, USA) for use in whole 

genome sequencing. PADP6 was chromosomally tagged with mCherry through 

triparental conjugation using PADP6 as a recipient with delivery plasmid pUC18-

miniTn7-Ptac-mCherry (E. coli) and helper plasmid pTNS1 (E. coli) resulting in 

PADP6-mCherry (Choi et al., 2005; Choi & Schweizer, 2006; Sambrook et al., 

1989).  

 

2.2.4 Genome sequencing and analysis 

Raw reads were imported into CLC Genomics Workbench 8.0 (Qiagen, 

Germany), followed by quality trimming to remove bad quality reads. The 

trimmed reads were then mapped to the reference genome before the Basic 

Variant Detection module was used to detect for mutations using the default 

parameters. The mutations detected in the isolate was then filtered against 
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PAO1-WT control to determine the mutations acquired for survival under iron-

restricted conditions. 

 

2.2.5 Planktonic growth assay 

Bacterial cultures were normalized to OD600 of 0.01 in the respective 

media and inoculated into 24-well microtiter plates. All microtiter plates were 

incubated at 37 °C in shaking conditions. Planktonic growth was measured by 

recording the OD595 at intervals of 30 min to 1 h using a Tecan Infinite© M200 

Pro spectrophotometer (Tecan Group Ltd., Switzerland) until early stationary 

growth phase was reached. 

 

2.2.6 RNA extraction from planktonic cultures and absolute quantification 

by RT-qPCR 

P. aeruginosa cultures were normalized to OD600 of 0.01 in the respective 

media and inoculated into 24-well microtiter plates. All microtiter plates were 

incubated at 37 °C in shaking conditions. Planktonic growth was measured at 

OD600 at regular intervals using a Tecan Infinite© M200 Pro spectrophotometer 

(Tecan Group Ltd., Switzerland) until approximately OD600 of 0.5 was reached. 

Bacteria were then harvested in RNAprotect™ Bacteria Reagent (Qiagen, 

Germany) and incubated at room temperature for 5 mins before centrifuging at 

10,000 g for 10 mins. The supernatant was decanted, and bacteria pellets 

collected were subjected to total RNA extraction using RNeasy® mini kit (Qiagen, 

Germany) according to manufacturer’s protocol. Extracted RNA samples were 

subsequently treated with DNase (TURBO DNA-free™ kit, Invitrogen, USA) for 

removal of contaminating genomic DNA before the RNA was purified with 
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Monarch® RNA cleanup kit (New England Biolabs, USA). The concentration of 

RNA and potential DNA contamination were quantified using Qubit™ RNA BR 

and Qubit™ dsDNA HS assay kits, respectively (Invitrogen, USA). The 

extracted RNA was also quality checked using a TapeStation instrument (RNA 

ScreenTape, Aligent Technologies, USA). RNA samples with a maximum of 10% 

DNA contamination and a RINe value ≥ 7.5 were used for RT-qPCR. Equivalent 

amounts of RNA across all samples were converted to cDNA using 

SuperScript™ III First-Strand Synthesis SuperMix (Invitrogen, USA). Following 

cDNA synthesis, absolute quantification of mexA, mexB and oprM were 

performed using KAPA SYBR® FAST qPCR Master Mix (2X) kit (Kapa 

Biosystems, USA). The primers used for amplification of mexA, mexB and oprM 

are listed in Table 2.2. 

 

Table 2.2 Primers used in Chapter 2. 
Primer name Sequence (5' to 3') Reference 
qPCR_mexA_F GCCTCGAATTCTCCGAGGTT This study 
qPCR_mexA_R CTTCTGCTTGACGCCTTCCT This study 
qPCR_mexB_F GTGTTCGGCTCGCAGTACTC (Pourakbari et al., 

2016) 
qPCR_mexB_R AACCGTCGGGATTGACCTTG (Pourakbari et al., 

2016) 
qPCR_oprM_F CCATGAGCCGCCAACTGTC (Savli et al., 2003) 

qPCR_oprM_R CCTGGAACGCCGTCTGGAT (Savli et al., 2003) 

1-ldh1_UpF TGTGTGATGGATATCTGCACGGA
CCAACAGAGCGACCTGATTC 

This study 

2-ldh1_UpR GTGTACCATTCCTTCCTCTACATT
CTTTTTCGTG 

This study 

3-ldh1_DownF TAGAGGAAGGAATGGTACACAAC
TCCTTCTATAATAGTCGAAAATTA
AAAACAACCA 

This study 
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4-ldh1_DownR AGTGTGCTGGAATTCTGCATAGC
GAATGGTACGAATACAATGTGTG
TG 

This study 

COM_ldh1_F CTGAGCGGCCGCTTTGTAAAGC
GCCTGCCATC 

This study 

COM_ldh1_R ACTGGGATCCGTGAACGTTGGTT
TCCCGTG 

This study 

 

2.2.7 Pyoverdine quantification 

P. aeruginosa cultures were normalized to OD600 of 0.01 in the respective 

media and inoculated into 24-well microtiter plates. All microtiter plates were 

incubated at 37 °C in shaking conditions. Planktonic growth was measured at 

OD600 at regular intervals using a Tecan Infinite© M200 Pro spectrophotometer 

(Tecan Group Ltd., Switzerland) until approximately OD600 of 0.5 was reached. 

Cell-free supernatant was then obtained from these samples. Pyoverdine 

secretion was quantified by measuring the fluorescence intensity of the 

supernatants (excitation at 400 nm and emission at 450 nm) and normalizing it 

to the respective OD600 of each sample.  

 

2.2.8 E. faecalis transposon library screen 

An E. faecalis OG1RF mariner transposon library consisting of 14,978 

mutants was cryogenically stocked in 96-well microtiter plates (Kristich et al., 

2008). These OG1RF transposon mutants were cultured in 180 µL BHI broth at 

37 °C in static conditions for 16 – 18 h in 96-well microtiter plates using a cryo-

replicator (Adolf Kühner AG, Switzerland) and spotted onto BHI agar plates for 

incubation at 37 °C for 24 h. Following that, OG1RF transposon mutants from 

the BHI agar plates were cultured for primary screening in 180 µL BHI broth as 

described above. PADP6-mCherry cultures were grown and washed as 
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described above. Both the OG1RF transposon mutant cultures and PADP6-

mCherry were normalized to OD600 of 0.01 in TSBG media supplemented with 

1.2 mM 22D. A primary screen of the E. faecalis transposon library was done 

by mixing the normalized OG1RF transposon mutant cultures and PADP6-

mCherry at a 1:1 ratio in 96-well microtiter plates (total volume of 200 µL). The 

microtiter plates were then incubated at 37 °C in static conditions for 22 h. The 

growth of PADP6-mCherry was quantified by measuring mCherry fluorescence 

intensity (excitation = 480 nm, emission = 615 nm) using a Tecan Infinite© M200 

Pro spectrophotometer. Secondary validation of the OG1RF transposon 

mutants was performed by mixed-species macrocolony biofilm assays as 

described above to quantify the growth of PADP6 and each transposon mutant 

(CFU/mL) in 1 mM 22D iron-restricted conditions at 37 °C for 24 h.  

 

2.2.9 Molecular cloning 

The primers used in this study are listed in Table 2.2. Transformants 

were screened using respective selection agar as follows: (A) E. coli strains, LB 

with 500 µg/mL erythromycin (pGCP213); and (B) E. faecalis strains, BHI with 

25 µg/mL erythromycin (pGCP213). Generation of E. faecalis knock-out mutants 

were done by allelic replacement using a temperature-sensitive shuttle vector 

described previously (Nielsen et al., 2012). Vector pGCP213 was linearized 

using restriction enzymes (New England Biolabs, USA) for the construction of 

OG1RF ∆ldh1 and OG1RF ∆ldh1::ldh1. Linearized vector and inserts were 

ligated using In-Fusion® HD Cloning Kit (Clontech, Takara, Japan) and 

transformed into StellarTM competent cells. Successful plasmid constructs were 

verified by Sanger sequencing and subsequently extracted and transformed into 
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OG1RF. Transformants were selected with erythromycin at 30 °C, then 

passaged at non-permissive temperature at 42 °C with erythromycin to select 

for bacteria with successful plasmid integration into the chromosome. For 

plasmid excision, bacteria were serially passaged at 37 °C without erythromycin 

for erythromycin-sensitive colonies. These colonies were then subjected to PCR 

screening for detection of deletion mutant (OG1RF ∆ldh1) or chromosomal 

complementation of ldh1 (OG1RF ∆ldh1::ldh1). 

 

2.2.10 Lactate-Glo™ assay 

L-lactate quantification was done using the Lactate-Glo™ assay kit 

(Promega, USA). A 3 cm by 3 cm section of agar surrounding the macrocolonies 

were excised, resuspended in 5 mL of 1X sterile PBS and homogenized using 

a homogenizer (PRO Scientific, USA) to measure secreted L-lactate in the agar 

surrounding the macrocolonies. Supernatant were then collected by centrifuging 

homogenate at 5,000 g for 10 min and used for L-lactate quantification. Briefly, 

an equal volume of Lactate Detection Reagent was added to the supernatant 

and incubated for 60 min at room temperature before luminescence was read 

using a Tecan Infinite© M200 Pro spectrophotometer.  

 

2.2.11 Total iron quantification 

Iron quantification was done using the Iron Assay Kit (Colorimetric) 

(Abcam, UK) as per manufacturer’s instruction. Prior to quantification, samples 

were prepared by supplementing different concentrations of 22D or sodium L-

lactate (Sigma-Aldrich, USA) to 200 μM iron (II) sulfate heptahydrate 

(FeSO4·7H2O) and iron (III) chloride hexahydrate (FeCl3·6H2O). The output was 
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measured immediately at OD593 using a Tecan Infinite© M200 Pro 

spectrophotometer. The iron concentration in each sample was computed 

based on the standard curve generated using the iron standards. 

 

2.2.12 RNA extraction from macrocolonies 

Matured single- and mixed-species macrocolonies grown for 48 h on 

TSBG agar supplemented with and without 2,2’ bipyridyl, in biological triplicates, 

were first scraped into RNAprotect™ Bacteria Reagent (Qiagen, Germany) and 

incubated at room temperature for 5 mins before centrifuging at 10,000 g for 10 

mins. The supernatant was decanted, and bacteria pellets collected were then 

subjected to total RNA extraction using RNeasy® mini kit (Qiagen, Germany) 

with slight modifications. Briefly, cell pellets were resuspended in TE buffer 

containing 20 mg/mL lysozyme (Sigma-Aldrich, USA) and each sample was 

further supplemented with 20 µL proteinase K (Qiagen, Germany). This was 

followed by incubation at 37 °C for 1 h, and subsequent extraction steps was 

performed according to manufacturer’s protocol. Extracted RNA samples were 

treated with DNase (TURBO DNA-free™ kit, Invitrogen, USA) for removal of 

contaminating genomic DNA before the RNA was purified with Monarch® RNA 

cleanup kit (New England Biolabs, USA). The concentration of RNA and 

potential DNA contamination were quantified using Qubit™ RNA BR and 

Qubit™ dsDNA HS assay kits, respectively (Invitrogen, USA). The extracted 

RNA was quality checked using a TapeStation instrument (RNA ScreenTape, 

Aligent Technologies, USA) before it was sent for sequencing. Every sample 

had to have a minimum RNA concentration of 40 – 80 ng/µL, a maximum of 10% 

DNA contamination and a RINe value ≥ 8.0, before being used for library 
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preparation and subsequent sequencing as 100 bp paired end reads on an 

Illumina HiSeq2500 at Singapore Centre for Environmental Life Sciences 

Engineering (SCELSE) sequencing facility.  

 

2.2.13 Transcriptomic analysis 

The raw reads obtained were checked using FastQC (Version 0.11.9) 

and adaptor trimmed using bbduk from BBMap tools (Version 39.79) (Bushnell, 

2015). Trimmed reads were then mapped using bwa-mem of BWA (Version 

0.7.17-r1188) with options “-T 20 -k 13” against E. faecalis OG1RF (NCBI 

accession: CP002621) or P. aeruginosa PAO1 (NCBI accession: NC_002516) 

reference genomes. Reads mapped to open reading frames were quantified 

using htseq-count of HTSeq (Version 0.12.4) with option “-m intersection-strict” 

(Anders et al., 2015). Ribosomal sequences were filtered out from all data sets. 

Differential gene expression analysis was performed in R using edgeR (Version 

3.28.1) (Robinson et al., 2010). The log2 fold change values extracted were 

based on the false discovery rate (FDR) < 0.05.  

 

2.2.14 Mouse wound excisional model 

Mouse wound infections were performed similarly to a previous study 

(Chong et al., 2017). Bacterial cultures were normalized to 2 – 4 × 108 CFU/mL 

in 1X sterile PBS. Male C57BL/6 mice (7 – 8 weeks old, InVivos, Singapore) 

were anesthetized by inhalation of 3% isoflurane. The dorsal hair was shaved, 

and a depilatory cream (NairTM cream, Church and Dwight Co, USA) was 

applied to remove fine hair through shaving with a scalpel. The skin was next 

disinfected with 70% ethanol and a wound was created using a 6 mm biopsy 
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punch (Integra Miltex, USA). This was followed by inoculation with 10 μL of 

respective bacterial cultures per wound before the wound site was covered with 

a transparent dressing (TegadermTM 3M, USA). At 24 h post-infection (hpi), the 

mice were euthanized. Subsequently, a 1 × 1 cm piece of skin encompassing 

the wound site was excised and transferred into 1 mL of 1X sterile PBS. The 

excised wounds were homogenized and spotted onto respective selection agars 

for enumeration of P. aeruginosa and E. faecalis. Animals without the wound 

dressing at the point of sacrifice were excluded from data analysis.  

2.2.15 Statistical analysis 

Statistical analyses were performed with GraphPad Prism software 

(Version 9.0.0, California, USA) and are described in the respective figure 

legends.  

 

2.2.16 Data availability 

All RNA-seq sequences were deposited in the National Center for 

Biotechnology Information Gene Expression Omnibus database under 

accession number GSE190090 

(https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE190090). 
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2.3 Results 

2.3.1 E. faecalis inhibits P. aeruginosa growth under iron-restricted 

conditions. 

The compound 2,2’-dipyridyl (22D) is widely used as a neutral ligand for 

the chelation of metal ions and is a high affinity chelator of iron (Kaes et al., 

2000). Therefore, 22D was supplemented into TSBG growth media to restrict 

iron availability. We first investigated the interactions between 12 different E. 

faecalis clinical isolates and P. aeruginosa PAO1 BAA-47 using static biofilm 

assays. In iron-restricted media (TSBG supplemented with 1 mM 22D), PAO1 

BAA-47 growth was inhibited in all of the mixed-species biofilms compared to 

PAO1 BAA-47 single-species biofilm (Figure 2.1A). By contrast, E. faecalis 

growth was similar in the single- and mixed-species biofilms (Figure 2.1B). 

These data indicate that E. faecalis inhibition of P. aeruginosa is not strain 

specific. We next performed the biofilm assay, now with E. faecalis OG1RF and 

eight different P. aeruginosa clinical isolates, to examine whether P. aeruginosa 

susceptibility to E. faecalis-mediated inhibition was strain specific. We observed 

that the growth of all P. aeruginosa isolates was inhibited in the mixed-species 

biofilms compared to their respective single-species counterpart (Figure 2.1C), 

while E. faecalis growth in the single- and mixed-species biofilms remained 

unaffected (Figure 2.1D). These data demonstrate that all tested E. faecalis and 

P. aeruginosa clinical isolates engage in mixed-species antagonism under iron-

restricted conditions.  

 

We next performed supernatant transfer assays in which either E. 

faecalis or P. aeruginosa single- or mixed-species biofilms were grown in iron-
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restricted media, and their cell-free biofilm supernatants were collected and 

supplied to P. aeruginosa at a 1:1 ratio with fresh media for subsequent growth 

assays. There were minimal differences in PAO1 BAA-47 growth when 

supplemented with biofilm supernatant obtained from single-species PAO1 

BAA-47 biofilm compared to supplemented with water (Figure 2.1E). However, 

when PAO1 BAA-47 was grown with supernatant obtained from single-species 

OG1RF or mixed PAO1 BAA-47 and OG1RF biofilms, we observed a significant 

inhibition of PAO1 BAA-47 growth compared to control supplementation (Figure 

2.1E), suggesting that P. aeruginosa inhibition is mediated by the presence of 

E. faecalis.  

 

Next, to validate the above findings and to determine the mechanistic 

basis of polymicrobial interactions between E. faecalis and P. aeruginosa under 

iron-restricted conditions, we performed mixed-species macrocolony biofilm 

assays (Keogh et al., 2016; Lam et al., 2020), initially using E. faecalis OG1RF 

and P. aeruginosa PAO1 for our experiments. However, PAO1-WT was 

sensitive to iron restriction at 22D concentrations greater than 1 mM (Appendix 

Figure 2.1A and B) and had a minimum inhibitory concentration (MIC) of 0.8 

mM to 22D (data not shown), while there was minimal effect on OG1RF up to 3 

mM 22D (Appendix Figure 2.1C). As such, a P. aeruginosa PAO1 spontaneous 

mutant that was resistant to 22D chelation was generated and named PADP6. 

Whole genome sequencing of this mutant revealed a single nucleotide 

polymorphism in the nalC repressor gene (4166561G>T, R15L). This mutation 

in PADP6 restored growth in 2 mM 22D to similar levels as PAO1-WT 

macrocolonies grown in unchelated media (Appendix Figure 2.1A), and 
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PADP6 was less sensitive to 22D iron restriction compared to PAO1-WT 

(Appendix Figure 2.1B and D). Mutation in nalC causes an overexpression of 

the iron-regulated mexAB-oprM operon encoding the MexAB-OprM efflux pump 

upon severe iron restriction (Cao, L. et al., 2004; Poole, Heinrichs, et al., 1993). 

Additionally, the MexAB-OprM efflux pump is implicated in pyoverdine 

siderophore secretion (Poole, Heinrichs, et al., 1993; Poole, Krebes, et al., 

1993). Hence, to understand how the single nucleotide polymorphism in nalC 

enhances 22D resistance in PADP6, we quantified the expression of mexA, 

mexB and oprM as well as pyoverdine production in PAO1-WT and PADP6 

when grown in iron-restricted media. As expected, we observed higher 

expression of mexA, mexB and oprM in PADP6 compared to PAO1-WT in both 

unchelated and 0.5 mM 22D-chelated media (Appendix Figure 2.2A, B and C). 

Pyoverdine secretion was also higher in PADP6 than PAO1-WT when grown in 

0.5 mM 22D-chelated media (Appendix Figure 2.2D), suggesting that PADP6 

confers tolerance to iron starvation by increasing pyoverdine secretion. Moving 

forward, E. faecalis OG1RF and P. aeruginosa PADP6 were used for all 

subsequent experiments.  

 



 

 48 

 

Figure 2.1 E. faecalis inhibits P. aeruginosa growth under iron-restricted 
conditions. 
Enumeration of (A) PAO1 BAA-47, (B) E. faecalis clinical isolates, (C) P. 
aeruginosa clinical isolates and (D) OG1RF from 24 h biofilms with single or 
mixed inoculums grown in TSBG media supplemented with 1 mM 22D. Dotted 
lines represent inoculum of bacteria spotted. N ≥ 3 with 3 technical replicates; 
error bars represent SD from the mean. Statistical analysis was performed using 
Mann-Whitney U test, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. For 
(A), statistical significance is for all strains when compared to PAO1 BAA-47. 
Enumeration of (E) PAO1 BAA-47 from 24 h cultures grown with fresh TSBG 
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media, water, or cell-free supernatant obtained from 24 h biofilms of PAO1 BAA-
47, OG1RF and PAO1 BAA-47 mixed with OG1RF. The water and respective 
supernatants were mixed at a 1:1 ratio with fresh TSBG media supplemented 
with 1 mM 22D for PAO1 BAA-47 growth. N = 4 with 3 technical replicates; error 
bars represent SD from the mean. Statistical analysis was performed using 
Mann-Whitney U test, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. 
Enumeration of (F) PADP6 and (G) OG1RF from 24 h macrocolonies with single 
or mixed inoculums grown in TSBG media supplemented without and with 2 mM 
22D. Bacterial species were mixed at a 1:1 ratio for mixed-species 
macrocolonies. Dotted lines represent inoculum of bacteria spotted. N = 3 with 
3 technical replicates; error bars represent SD from the mean. Statistical 
analysis was performed using Mann-Whitney U test, *p < 0.05, **p < 0.01, ***p 
< 0.001, ****p < 0.0001. 
 

To validate that PADP6 was also susceptible to E. faecalis-mediated 

growth inhibition when iron was restricted (supplemented with 2 mM 22D), we 

performed the macrocolony biofilm assay and observed that PADP6 growth was 

inhibited in mixed-species macrocolonies compared to PADP6 single-species 

macrocolonies (Figure 2.1F), whereas OG1RF growth in the single- and mixed-

species macrocolonies was unaffected (Figure 2.1G). Further, the addition of 

ferric chloride (FeCl3) to 22D-chelated media restored PADP6 growth in the 

mixed-species macrocolonies to levels similar to PADP6 single-species growth 

in chelated media without FeCl3 supplementation (Figure 2.2A and B), 

indicating that PADP6 growth inhibition in mixed-species macrocolonies is 

specific to the presence of E. faecalis and iron restriction. The supplementation 

of other trace metals to 22D-chelated media were unable to rescue growth 

inhibition of P. aeruginosa (Figure 2.2C and D). We also explored the 

polymicrobial interactions between E. faecalis and P. aeruginosa in 2 mM 22D-

chelated TSB growth media (lacking the supplemental glucose of TSBG). 

However, we did not observe an antagonistic relationship between these two 

bacteria (Appendix Figure 2.3A and B), suggesting that nutritional differences 
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contribute to the antagonistic relationship between E. faecalis and P. aeruginosa. 

Subsequently, TSBG media was used for all experiments as we wanted to 

understand and exploit the mechanistic basis of the antagonism between E. 

faecalis and P. aeruginosa for future possibilities in treatment applications. 

Hence, based on the mixed-species antagonism observed in TSBG media, we 

hypothesized that E. faecalis OG1RF produces a factor, or modulates the local 

environment, such that it is unfavorable for the growth of PADP6 under iron-

restricted conditions. 

 

Planktonic growth was also examined to determine whether PADP6 

growth inhibition in the presence of OG1RF was specific to biofilms. In 

unchelated media, we observed PADP6 growth inhibition by approximately 1 

log in co-culture with E. faecalis OG1RF compared to PADP6 alone, while 

OG1RF growth in co-culture remained unaffected (Figure 2.3). However, 

PADP6 was further inhibited by more than 2 logs in the presence of 22D. 

Therefore, E. faecalis OG1RF inhibition of P. aeruginosa PADP6 growth is not 

a biofilm-specific phenotype. 

 



 

 51 

 

Figure 2.2 Growth inhibition of P. aeruginosa by E. faecalis is iron-specific. 
Enumeration of (A) PADP6 and (B) OG1RF from 24 h macrocolonies with single 
or mixed inoculums grown in 2 mM 22D-chelated TSBG media without and with 
FeCl3 (10 and 20 μM). Bacterial species were mixed at a 1:1 ratio for mixed-
species macrocolonies. Dotted lines represent inoculum of bacteria spotted. N 
= 3 with 3 technical replicates; error bars represent SD from the mean. Statistical 
analysis was performed using Mann-Whitney U test, *p < 0.05, **p < 0.01, ***p 
< 0.001, ****p < 0.0001. Enumeration of (C) PAO1 BAA-47 and (D) OG1RF from 
24 h single- and mixed-species macrocolonies grown in 1 mM 22D-chelated 
TSBG media without and with 100 μM of varying trace metals. Bacterial species 
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were mixed at a 1:1 ratio for mixed-species macrocolonies. Dotted lines 
represent inoculum of bacteria spotted. N = 3 with 3 technical replicates; error 
bars represent SD from the mean. Statistical analysis was performed using 
Mann-Whitney U test, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. 
 

 

Figure 2.3 E. faecalis inhibits P. aeruginosa growth in planktonic 
conditions regardless of iron levels. 
Enumeration of (A) PADP6 and (B) OG1RF from single or mixed inoculums 
grown for 24 h in TSBG media supplemented without and with 2 mM 22D. 
Bacterial species were mixed at a 1:1 ratio for mixed-species macrocolonies. 
Dotted lines represent inoculum of bacteria spotted. N ≥ 3 with 3 technical 
replicates; error bars represent SD from the mean. Statistical analysis was 
performed using Mann-Whitney U test, *p < 0.05, **p < 0.01, ***p < 0.001, ****p 
< 0.0001. 
 

2.3.2 E. faecalis ldh1 is responsible for P. aeruginosa growth inhibition 

under iron-restricted conditions. 

An E. faecalis mariner transposon library screen was performed to 

identify E. faecalis mutants that did not inhibit PADP6 planktonic growth under 

iron-restricted conditions. We identified six E. faecalis mutants that did not inhibit 

PADP6 growth when co-cultured; however, upon validation of these six mutants 
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in the macrocolony assay, three of which were validated for failure to inhibit 

PADP6 growth: ldh1, gloA3 and guaB (Appendix Table 2.1). There was a 

bimodal pattern for PADP6 growth in the mixed PADP6 and OG1RF guaB::Tn 

macrocolonies, in which among 5 independent experiments, only ~30% of the 

replicates did not result in PADP6 growth inhibition (Appendix Figure 2.4A). As 

such, guaB was not followed up on due to this bimodality. On the other hand, 

PADP6 growth was not inhibited in the mixed PADP6 and OG1RF gloA3::Tn 

macrocolonies across all 3 independent experiments performed (Appendix 

Figure 2.4B). E. faecalis gloA3 encodes for glyoxalase and is involved in 

detoxifying methylglyoxal to D-lactate (Chakraborty et al., 2014). Among gloA3 

and ldh1, we were more interested in ldh1 and therefore, decided to focus on 

the transposon insertion in ldh1 (ldh1::Tn). In E. faecalis, there are two copies 

of ldh (ldh1 and ldh2) that encode L-lactate dehydrogenase (LDH) to catalyze 

the reduction of pyruvate to L-lactate (Ramsey et al., 2014). Of the two copies, 

ldh1 accounts for the majority of L-lactate produced in E. faecalis in laboratory 

settings (Jönsson et al., 2009; Ramsey et al., 2014)  

 

We then created a ldh1 deletion mutant (OG1RF ∆ldh1) and validated 

the transposon screening results in a macrocolony biofilm assay with PADP6 

and OG1RF ∆ldh1. Specifically, PADP6 growth was not inhibited in the mixed 

PADP6 and OG1RF ∆ldh1 macrocolonies compared to mixed PADP6 and 

OG1RF macrocolonies (Figure 2.4A). Importantly, OG1RF ∆ldh1 growth in 

single- and mixed-species macrocolonies was unaffected (Figure 2.4B). Upon 

ldh1 chromosomal complementation in OG1RF ∆ldh1, PADP6 growth was 
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inhibited to levels as when grown with OG1RF (Figure 2.4A), suggesting that 

ldh1 plays a role in inhibiting PADP6 growth under iron-restricted conditions.  
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Figure 2.4 L-lactate produced by E. faecalis inhibits P. aeruginosa growth 
in iron-restricted media. 
Enumeration of (A) PADP6 and (B) OG1RF, Dldh1, Dldh1::ldh1 from 48 h 
macrocolonies with single or mixed inoculums grown in 2 mM 22D-chelated 
TSBG media. Bacterial species were mixed at a 1:1 ratio for mixed-species 
macrocolonies. Dotted lines represent inoculum of bacteria spotted. N = 4 with 
3 technical replicates; error bars represent SD from the mean. Statistical 
analysis was performed using Mann-Whitney U test, *p < 0.05, **p < 0.01, ***p 
< 0.001, ****p < 0.0001. (C) Quantification of L-lactate exported from 48 h single- 
and mixed-species macrocolonies grown in TSBG media supplemented without 
and with 2 mM 22D. N = 3 with 2 technical replicates; error bars represent SD 
from the mean. Statistical analysis was performed using two-way ANOVA with 
Tukey’s test for multiple comparisons, *p < 0.05, **p < 0.01, ***p < 0.001, ****p 
< 0.0001. (D) Quantification of iron when 200 μM of iron (II) sulfate heptahydrate 
(Fe2+) and iron (III) chloride hexahydrate (Fe3+) were supplemented without and 
with varying concentrations of 22D (0.5, 1 and 2 mM) or L-lactate (10 and 20 
mM). N ≥ 3 with 2 technical replicates; error bars represent SD from the mean. 
Statistical analysis was performed using Mann-Whitney U test, *p < 0.05, **p < 
0.01, ***p < 0.001, ****p < 0.0001. Enumeration of (E) PADP6 and (F) OG1RF, 
Dldh1 from 48 h macrocolonies with single or mixed inoculums grown in 2 mM 
22D-chelated TSBG media without and with increasing lactic acid 
concentrations (2.5, 5, and 10 mM). Bacterial species were mixed at a 1:1 ratio 
for mixed-species macrocolonies. Dotted lines represent inoculum of bacteria 
spotted. N = 3 with 3 technical replicates; error bars represent SD from the mean. 
Statistical analysis was performed using Mann-Whitney U test, *p < 0.05, **p < 
0.01, ***p < 0.001, ****p < 0.0001. 
 

2.3.3 E. faecalis-derived L-lactate is responsible for P. aeruginosa growth 

inhibition in mixed-species macrocolonies when iron is restricted. 

In a previous study, the amount of lactate exported in the supernatant of 

E. faecalis V583 ∆ldh1 was lower than E. faecalis V583 (Jönsson et al., 2009). 

Thus, to investigate the possible role of L-lactate in inhibiting PADP6 growth in 

mixed-species macrocolonies grown under iron-restriction conditions, we 

quantified the extracellular L-lactate. We detected significantly more L-lactate 

from OG1RF single-species macrocolonies grown under iron-restricted 

compared to unchelated conditions (Figure 2.4C), indicating that OG1RF 
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increased L-lactate production in iron-restricted media is independent of PADP6 

presence. Increased L-lactate production was further supported by 

transcriptomic data, in which we observed upregulation of ldh1 (log2FC = 0.57) 

in OG1RF single-species macrocolonies grown in iron-restricted media 

compared to those grown in unchelated media (Table 2.3). Next, we detected a 

significant reduction of L-lactate in mixed PADP6 and OG1RF macrocolonies 

compared to OG1RF single-species macrocolonies in unchelated media, 

whereas L-lactate levels were comparable between single- and mixed-species 

macrocolonies under iron-restricted conditions (Figure 2.4C). Based on 

transcriptomic data, we observed an upregulation of ldh1 (log2FC = 3.27) in 

mixed PADP6 and OG1RF macrocolonies grown in iron-restricted media 

compared to those grown in unchelated media (Table 2.3). Together, these data 

indicate that ldh1 is upregulated when iron is restricted, leading to increase 

production and export of L-lactate. In previous studies, lactate was found to 

chelate iron (Bergqvist et al., 2005; Ghio et al., 2021; Gorman & Clydesdale, 

1984), which we confirmed in our assay conditions for ferric iron (Figure 2.4D). 

Consequently, even mild iron chelating effects of E. faecalis-derived L-lactate 

could further restrict iron availability in the environment.  

 

To confirm this, we compared PADP6 and OG1RF transcriptomes of 

mixed PADP6 and OG1RF macrocolonies to mixed PADP6 and OG1RF ∆ldh1 

macrocolonies grown in iron-restricted media. Unfortunately, due to the low 

PADP6 cell numbers in the mixed PADP6 and OG1RF macrocolonies and 

therefore, lesser number of PADP6 raw counts, we were unable to draw 

conclusions regarding iron availability based on the gene expression profile of 
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PADP6 (Table 2.4). However, OG1RF iron acquisition genes, such as ABC 

transporters (Latorre et al., 2018), were upregulated in the mixed PADP6 and 

OG1RF macrocolonies, suggesting that iron availability was restricted when L-

lactate levels was high (Table 2.5). Consistent with this, increased L-lactate 

levels in the environment was inversely correlated with PADP6 growth in the 

mixed PADP6 and OG1RF macrocolonies under iron-restricted conditions 

(Figure 2.4A and C).  

 

Due to the anionic nature of L-lactate at all metabolic pH, it cannot pass 

through the E. faecalis cell membrane freely (Ramsey et al., 2014). As a result, 

L-lactate is exported out of E. faecalis as lactic acid (Harold & Levin, 1974) with 

a pKa of 3.86 (Eyal & Canari, 1995; Featherstone & Rodgers, 1981; Gonzalez 

et al., 2008), which is lower than the surrounding environmental pH. Therefore, 

upon export, lactic acid is deprotonated to L-lactate and releases H+ into the 

environment resulting in a lowered environmental pH. To further investigate the 

role of L-lactate, we supplemented increasing amounts of lactic acid to mixed 

PADP6 and OG1RF Dldh1 macrocolonies in 22D-chelated media. We observed 

a dose-dependent inhibition of PADP6 growth in the mixed-species 

macrocolonies with increasing lactic acid concentrations from 2.5 mM to 10 mM 

(Figure 2.4E), while OG1RF Dldh1 growth in the mixed-species macrocolonies 

remained relatively unchanged (Figure 2.4F).  
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Table 2.3 E. faecalis L-lactate dehydrogenase differentially regulated under iron-restricted conditions. 
Comparison conditions Locus tag Name  Description  log2FC p-value  FDR 
OG1RF single-species macrocolonies grown 
in iron restriction relative to OG1RF single-
species macrocolonies grown under 
unchelated conditions 
  

OG1RF_10199 ldh1 L-lactate 
dehydrogenase 0.57 8.75E-05 1.68E-03 

Mixed OG1RF and PADP6 macrocolonies 
grown in iron restriction relative to mixed 
OG1RF and PADP6 macrocolonies grown 
under unchelated conditions   

OG1RF_10199 ldh1 L-lactate 
dehydrogenase 3.27 9.02E-25 8.91E-24 

Complete table can be found in Supplementary File 1 at https://bit.ly/3tOvqhy.  
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Table 2.4 Selected P. aeruginosa raw counts of iron acquisition genes from mixed PADP6 + OG1RF macrocolonies and 
mixed PADP6 + OG1RF ∆ldh1 macrcolonies under iron-restricted conditions. 
Locus tag Name  PADP6 + OG1RF   PADP6 + OG1RF ∆ldh1 
PA2386  pvdA 0 3 0  102 68 46 
PA4228 pchD 0 2 0  79 42 33 
PA2399 pvdD 0 2 0  146 95 54 
PA2424  pvdL 0 1 0  56 68 64 
PA4221  fptA 1 0 0  134 72 62 

         

Total P. aeruginosa raw counts  1005 191602 1362  217172 192025 172212 
Total E. faecalis raw counts 258404 243639 260881  881980 733793 764946 
Percentage of P. aeruginosa raw counts 
(%) 0.39 44.02 0.52  19.76 20.74 18.38 
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Table 2.5 E. faecalis iron acquisition genes upregulated in PADP6 + OG1RF macrocolonies relative to PADP6 + OG1RF 
∆ldh1 macrocolonies grown under iron-restricted conditions. 

Upregulated in PADP6 + OG1RF macrocolonies grown under iron-restricted conditions 
Locus tag Name  Description log2FC p-value FDR 
OG1RF_11917 metI ABC transporter permease 4.39 1.07E-06 7.70E-06 
OG1RF_11762  ABC transporter permease 3.33 1.04E-10 1.55E-09 
OG1RF_10136  Ferrichrome ABC transporter substrate-binding protein 2.03 1.74E-05 9.86E-05 
OG1RF_12352  Iron ABC transporter ATP-binding protein 1.86 9.35E-05 4.60E-04 
OG1RF_12351  Iron ABC transporter substrate-binding protein 1.75 2.11E-04 9.47E-04 
OG1RF_12353  Iron ABC transporter permease 1.73 3.16E-04 1.37E-03 
OG1RF_10360 feoB Ferrous iron transport protein B 1.64 1.47E-04 6.97E-04 
OG1RF_10128  ABC transporter permease 1.51 1.77E-03 5.99E-03 
OG1RF_12354   Iron ABC transporter permease 1.50 9.31E-04 3.48E-03 

Complete table can be found in Supplementary File 1 at https://bit.ly/3tOvqhy.  
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2.3.4 L-lactate is necessary, but not sufficient, for inhibiting P. aeruginosa 

growth under iron-restricted conditions. 

To investigate whether L-lactate alone was sufficient for inhibiting PADP6 

growth in iron-restricted media, we grew PADP6 single-species macrocolonies 

supplemented with increasing 22D and lactic acid concentrations. When 

supplemented with 10 mM or 20 mM lactic acid in unchelated media, PADP6 

growth remained relatively unchanged compared to unchelated media without 

lactic acid supplementation (Figure 2.5A). Based on the lactic acid 

supplementation results obtained in Figure 2.4E and F, we expected that 

PADP6 growth would be inhibited when supplemented with 10 mM lactic acid 

under iron-restricted conditions. However, upon supplementation of 10 mM 

lactic acid, we only observed a significant inhibition of PADP6 growth when it 

was grown in 4 mM 22D-chelated media, but not in 2 mM and 3 mM 22D-

chelated media compared to unchelated media (Figure 2.5A). Whereas, when 

supplemented with 20 mM lactic acid, we observed significant PADP6 growth 

inhibition at all tested 22D concentrations, compared to unchelated media 

(Figure 2.5A). A possible explanation for why more lactic acid was needed to 

inhibit single-species PADP6 growth in 2 mM 22D could be that E. faecalis ldh2 

is also contributing to L-lactate production in OG1RF ∆ldh1, hence a lower 

amount of lactic acid was sufficient to inhibit PADP6 growth in the mixed-species 

macrocolonies. Taken together, these data demonstrate that L-lactate is 

necessary, but not sufficient, for PADP6 growth inhibition in iron-restricted 

media.  
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Figure 2.5 P. aeruginosa growth inhibition is due to lowered environmental pH under iron-restricted conditions. 
(A) Enumeration of PADP6 from 48 h single-species macrocolonies grown in TSBG media supplemented without and with increasing 
22D concentrations (2, 3 and 4 mM), which is then further supplemented without and with lactic acid (10 and 20 mM). Dotted lines 
represent inoculum of bacteria spotted. N ≥ 3 with 3 technical replicates; error bars represent SD from the mean. Statistical analysis 
was performed using Mann-Whitney U test, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. (B) Enumeration of PADP6 from 48 h 
single-species macrocolonies grown in 2 mM 22D-chelated TSBG media supplemented without and with 20 mM lactic acid (pH 
unadjusted and pH adjusted to pH 6.6) or 20 mM citric acid (pH unadjusted and pH adjusted to pH 6.61). Dotted lines represent 
inoculum of bacteria spotted and dashed lines represent limit of detection. N = 3 with 3 technical replicates; error bars represent SD 
from the mean. Statistical analysis was performed using Mann-Whitney U test, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. (C) 
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Planktonic growth of PADP6 in pH unadjusted (pH 7.29) and pH adjusted (pH 6.52, 5.50, 4.52 and 3.54) TSBG media supplemented 
with 2 mM 22D. N = 3 with 3 technical replicates; error bars represent SD from the mean. 
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2.3.5 Decreased environmental pH under iron restriction inhibits P. 

aeruginosa growth. 

Next, we investigated why PADP6 viability was lost in the presence of L-

lactate under iron-restricted conditions. Upon export of lactic acid by E. faecalis, 

it is deprotonated into L-lactate and H+. We therefore examined whether a 

lowered environmental pH contributes to PADP6 growth inhibition when iron 

was restricted. Supplementation of iron-restricted media with 20 mM pH 

unadjusted lactic acid (pH 2.69) resulted in significant PADP6 growth inhibition 

compared to the absence of lactic acid supplementation (Figure 2.5B). In 

contrast, PADP6 growth was unaffected when we supplemented the media with 

20 mM pH adjusted lactic acid (pH 6.60) using sodium hydroxide (NaOH) when 

iron was otherwise restricted (Figure 2.5B). To examine if other organic acids 

had the ability to inhibit P. aeruginosa growth, we also supplemented the iron-

restricted media with citric acid to lower the environmental pH. Supplementation 

with pH unadjusted citric acid (pH 2.41) significantly inhibited PADP6 growth to 

below the limit of detection, while no significant growth difference was observed 

upon supplementation with 20 mM pH adjusted citric acid using NaOH (pH 6.61) 

or in the absence of citric acid supplementation (Figure 2.5B). Moreover, 

alleviation of the low pH in iron-restricted media with PIPES, MOPS or HEPES 

buffer partially rescued P. aeruginosa growth in the mixed-species 

macrocolonies (Appendix Figure 2.5). To further assess the impact of low pH 

on P. aeruginosa growth, we grew PADP6 planktonically in pH unadjusted and 

pH adjusted 22D-chelated media. When grown in 22D-chelated media at pH 

5.50 and lower, we observed minimal to no PADP6 growth (Figure 2.5C), 

suggesting that P. aeruginosa growth is generally inhibited when grown in low 
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pH environments as previously shown (Bushell et al., 2019; Tanner & James, 

1992). These data also helps in explaining an interesting observation seen in 

Figure 2.1F and Figure 2.4A, whereby when PADP6 was grown in mixed-

species macrocolonies with OG1RF, the CFU/macrocolony was ~2 × 107 for 24 

h macrocolonies (Figure 2.1F) and ~9 × 105 for 48 h macrocolonies (Figure 

2.4A), suggesting that P. aeruginosa grows from its initial inoculum of ~5 × 105 

CFU but eventually dies off likely due to the drop in pH and competitive depletion 

of iron. Altogether, these data show that the lowered environmental pH as a 

consequence of E. faecalis lactic acid export, coupled with L-lactate-mediated 

chelation of iron, plays a critical role in P. aeruginosa growth under iron-

restricted conditions. 

 

2.3.6 P. aeruginosa mixed-species infection augments E. faecalis growth 

in a mouse wound excisional model. 

Since E. faecalis and P. aeruginosa are often co-isolated in wounds 

(Gjødsbøl et al., 2006) and to validate our in vitro findings in in vivo settings, we 

co-infected these two bacteria in a mouse wound excisional model. We first 

assessed the in vivo polymicrobial interactions using PAO1-WT, PADP6 and 

OG1RF to determine whether there were any differences between PAO1-WT 

and PADP6 in wound colonization. Based on a previous study profiling P. 

aeruginosa transcriptomes during wound infection, genes involved in 

siderophores biosynthesis were significantly upregulated, suggesting that iron 

availability was indeed restricted during wound infection (Turner et al., 2014). 

Therefore, it was not surprising that PADP6 single-species infection colonized 

the wound better than PAO1-WT, probably attributed by the higher tolerance to 
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iron starvation in PADP6 (Figure 2.6A). However, contrary to our in vitro 

findings, both PAO1-WT and PADP6 growth were similar in the single- and 

mixed-species infected wounds at 24 h post-infection (hpi) (Figure 2.6A). 

Additionally, we observed an augmentation of OG1RF growth in the mixed-

species infection with PAO1-WT (1.43-log increase) and PADP6 (0.72-log 

increase) compared to OG1RF single-species infection (Figure 2.6B). 

Nonetheless, we went on to examine whether E. faecalis ldh1 would impact 

these in vivo polymicrobial interactions with PAO1-WT as PAO1-WT resulted in 

a larger OG1RF growth augmentation than PADP6 in mixed-species infection. 

Again, we observed that PAO1-WT growth remained relatively similar in the 

single- and mixed-species wound infection (Figure 2.6C), while OG1RF growth 

was augmented in the mixed-species compared to OG1RF single-species 

infection (1.59-log increase) (Figure 2.6D). Likewise, OG1RF ∆ldh1 growth was 

augmented in the mixed-species compared to OG1RF ∆ldh1 single-species 

infection (1.39-log increase) (Figure 2.6D), suggesting that ldh1 does not 

contribute to the E. faecalis augmentation when co-infected with P. aeruginosa. 

Collectively, rather than an antagonistic relationship observed in in vitro, our in 

vivo findings suggest that E. faecalis and P. aeruginosa exists in symbiosis.  
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Figure 2.6 P. aeruginosa mixed-species infection augments the growth of 
E. faecalis in a mouse wound excisional model. 
Male C57BL/6 mice were wounded and infected with single- and mixed-species 
(1:1 ratio) inoculums at 2 – 4 × 106 CFU/wound. Wounds were harvested at 24 
hpi and the recovered bacteria were enumerated on selection agar plates. 
Enumeration of (A) PAO1-WT, PADP6 and (B) OG1RF from single- and mixed-
species infected wounds with PAO1-WT, PADP6 and OG1RF. Enumeration of 
(C) PAO1-WT, (D) OG1RF and ∆ldh1 from single- and mixed-species infected 
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wounds with PAO1-WT, OG1RF and Dldh1. Each data point represents one 
mouse and horizontal lines indicate the median, N = 1, n = 5 mice. Statistical 
analysis was performed using Mann-Whitney U test, *p < 0.05, **p < 0.01, ***p 
< 0.001, ****p < 0.0001. 
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2.4 Discussion 

In this study, we sought to characterize the polymicrobial interactions 

between commonly co-isolated E. faecalis and P. aeruginosa in an iron-

restricted condition. We show that E. faecalis inhibits P. aeruginosa growth in 

biofilms when iron availability is restricted in an LDH-dependent manner. Since 

E. faecalis Ldh1 catalyzes the reduction of pyruvate to L-lactate, the increased 

ldh1 expression translates to an increased L-lactate production in E. faecalis. 

The L-lactate produced is then exported as lactic acid which then gets 

deprotonated into L-lactate releasing H+ in the surrounding environment. 

Together, the chelation of iron by L-lactate and lowered pH environment 

contributes to P. aeruginosa growth inhibition under iron-restricted conditions. 

 

An outstanding question from this work is how iron restriction leads to an 

upregulation of E. faecalis ldh1. E. faecalis possesses two copies of the ldh 

gene, ldh1 and ldh2, both encoding for L-lactate dehydrogenase (Ramsey et al., 

2014). Both isoenzymes contributes to L-lactate production through catalyzing 

the reduction of pyruvate to L-lactate (Ramsey et al., 2014). The activity of both 

isoenzymes is regulated by fructose 1,6-bisphosphate, intracellular phosphate 

and pH levels (Feldman-Salit et al., 2013). The principal L-lactate 

dehydrogenase, encoded by ldh1, was suggested to be post-transcriptionally 

regulated upon different growth rates (Mehmeti et al., 2012). The transcription 

of ldh1 is also activated by CcpA, a global transcription regulator of carbon 

catabolite repression, by binding to a catabolite-responsive elements (cre) box 

identified upstream of ldh1 gene (Leboeuf et al., 2000). However, little is known 

if iron levels play any role in regulating ldh1 expression. We show that E. faecalis 
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ldh1 expression is increased in iron-restricted media and this is supported by an 

increased amount of L-lactate measured in the surrounding environment of 

macrocolonies grown. Ferric uptake regulator (Fur) is a transcription factor 

involved in regulating iron uptake and homeostasis (Hassan & Troxell, 2013). 

The DNA-binding sequence of Fur is well-studied (Latorre et al., 2018; Quatrini 

et al., 2007; Yu, C. & Genco, 2012) and we tried using different DNA Fur binding 

motifs to identify possible Fur binding sites upstream of ldh1, but we did not find 

any that resemble known binding motifs. Despite this, a previous study reported 

that ldh1 is differentially expressed between E. faecalis OG1RF and OG1RF 

∆fur mutant, suggesting that ldh1 expression is directly or indirectly influenced 

by Fur (Latorre et al., 2018). An upregulation of ldh1 and several genes involved 

in iron transport is also observed in another transcriptome study done when E. 

faecalis was exposed to urine (Vebø et al., 2010). It is therefore consistent that 

in iron-restricted environments, such as urine or E. faecalis macrocolonies 

growing in iron-restricted media, ldh1 expression is induced. This observation is 

not limited to E. faecalis as ldh1 expression is similarly induced under iron-

restricted conditions for the anaerobe Clostridium acetobutylicum (Vasileva et 

al., 2012). Although it remains unclear how iron levels influence ldh1 expression 

in E. faecalis, it is tempting to speculate that there is an interplay between iron 

levels and energy metabolism during growth under iron-restricted conditions.  

 

Lactic acid exported by E. faecalis is deprotonated to L-lactate and H+. 

We show that the consequential lowered environmental pH contributes to P. 

aeruginosa growth inhibition when iron is restricted. This is not surprising as P. 

aeruginosa growth is generally affected at low pH and prefers to grow in a more 
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neutral pH range (Bushell et al., 2019; Tanner & James, 1992). In fact, E. 

faecalis V583 adopts a similar strategy of lowering environmental pH as a result 

of lactic acid export to inhibit Klebsiella pneumoniae growth in polymicrobial 

biofilms (Ballén et al., 2020). P. aeruginosa siderophores pyoverdine and 

pyochelin have an iron formation stability constant of approximately 1024 and 105 

M-1, respectively (Cox & Graham, 1979; Lamont et al., 2009), while L-lactate has 

a stability constant of approximately 102 M-1 (Gorman & Clydesdale, 1984). The 

binding affinity for iron and zinc of Escherichia coli Nissle siderophore 

yersiniabactin changes accordingly to pH, in which yersiniabactin preferentially 

binds to zinc as pH increases (Behnsen et al., 2021). In addition, a high 

concentration of H+ is required for dechelation of iron-siderophore complexes 

(Boukhalfa & Crumbliss, 2002). As such, the low pH environment around E. 

faecalis likely affects the binding affinity of iron and promotes dissociation of iron 

from its siderophore complexes before it can be taken up by specific outer 

membrane receptors into P. aeruginosa. Moreover, varying pH of the medium 

alters the production of pyoverdine and pyochelin (Dumas et al., 2013). Even 

though a P. aeruginosa PADP6 strain that is able to grow under iron-restricted 

conditions is used to study the polymicrobial interactions with E. faecalis, the 

lowered iron availability resulted from 22D-mediated iron chelation and L-

lactate-mediated iron chelation is likely an added stress apart from the lowered 

pH environment. Afterall, iron is an essential element for many cellular and 

metabolite processes (Andreini et al., 2008; Frawley & Fang, 2014). Together, 

the low pH environment created by E. faecalis might possibly affect P. 

aeruginosa siderophore-mediated iron uptake and consequently, negatively 

impacting its growth due to insufficient intracellular iron.  
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Interestingly, P. aeruginosa did not inhibit E. faecalis growth in the 

presence or absence of iron restriction. P. aeruginosa is known to produce 

antimicrobial metabolites that are toxic toward other Gram-positive bacteria 

such as Staphylococcus aureus. For example, the antimicrobial metabolite 2-

heptyl-4-hydroxyquinoline N-oxide (HQNO) inhibits both the growth of S. aureus 

(Machan et al., 1992) and the activity of succinate:quinone oxidoreductase from 

Bacillus subtilis (Smirnova et al., 1995). Moreover, P. aeruginosa produces 

rhamnolipids which alter the cell surface of S. aureus resulting in increasing 

membrane permeability (Bharali et al., 2013). Despite these antimicrobial 

metabolites, P. aeruginosa and S. aureus are often co-isolated in infections 

(Gjødsbøl et al., 2006; Limoli & Hoffman, 2019) as P. aeruginosa attenuates its 

virulence when co-colonized with S. aureus and hence is more permissive to S. 

aureus growth (Baldan et al., 2014; Wakeman et al., 2016). We hypothesize the 

inability of P. aeruginosa to inhibit E. faecalis growth may also be due to a similar 

attenuation of P. aeruginosa virulence when grown with E. faecalis. In addition, 

rather than being in an antagonistic relationship, P. aeruginosa and E. faecalis 

could be symbiotic when iron is not restricted or in different environmental 

conditions. There is evidence between E. faecalis and E. coli, P. aeruginosa and 

S. aureus as well as S. aureus and E. faecalis, whereby interspecies metabolic 

feeding benefits one species and promotes polymicrobial biofilms and infections 

(Al Mahmud et al., 2021; Ch’ng et al., 2022; Keogh et al., 2016). Thus, although 

P. aeruginosa possesses the ability to produce antimicrobial metabolites, E. 

faecalis might be cross feeding metabolite(s) that are beneficial to P. aeruginosa 

and as a result, P. aeruginosa may tolerate E. faecalis in the right environment.  
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Even though we showed that E. faecalis antagonize P. aeruginosa under 

iron-restricted conditions in vitro, our in vivo findings suggest that these two 

bacteria exist in symbiosis. This is not surprising as E. faecalis and P. 

aeruginosa are often co-isolated in vivo (Citron et al., 2007; Giacometti et al., 

2000; Gjødsbøl et al., 2006; Tsuchimori et al., 1994). The contrasting 

observation that we observed in vitro and in vivo could be due to in-host bacterial 

or host mechanism that negate or override the antagonism. Our findings show 

that, in addition to iron-restrictive effects, P. aeruginosa growth inhibition is 

largely dependent on the effects of pH arising from export of E. faecalis lactic 

acid into the environment. As such, co-existence of E. faecalis and P. 

aeruginosa in vivo may be due to host influence on E. faecalis L-lactate 

production, or that the host buffers the environmental pH, negating E. faecalis 

L-lactate effects (Schneider et al., 2007). Another possibility could be 

differences in in vitro and in vivo spatial organization of E. faecalis and P. 

aeruginosa. When P. aeruginosa and E. faecalis were grown in vitro, they exhibit 

distinct spatial separation in which P. aeruginosa forms a structured biofilm 

above the E. faecalis biofilm (Lee et al., 2017). Whereas during polymicrobial 

wound infection (P. aeruginosa, E. faecalis, S. aureus, and Fineglodia magna), 

P. aeruginosa is seen throughout the wound bed as well as at the leading edge 

of wound (Dalton et al., 2011). Host factors might also contribute and affect 

spatial organization as this is evident in gut microbiome spatial organization 

(Chang & Kao, 2019; Tropini et al., 2017). Spatial structuring that keeps the two 

bacteria physically separated could therefore blunt any local pH and iron-

competition effects.  
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Based on the current findings, we propose a working model of E. faecalis 

and P. aeruginosa polymicrobial interactions in vitro (Figure 2.7). During co-

culture of E. faecalis and P. aeruginosa in unchelated media, L-lactate produced 

by E. faecalis is exported out via a symporter with H+ as lactic acid. Since the 

pKa of lactic acid is lower than pH of the environment, lactic acid gets 

deprotonated into L-lactate and H+, acidifying the environment. The L-lactate in 

the environment then chelates iron in the media (Figure 2.7A). In contrast, 

during co-culture under iron-restricted conditions, there is an upregulation of E. 

faecalis ldh1 expression which translates to an increased L-lactate production 

and lactic acid exported, further acidifying the environment. As E. faecalis 

continues to grow and lactic acid accumulates over time, the L-lactate in the 

environment further restricts iron availability in the iron-restricted media and the 

acidity of the environment subsequently exceeds a pH threshold at which P. 

aeruginosa can no longer grow (Figure 2.7B). 

 

Many infections are often polymicrobial and our work emphasizes the 

importance of how changes in the microenvironment such as iron or pH levels 

can significantly influence the interactions between two bacterial species. 

Despite the contrasting observation for E. faecalis and P. aeruginosa 

antagonism in vitro and in vivo, exploration of the mechanistic basis of 

antagonistic relationships between bacteria is informative because knowledge 

of such in vitro antagonism between bacteria has the potential to be used as a 

basis for additional control strategies against specific bacterial pathogens in the 

management of infections. 
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Figure 2.7 Proposed working model of E. faecalis and P. aeruginosa in vitro polymicrobial interactions. 
Interactions between E. faecalis and P. aeruginosa under (A) unchelated and (B) iron-restricted conditions. (A) Under unchelated 
conditions, L-lactate produced in E. faecalis is exported with hydrogen ions via a symporter (purple) as lactic acid, which is then 
deprotonated in the environment into L-lactate and hydrogen ions (H+). These L-lactate then chelates iron in the environment. (B) 
Under iron-restricted conditions, E. faecalis ldh1 expression is upregulated. Consequently, as E. faecalis grows, L-lactate production 
and lactic acid secretion increase. This further chelates iron under iron-restricted conditions and lowers the environmental pH to a 
point at which P. aeruginosa cannot grow. 
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Chapter 3 – Purine and carbohydrate availability drive 

Enterococcus faecalis fitness during wound infection 

 

3.1 Introduction 

Globally, 7 – 15% of hospitalized patients are affected by wound 

infections (WHO, 2016). Enterococcus faecalis is an opportunistic pathogen and 

is suggested to colonize a range of host niches due to its ability to grow in high 

pH, temperatures, and salt concentrations (Sherman, 1937). E. faecalis is 

capable of infecting various wound types that can develop into chronic infections 

(Dowd et al., 2008; Dworniczek et al., 2012; Fisher & Phillips, 2009; Giacometti 

et al., 2000; Shettigar et al., 2018). Additionally, E. faecalis is among the top five 

most commonly isolated pathogens from surgical sites infections (Gjødsbøl et 

al., 2006) and diabetic wounds (Citron et al., 2007; Mottola et al., 2016). 

Worryingly, it has been increasingly challenging to treat E. faecalis infections 

because of their intrinsic and acquired antibiotic resistance (Hollenbeck & Rice, 

2012). 

 

A bacterial wound infection usually starts with pathogens colonizing the 

dermal layer of skin which can develop into an infection and become chronic if 

left untreated. Most infected wounds are a result of bacterial colonization from 

either the normal skin flora, outside environment, or pathogens from other parts 

of the body such as the oral cavity or gut (Bowler et al., 2001). E. faecalis wound 

infection involves a rapid replication of E. faecalis to establish an infection by 8 

h post-infection (hpi), followed by a gradual decrease (but not clearance) of E. 
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faecalis burden by 3 days post-infection (dpi) (Chong et al., 2017). To 

successfully colonize different host niches, E. faecalis express microbial surface 

components recognizing adhesive matrix molecules (MSCRAMMs) such as the 

cell-wall anchored protein, Ebp pilus (Sillanpää et al., 2004). Flores-Mireles et 

al. (2014) demonstrated that E. faecalis EbpA mediates its attachment to host 

fibrinogen during catheter-associated urinary tract infections (CAUTI), which 

suggests the importance of Ebp in surface adhesion during infections. E. 

faecalis also encodes for collagen binding protein, Ace, to facilitate colonization 

of different niches. Ace can bind to host fibrinogen and collagen (Nallapareddy 

& Murray, 2008), and is important for E. faecalis colonization during urinary tract 

infections (UTI) (Lebreton et al., 2009) and infective endocarditis (Singh et al., 

2010). Although E. faecalis possess numerous factors known to play a role 

during different infections (Table 1.1), none of these factors has been implicated 

in wound infection and the pathogenic requirements of E. faecalis during wound 

infection remains poorly understood. Therefore, the goal of this chapter is to 

identify E. faecalis genetic determinant(s) that is/are crucial for E. faecalis acute 

replication at 8 hpi and persistence at 3 dpi.  

 

To achieve this goal, an in vivo transposon (Tn-seq) and RNA 

sequencing (RNA-seq) approach was adopted to discover possible genetic 

determinant(s) that are important for the acute replication and persistence 

during E. faecalis wound infection. An E. faecalis transposon mutant library 

consisting of ~15,000 mutants were pooled together for the in vivo Tn-seq to 

uncover genetic determinants that contributes to wound infection (Kristich et al., 

2008). Tn- and RNA-seq approaches have been used in combination to identify 
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genetic determinants that are important during infections such as genetic 

determinants of Enterococcus faecium during growth in human serum (Zhang 

et al., 2017) and Pseudomonas aeruginosa during wound infection (Turner et 

al., 2014), but this is the first study that adopts both approaches to identify E. 

faecalis genetic determinants contributing to wound infection. 

 

In this study, de novo purine biosynthesis genes were found to be 

indispensable for E. faecalis acute replication during wound infection from the 

Tn- and RNA-seq analysis. Liquid chromatography-mass spectrometry (LC-MS) 

analysis of mouse wound samples showed that exogenous purine metabolites 

in the wound microenvironment are low, and thus likely insufficient to support E. 

faecalis rapid growth during wound infection. Through Tn-seq analysis, the E. 

faecalis MptABCD phosphotransferase system (PTS) was found to be crucial 

for persistence in wounds. Here, E. faecalis MptABCD PTS was characterized 

as a galactose and mannose transporter, and that carbohydrate availability such 

as glucose, galactose and mannose changes as the wound infection progresses. 

In addition to a role in wound infection pathogenesis, both E. faecalis de novo 

purine biosynthesis and the MptABCD PTS also contribute to E. faecalis fitness 

during catheter-associated urinary tract infections (CAUTI). Altogether, this 

study suggests that changes in the wound microenvironment affects E. faecalis 

pathogenesis and raises the possibility of purine biosynthesis and/or MptABCD 

PTS as future therapeutic targets to curb difficult-to-treat wound infections. 
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3.2 Materials and methods 

3.2.1 Bacterial strains and growth conditions 

Bacterial strains used in this study are listed in Table 3.1. Unless stated, 

all E. faecalis bacterial strains were grown in Brain Heart Infusion broth (BHI; 

Neogen, USA) at 37 °C in static conditions for 16 – 18 h. Cells were harvested 

by centrifugation at 5,000 rpm for 5 min and cell pellets were washed twice with 

1 mL of 1X sterile phosphate buffered saline (PBS). The final pellet was 

resuspended in 5 mL of 1X sterile PBS prior to optical density (OD) 

measurement at 600 nm. Cell suspensions were then normalized to the required 

cell number for the various experimental assays. When applicable, BHI were 

supplemented with 25 µg/mL erythromycin (Sigma-Aldrich, USA) for 

maintenance of pTCV and pMSP3535 plasmids. 
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Table 3.1 Bacterial strains used in Chapter 3. 
Strain Description Reference 
OG1X Wild-type, strr Ike et al. (1983) 
OG1RF Wild-type, rifr Dunny et al. (1978) 
OG1RF pTCV::Ptet-Empty OG1RF with pTCV empty vector, ermr, kanr This study  
OG1RF pMSP3535::PnisA-Empty OG1RF with pMSP3535 empty vector, ermr This study  
OG1RF ∆purEK  OG1RF with purE and purK deletion This study  
OG1RF ∆purEK pTCV::Ptet-Empty ∆purEK with pTCV empty vector, ermr, kanr This study  
OG1RF ∆purEK pTCV::Ptet-purEK ∆purEK with purEK complemented on pTCV vector, ermr, kanr This study  
OG1RF ∆mptD OG1RF with mptD deletion This study  
OG1RF ∆mptD pMSP3535::PnisA-Empty ∆mptD with pMSP3535 empty vector, ermr This study  
OG1RF ∆mptD pMSP3535::PnisA-mptD ∆mptD with mptD complemented on pMSP3535 vector, ermr This study  

Strr, rifr, ermr and kanr represents streptomycin, rifampicin, erythromycin, and kanamycin resistance, respectively.
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3.2.2 Mouse wound excisional model 

Bacterial cultures were normalized to 2 – 4 × 108 CFU/mL in 1X sterile 

PBS. Mouse wound infections were performed similarly to a previous study 

(Chong et al., 2017). Briefly, male C57BL/6 mice (7 – 8 weeks old, InVivos, 

Singapore) were anesthetized by inhalation of 3% isoflurane and the dorsal hair 

trimmed. A depilatory cream (NairTM cream, Church and Dwight Co, USA) was 

then applied, and fine hair was removed through shaving with a scalpel. The 

skin was subsequently disinfected with 70% ethanol and a wound was created 

using a 6 mm biopsy punch (Integra Miltex, USA). This was followed by 

inoculation with 10 μL of respective bacterial cultures per wound before the 

wound site was sealed with a transparent dressing (TegadermTM 3M, USA). At 

indicated time points, mice were euthanized and a 1 × 1 cm piece of skin 

encompassing the wound site was excised into 1 mL of 1X sterile PBS. Excised 

wounds were homogenized, and viable bacteria were enumerated by spotting 

onto respective selection agars. For OG1X and OG1RF selection, bacteria were 

spotted onto BHI solidified with 1.5% agar (Oxoid Technical No. 3) 

supplemented with 500 µg/mL streptomycin (MP Biomedicals, USA) or 25 

µg/mL rifampicin (Sigma-Aldrich, USA), respectively. Animals without the 

wound dressing at the time of sacrifice were excluded from data analysis. For 

competitive infection experiments, the competitive index (CI) was determined 

with the following formula: 

CI	 = 	
OG1RF!"#$"# OG1X!"#$"#⁄
OG1RF%&$"# OG1X%&$"#⁄  
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3.2.3 Transposon sequencing 

The E. faecalis transposon library containing ~15,000 mutants was 

constructed and kindly provided to us by Gary Dunny (Kristich et al., 2008). 

Transposon mutants were arrayed into 384 wells with the transposon sequence 

of each mutant being known. Initial pools consisting of 100 transposon mutants 

per pool were made and glycerol stocked. Fifty transposon pools of 100 were 

then combined to achieve a final pool size of 5,000 to be used for subsequent 

transposon sequencing, with a total of 3 pools of 5,000 covering the whole 

transposon library. Glycerol stocks of the 5,000 mutants were grown overnight 

in BHI medium (Neogen, Lansing, USA) for 15 - 18 h at 37 °C. Overnight 

cultures were washed twice with 1X sterile PBS after pelleting at 5,000 rpm for 

4 min and normalized to OD600 of 0.35 corresponding to 2 × 108 CFU/mL. 

Wounds were made on the dorsal back of the mice as described above and 10 

μL of the normalized inocula was inoculated into wounds to achieve an infection 

CFU of 2 × 106 CFU. 

 

3.2.4 Genomic DNA extraction for transposon sequencing 

Mice were euthanized and wounds were excised at the indicated time 

points. Excised wounds were subsequently homogenized in 1 mL of 1X sterile 

PBS. To reduce biological variance, 500 mL from two wound homogenates 

containing the same transposon mutants were pooled together into 4 mL of BHI 

to a final volume of 5 mL at 37 °C for 3 h. The remaining wound homogenates 

were subjected to CFU enumeration on BHI agar (Acumedia, USA) 

supplemented with rifampicin or BHI agar without any antibiotics to check for 

the presence of contamination. Homogenates containing contaminants were 
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excluded from subsequent library preparation. In vitro comparator pools were 

made by incubating 10 μL of normalized transposon overnight cultures into 4 

mL of BHI broth at 37 °C for 3 h as well. To recover as much transposon mutants 

as possible, we adopted an enrichment step of transposon pools for all mice 

samples by incubating the mixture at 37 °C for 3 h, and DNA were extracted 

using the Qiagen DNeasy Blood and Tissue Kit (Qiagen, Germany). A total of 3 

biological replicates of DNA samples were made from 6 wounds per transposon 

pool. 

 

3.2.5 Transposon library construction and sequencing 

DNA extracted was used for DNA library construction using NEBNext 

Ultra™ II DNA Library Prep Kit for Illumina (New England Biolabs, USA) 

according to the manufacturer’s instructions. DNA was subjected to acoustic 

shearing to obtain fragment sizes of approximately 300 bp using g-Tube 

(Covaris, USA). We adopted and modified the TraDIS protocol published by 

Barquist et al. (2016) by using the proposed splinkerette design for adapter 

ligation and subsequent enrichment of transposon pools using an amplicon-

based sequencing approach. TraDIS adapters were used for adapter ligation 

and PCR amplified for final library construction using the Nextera XT DNA kit 

(Illumina, USA) as per manufacturer’s instructions. Constructs were normalized 

and sequenced as 150 bp single read using the MiSeqV3. 

 

3.2.6 Analysis of transposon sequencing results 

Reads obtained from sequencing were checked using FastQC (version 

0.11.5) and adapter trimmed using bbduk from the BBMap tools (version 34.49) 
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(Bushnell, 2015). Trimmed reads containing the 15 bp transposon sequence at 

the 5’ region was obtained using a customized python script and subsequently 

trimmed to obtain sequences for mapping. Reads were mapped onto the E. 

faecalis OG1RF (NCBI accession: GCF_000172575.2) reference genome using 

BWA (version 0.7.15-r1140) (Li, H. & Durbin, 2009). Reads mapping to 

predicted open reading frames of each genome were quantified using HTSeq 

(Anders et al., 2015) and differential gene expression analysis was performed 

under the R environment (version 3.4.4) using Bioconductor package, edgeR 

(Robinson et al., 2010). Reads were normalized based on sequencing depth, 

scaled for the respective library sizes using trimmed mean of M-values (TMM), 

with common and tagwise dispersions being estimated for downstream analysis. 

Genes were considered differentially expressed under false discovery rate (FDR) 

<0.05 under correction by the Benjamin-Hochberg procedure. Gene annotation 

was performed using the database from the Kyoto Encyclopedia of Genes and 

Genomes (KEGG). 

 

3.2.7 RNA extraction from in vivo wound samples 

A 1 × 1 cm of mouse skin encompassing the wound site was excised into 

2 mL of RNAlater™ stabilization solution (Invitrogen, USA) and incubated 

overnight at 4 °C. The mouse skin was then transferred into 1 mL of TRIzol (Life 

Technologies, USA) and cut into smaller pieces. The entire suspension was 

transferred into Lysing Matrix B 2-mL tubes (MP Biomedicals, USA) and 

homogenized using a FastPrep-24 tissue grinder (MP Biomedicals, USA) for 2 

rounds of 40 s at 6.0 m/s with 2 min rest on ice in between. To each sample, 

200 µL of chloroform (Sigma-Aldrich, USA) was added, vortexed vigorously for 
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30 s and centrifuged at 12,000 x g for 10 min at 4 °C. The top layer (aqueous 

phase) containing RNA was transferred to 1.5 mL tubes containing 500 µL of 

ice-cold ethanol and shaken vigorously before loading into the RNeasy Mini spin 

columns (Qiagen, Germany). Subsequent RNA extraction steps were performed 

according to manufacturer’s protocol of the RNeasy® Mini Kit (Qiagen, 

Germany). Briefly, samples were washed once with Buffer RW1, followed by 2 

washes with Buffer RPE and elution of RNA with RNase-free water. The RNA 

and potential DNA contamination concentrations were quantified using Qubit™ 

RNA BR and Qubit™ dsDNA HS assay kits, respectively. The extracted RNA 

was quality checked using the RNA ScreenTape on a TapeStation instrument 

(Agilent Technologies, USA). Every sample had a minimum RNA concentration 

of 100 ng/µL, a maximum of 10% DNA contamination and a RINe value ≥ 8.0 

before it was used for library preparation. Library preparation was done using 

the Ribo-Zero Plus rRNA depletion kit (Illumina, USA) to remove mouse and 

bacterial rRNA from the extracted total RNA samples. The RNA samples were 

sequenced as 75 bp paired-end reads on an Illumina HiSeq2500. Library 

preparation and sequencing was done by the sequencing facility at Singapore 

Centre for Environmental Life Sciences Engineering (SCELSE). 

 

3.2.8 RNA extraction from in vitro bacterial cultures 

Overnight cultures of wild-type OG1RF and OG1RF ∆mptD were sub-

cultured to OD600 of 0.01 in a 24-well microtiter plate containing 1 mL of Tryptone 

Soya Broth without dextrose (TSBd, Sigma-Aldrich, USA) supplemented with or 

without mannose (Sigma-Aldrich, USA) in biological triplicates. Bacteria were 

harvested at late log/early stationary phase in RNAprotect™ Bacteria Reagent 
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(Qiagen, Germany) and incubated at room temperature for 5 min before 

centrifuging at 10,000 g for 10 min. The supernatant was decanted, and bacteria 

pellets collected were subjected to total RNA extraction using the Qiagen 

RNeasy® Mini Kit (Qiagen, Germany) with slight modifications. Briefly, cell 

pellets were resuspended in TE buffer containing 20 mg/mL lysozyme (Sigma-

Aldrich, USA), further supplemented with 20 µL proteinase K (Qiagen, 

Germany), and incubated at 37 °C for 1 h. Subsequent RNA extraction steps 

were performed according to manufacturer’s protocol. The extracted RNA 

samples were treated with DNase (TURBO DNA-freeTM kit, Invitrogen, USA) for 

removal of genomic DNA before it was purified using the Monarch® RNA 

cleanup kit (New England Biolabs, USA). The RNA and potential DNA 

contamination concentrations were quantified using Qubit™ RNA BR and 

Qubit™ dsDNA HS assay kits, respectively. The extracted RNA was quality 

checked using the RNA ScreenTape on a TapeStation instrument (Agilent 

Technologies, USA) before it was sent for sequencing. Every sample had a 

minimum RNA concentration of 40 ng/µL, a maximum of 10% DNA 

contamination and a RIN value ≥ 8.0 before being used for library preparation 

and subsequent sequencing as 75 bp paired-end reads on an Illumina 

HiSeq2500. Similarly, library preparation and sequencing were done by 

SCELSE sequencing facility. 

 

3.2.9 In vivo and in vitro transcriptomic analysis 

All raw reads obtained were checked using FastQC (Version 0.11.9) and 

adaptor trimmed using bbduk from BBMap tools (Version 39.79) (Bushnell, 

2015). The trimmed reads were then mapped against E. faecalis OG1RF (NCBI 
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accession: CP002621) reference genome using bwa-mem of BWA (Version 

0.7.17-r1188) with default options. Reads mapped to open reading frames were 

quantified using htseq-count of HTSeq (Version 0.12.4) with option “-m 

intersection-strict” (Anders et al., 2015). All rRNA counts were manually 

removed from all data sets. Differential gene expression analysis was performed 

in R using edgeR (Version 3.28.1) (Robinson et al., 2010). The log2 fold change 

values extracted were based on the false discovery rate (FDR) ≤ 0.05. A gene 

set enrichment analysis (GSEA) was also done in R using the clusterProfiler 

package (Version 3.16.1) (Wu et al., 2021; Yu, G. et al., 2012). 

 

For in vitro transcriptome analysis, common differentially expressed 

genes (DEGs) identified between without and with carbohydrate 

supplementation in TSBd media were removed, and only unique DEGs were 

used for downstream GSEA.  

 

3.2.10 Molecular cloning 

The primers used in this study are listed in Table 3.2. Transformants 

were screened using respective selection agar as follows: (1) Escherichia coli 

strains, LB with 500 µg/mL erythromycin (pGCP213 and pMSP3535) or 50 

µg/mL kanamycin (pTCV); and (2) E. faecalis strains, BHI with 25 µg/mL 

erythromycin (pGCP213, pMSP3535 and pTCV). The generation of E. faecalis 

deletion mutants were done by allelic replacement using pGCP213 

temperature-sensitive shuttle vector described previously (Nielsen et al., 2012). 

For the construction of OG1RF ∆purEK and OG1RF ∆mptD, vector pGCP213 

was linearized using BamHI and NotI (New England Biolabs, USA). Linearized 
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pGCP213 and inserts were ligated using In-Fusion® HD Cloning Kit (Clontech, 

Takara, Japan) and transformed into StellarTM competent cells. Successful 

plasmid constructs were verified by Sanger sequencing and transformed into 

wild-type OG1RF. Transformants were selected with erythromycin at 30 °C, 

then passaged at non-permissive temperature at 42 °C with erythromycin to 

select for bacteria with successful plasmid integration into the chromosome. For 

plasmid excision, bacteria were serially passaged at 37 °C without erythromycin 

for erythromycin-sensitive colonies. These colonies were then subjected to PCR 

screening for detection of deletion mutants.  

 

For the complementation of purEK, vector pTCV was linearized using 

BamHI and SphI (New England Biolabs, USA). Whereas, for the 

complementation of mptD, vector pMSP3535 was linearized using inverse PCR 

with iPCR_pMSP3535_F and iPCR_pMSP3535_R primers. Similarly, linearized 

pTCV and pMSP3535 as well as the respective inserts were ligated using In-

Fusion® HD Cloning Kit and transformed into StellarTM competent cells. 

Successful plasmid constructs were verified by Sanger sequencing and 

transformed into OG1RF ∆purEK or OG1RF ∆mptD.  
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Table 3.2 Primers used in Chapter 3. 
Purpose Primer name  Sequence (5' to 3') Reference  
Construction of 
OG1RF ∆purEK 

1-∆purEK_UpF CATGCTCGAGCGGCCGTGTAGAGGTTATCGAAACACGG This study 
2-∆purEK_UpR GTTGCTCCGACTTTTAAAGGTTTACATGAATGTAATAACTCCTTCCG This study 
3-∆purEK_DownF CGGAAGGAGTTATTACATTCATGTAAACCTTTAAAAGTCGGAGCAAC This study 
4-∆purEK_DownR TACCGAGCTCGGATCTGTCCTTTTCCATCGTATCCACC This study 
screen-∆purEK_F GAACAGATCGAAGAAGGGCA This study 
screen-∆purEK_R AGGGGCAATCTTACAGCCAA This study 

Construction of 
OG1RF ∆mptD 

1-∆mptD_UpF CATGCTCGAGCGGCC GTGTTAAAGGTGTTCCTTCAGCGA This study 
2-∆mptD_UpR AAGCCGATTAAGTGGCCGACTGCCATTTTCTTTGCTCCTCC This study 
3-∆mptD_DownF GGAGGAGCAAAGAAAATGGCAGTCGGCCACTTAATCGGCTT This study 
4-∆mptD_DownR TACCGAGCTCGGATC CCCAATCGAGAGAATCCCTCT This study 
screen-∆mptD_F GTATGGTCGTTGCCGTAGGT This study 
screen-∆mptD_R TCCTGTAAATGCCGTCGCA This study 

Construction of 
OG1RF ∆purEK 
pTCV::Ptet-purEK 

purEKcompl_F CTGAGGATCCCAGTGAAAAAAGGCGGAAGGAGT This study 
purEKcompl_R ACTGGCATGCCTTGCTTGGAGCAAGCATTTATTAAG This study 
screen-purEKcompl_F GTAAAACGACGGCCAGT This study 
screen-purEKcompl_R CAGGAAACAGCTATGAC This study 

Linearizing 
pMSP3535 

iPCR_pMSP3535_F  GATCCGGTACCACTAGTCCCG This study 
iPCR_pMSP3535_R CATGCAGAGTCTCCTGTTTTACAAC This study 

Construction of 
OG1RF ∆mptD 
pMSP3535::PnisA-
mptD 

mptDcompl_F AGGAGACTCTGCATGCTAATTCTGAAGGAGGAGCAAA This study 
mptDcompl_R TAGTGGTACCGGATCGACTAGTTTATAATAAGCCGATT This study 
screen-mptDcompl_F GGTTGCAAATTTTGAAAACCGC This study 
screen-mptDcompl_R TAATACGACTCACTATAGGG This study 
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3.2.11 Growth kinetic assay 

Overnight cultures of the respective bacteria strains were diluted to OD600 

of 0.01 in: (1) RPMI 1640 medium, no phenol red (Gibco, USA) supplemented 

with 1% (w/v) casamino acids (RPMI-CA; BD Biosciences, USA) with or without 

IMP; or (2) TSBd supplemented with 40 ng/mL nisin with or without 1% (w/v) 

galactose, mannose, or glucose (all purchased from Sigma-Aldrich, USA). A 

total of 200 μL of the diluted cell suspensions were inoculated per well in a 96-

well polystyrene microtiter plate (Thermo Fisher Scientific, USA). Bacterial 

growth was measured at OD600 using a Tecan Infinite© M200 Pro 

spectrophotometer (Tecan Group Ltd, Switzerland) every 15 min for 16 h at 

37 °C under static conditions. 

 

3.2.12 Purine metabolites quantification 

Purine metabolites in mouse wounds were quantified using LC-MS 

performed by Singapore Phenome Centre (SPC). A 1 × 1 cm of mouse skin 

encompassing the wound site was excised into 1.5 mL tubes, snap frozen in 

liquid nitrogen and submitted to SPC for sample preparation, LC-MS profiling 

and data processing. Briefly, tissue samples were weighed into tubes containing 

zirconium beads, 200 μL of 0.1M NaOH and 600 μL of methanol. The tubes 

were vortexed, homogenized and centrifuged at 10,000 rpm for 10 min at 4 °C. 

Two aliquots of 300 μL supernatant were taken, dried down and reconstituted 

as follows: (1) for purine quantification, 100 μL of 80:20 acetonitrile:water, 15 

mM of ammonium acetate, pH 9.2; and (2) for phosphate quantification, 100 μL 

of water, 20 mM of ammonium acetate, 0.1% of formic acid.  
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Purine and phosphate quantification was performed on a Xevo TQ-S 

(Waters, UK). The source temperature was set at 150 °C with a cone gas flow 

of 150 L/h and a desolvation gas temperature of 450 °C with a desolvation gas 

flow of 900 L/h. The capillary voltage was set to 2.5 kV in the ESI positive or 

negative ionization mode for purine and phosphate quantification, respectively. 

For purine quantification (adenine, guanine, xanthine, adenosine, guanosine 

and inosine), samples were injected into 2.1 mm × 100 mm, 1.7 μm UPLC BEH 

C18 column (Waters, UK) held at 45 °C. Mobile phase A is water with 15 mM of 

ammonium acetate (pH 9.2) and mobile phase B is 90:10 acetonitrile:water with 

15 mM of ammonium acetate (pH 9.2). The column flow rate was 0.4 to 0.5 

mL/min. For phosphate quantification (AMP), samples were injected into 2.1 mm 

× 150 mm, 1.7 μm UPLC HSS T3 column (Waters, UK) held at 45 °C. Mobile 

phase A is water with 20 mM of ammonium acetate and 0.1% of formic acid. 

The column flow rate was 0.4 mL/min.  

 

The weight of all tissue samples were measured prior to purine 

metabolites quantification, and the concentration of purine metabolites were 

normalized accordingly to the weight of the respective samples.  

 

3.2.13 Carbohydrate metabolism assay 

Carbohydrate metabolism of E. faecalis strains were tested using API® 

50 CH (bioMérieux, France). Briefly, bacterial cultures were prepared to a 

turbidity equivalent of 2 McFarland standard and added to API 50 CHL Medium 

supplemented with 40 ng/mL nisin for induction of plasmid expression. The 

bacterial suspension was then distributed into all 50 microtubes and sealed with 
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mineral oil. The tray was then incubated at 37 °C under static condition for 48 h 

to 72 h. The results for each microtube, positive (+), negative (-) and doubtful 

(?), were recorded on the result sheet provided. 

 

3.2.14 Enzyme-linked immunosorbent assay  

A 1 × 1 cm of mouse skin encompassing the wound site was first rinsed 

in ice-cold 1X sterile PBS and homogenized in 1 mL ice-cold 1X sterile PBS. 

The homogenates then undergo two freeze-thaw cycles to break the cell 

membranes and centrifuged at 5,000 x g for 5 min at 4 °C. The supernatants 

were collected and stored at -80 °C until assessment by Mouse Glucose ELISA, 

Mouse Galactose ELISA and Mannose ELISA kits (MyBioSource, USA) as per 

manufacturer’s protocol. Optical density of each well was determined at OD450 

using a Tecan Infinite© M200 Pro spectrophotometer (Tecan Group Ltd, 

Switzerland). 

 

3.2.15 Catheterization and bacterial infection 

Bacterial cultures were normalized to 2 – 4 × 108 CFU/mL in 1X sterile 

PBS. Implantation of catheters into mouse was performed as previously 

described (Hung et al., 2009). Briefly, female C57BL/6 mice (8 – 9 weeks old, 

InVivos, Singapore) were anesthetized by inhalation of 3% isoflurane. Mice 

were inoculated with 50 μL of bacteria suspension (~107 CFU) into the urethra 

after catheterization. At 24 hpi, mice were euthanized. The bladders and kidneys 

were aseptically removed and homogenized in 1 mL and 800 μL of 1X sterile 

PBS, respectively. Catheters removed from the bladders were sonicated at 37 

kHz and 30% power for 15 mins in 1 mL 1X sterile PBS (Elma Ultrasonic, 
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Germany), followed by vortexing at maximum speed for another 15 mins. All the 

samples were then serially diluted and viable bacteria were enumerated by 

spotting onto the respective selection agars. For OG1X and OG1RF selection, 

bacteria were spotted onto BHI agar supplemented with 500 µg/mL 

streptomycin (MP Biomedicals, USA) or 25 µg/mL rifampicin (Sigma-Aldrich, 

USA), respectively for competitive infection enumeration. Animals without 

catheters at the time of sacrifice were excluded from data analysis.  

 

3.2.16 Statistical analysis 

Statistical analyses were performed with GraphPad Prism software 

(Version 9.0.0, California, USA) and are described in the respective figure 

legends. 

 

3.2.17 Ethics statement 

All procedures were approved and performed in accordance with the 

Institutional Animal Care and Use Committee in Nanyang Technological 

University (ARF SBS/NIE-A19061 and ARF SBS/NIE-A18063). 

 

3.2.18 Data availability 

All the sequences have been deposited in the National Center for 

Biotechnology Information (NCBI) Gene Expression Omnibus (GEO) database 

under accession number GSE206751 

(https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE206751). 
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3.3 Results 

3.3.1 E. faecalis de novo purine biosynthesis genes contribute to E. 

faecalis acute replication during wound infection.  

Although E. faecalis is a common wound pathogen, little is known about 

the genetic determinants that contribute to wound infection. To identify these 

genetic determinants, using a mouse wound infection model that was previously 

characterized for E. faecalis (Chong et al., 2017) and an E. faecalis OG1RF 

transposon mutant library consisting of ~15,000 mutants (Kristich et al., 2008), 

a Tn-seq at 8 h post-infection (hpi) and 3 days post-infection (dpi) following 

infection was performed. Mutants disrupted in the pur operon (9 out of 11 genes) 

were found to be significantly less abundant at 8 hpi compared to the pre-

inoculation pool (Table 3.3 and Appendix Figure 3.1), indicating the 

importance of purine biosynthesis genes for E. faecalis during acute wound 

replication. The E. faecalis pur operon consists of 11 genes (Figure 1.2A) and 

de novo purine biosynthesis undergoes 11 reactions from L-glutamine and 5-

phosphoribosyl diphosphate (PRPP) to inosine monophosphate (IMP) before 

branching into specific pathways that produces guanosine and adenosine 

monophosphate (GMP and AMP) (Ramsey et al., 2014) (Figure 1.2B). At the 

same time, an in vivo RNA-seq on E. faecalis wild-type OG1RF from infected 

wounds was also performed to provide a genome-wide analysis of differentially 

expressed genes during wound infection. Genes identified as important for 

wound fitness using Tn-seq was predicted to display an increased expression 

in the RNA-seq analysis (correlation coefficient of Tn-seq and RNA-seq should 

be close to -1). However, the calculated Spearman rank correlation coefficient 

between fold change of mutant abundance and fold change of differential 
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expression among statistically significant genes was only -0.0311 (Appendix 

Figure 3.2A), which was similar to a previous study looking at genetic 

determinants and gene expression during P. aeruginosa wound infection 

(Turner et al., 2014). Despite the poor correlation between mutant fitness and 

differential expression, all 11 genes in the pur operon were significantly 

upregulated at 8 hpi compared to inoculum (Table 3.4 and Appendix Figure 

3.2B).
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Table 3.3 E. faecalis transposon mutant abundance profiled by Tn-seq from 8 hpi wounds. 
Locus tag Name  Description log2FC p-value FDR 
OG1RF_10019 mptAB PTS mannose transporter subunit EIIAB -1.15 5.75E-06 2.11E-05 
OG1RF_10020 mptC PTS mannose/fructose/sorbose transporter subunit IIC -0.92 3.54E-10 1.58E-09 
OG1RF_10021 mptD PTS mannose transporter subunit IID -1.11 8.90E-18 7.46E-17 
OG1RF_11489 purD phosphoribosylamine--glycine ligase -1.70 1.12E-06 3.48E-06 
OG1RF_11490 purH inosine monophosphate cyclohydrolase -2.29 1.61E-37 5.62E-36 
OG1RF_11491 purN phosphoribosylglycinamide formyltransferase -1.16 1.63E-02 3.03E-02 
OG1RF_11492 purM phosphoribosylformylglycinamidine cyclo-ligase -2.06 1.87E-15 1.30E-14 
OG1RF_11493 purF amidophosphoribosyltransferase -3.19 3.23E-27 1.82E-26 
OG1RF_11494 purL phosphoribosylformylglycinamidine synthase II -1.79 1.38E-11 3.68E-11 
OG1RF_11495 purL2 phosphoribosylformylglycinamidine synthase subunit PurQ -3.03 2.91E-37 2.59E-36 
OG1RF_11496 purS phosphoribosylformylglycinamidine synthase -2.68 7.75E-15 5.12E-14 
OG1RF_11498 purK 5-(carboxyamino)imidazole ribonucleotide synthase -2.15 9.76E-13 5.37E-12 

Complete table can be found in Supplementary File 2 at https://bit.ly/3tOvqhy. 
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Table 3.4 E. faecalis purine biosynthesis genes are differentially regulated from 8 hpi wounds. 
Locus tag Name  Description log2FC p-value FDR 
OG1RF_11489 purD phosphoribosylamine--glycine ligase 6.47 5.40E-199 4.36E-197 
OG1RF_11490 purH inosine monophosphate cyclohydrolase 6.26 2.78E-182 1.50E-180 
OG1RF_11491 purN phosphoribosylglycinamide formyltransferase 6.27 1.91E-115 3.48E-114 
OG1RF_11492 purM phosphoribosylformylglycinamidine cyclo-ligase 7.02 7.40E-132 1.73E-130 
OG1RF_11493 purF amidophosphoribosyltransferase 7.40 1.57E-141 4.15E-140 
OG1RF_11494 purL phosphoribosylformylglycinamidine synthase II 6.58 9.95E-152 3.10E-150 
OG1RF_11495 purL2 phosphoribosylformylglycinamidine synthase subunit PurQ 6.12 1.16E-82 1.35E-81 
OG1RF_11496 purS phosphoribosylformylglycinamidine synthase 6.35 7.15E-22 2.25E-21 
OG1RF_11497 purC phosphoribosylaminoimidazolesuccinocarboxamide synthase 7.29 6.75E-118 1.28E-116 
OG1RF_11498 purK 5-(carboxyamino)imidazole ribonucleotide synthase 5.37 1.57E-62 1.20E-61 
OG1RF_11499 purE 5-(carboxyamino)imidazole ribonucleotide mutase 5.24 1.24E-75 1.29E-74 

Complete table can be found in Supplementary File 3 at https://bit.ly/3tOvqhy.  
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To confirm the role of de novo purine biosynthesis for E. faecalis 

replication during wound infection, an in-frame deletion mutant of the first two 

genes in the pur operon was created (OG1RF ∆purEK). An in vivo competitive 

infection was then performed with OG1RF ∆purEK and OG1X at 8 hpi. E. 

faecalis OG1X is a closely related strain with E. faecalis OG1RF and expresses 

different antibiotic resistance genes which enables differential selection (Ike et 

al., 1983). In accordance with the Tn-seq and RNA-seq results, OG1RF ∆purEK 

(CI = 0.93) displayed significantly reduced fitness compared to wild-type OG1RF 

(CI = 1.69) (Figure 3.1A). Subsequently, a single-strain infection was performed 

and OG1RF ∆purEK CFU (8.33 × 106 CFU/wound) was found to be significantly 

lower than wild-type OG1RF (2.77 × 107 CFU/wound) at 8 hpi (Figure 3.1B).  

 

Tn-seq analysis at 3 dpi also showed the importance of de novo purine 

biosynthesis for E. faecalis persistence in wounds, as two genes in the pur 

operon (purH and purM) were significantly fewer in the post-infection transposon 

pools (Table 3.5). Hence, to validate the contribution of purine biosynthesis at 

3 dpi, an in vivo competitive infection with OG1X was similarly performed. 

Although OG1RF ∆purEK (CI = 1.43) displayed significantly reduced fitness 

compared to wild-type OG1RF (CI = 1.85) at 3 dpi (Figure 3.1C), the difference 

in CI was not as large as compared to 8 hpi (Figure 3.1A). Overall, these results 

demonstrate that E. faecalis de novo purine biosynthesis contributes 

significantly to E. faecalis replication during acute infection as well as to 

persistence during wound infection.  
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Figure 3.1 De novo purine biosynthesis contributes to E. faecalis fitness during early stages of wound infection. 
Male C57BL/6 mice were wounded and infected with (A) a 1:1 ratio of E. faecalis OG1X:wild-type OG1RF or OG1X:OG1RF ∆purEK 
at 2 – 4 × 106 CFU/wound, (B) 2 – 4 × 106 CFU of wild-type OG1RF or OG1RF ∆purEK in single-strain infection and CFU determined 
at 8 hpi, or (C) a 1:1 ratio of E. faecalis OG1X:wild-type OG1RF or OG1X:OG1RF ∆purEK at 2 – 4 × 106 CFU/wound and CFU 
determined at 3 dpi. The recovered bacteria were enumerated on selective agar plates for each strain. Each data point represents 
one mouse and horizontal lines indicate the median, N = 3, n = 5 - 6 mice per group per experiment. Statistical analysis was performed 
using the Mann-Whitney U test, **p < 0.01, ***p < 0.001, ****p < 0.0001. 
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Table 3.5 E. faecalis transposon mutant abundance profiled by Tn-seq from 3 dpi wounds. 
Locus tag Name  Description log2FC p-value FDR 
OG1RF_10019 mptAB PTS mannose transporter subunit EIIAB -9.75 5.64E-05 2.93E-03 
OG1RF_10020 mptC PTS mannose/fructose/sorbose transporter subunit IIC -10.36 3.81E-06 8.53E-05 
OG1RF_10021 mptD PTS mannose transporter subunit IID -10.86 1.10E-08 6.29E-07 
OG1RF_11490 purH inosine monophosphate cyclohydrolase -10.30 2.52E-06 6.12E-05 
OG1RF_11492 purM phosphoribosylformylglycinamidine cyclo-ligase -9.01 4.66E-03 2.42E-02 
OG1RF_11280 aroE shikimate dehydrogenase -9.76 7.37E-05 3.34E-03 
OG1RF_11281 aroF 3-deoxy-7-phosphoheptulonate synthase -9.20 2.70E-03 1.60E-02 

Complete table can be found in Supplementary File 4 at https://bit.ly/3tOvqhy. 
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Next, the predicted requirement of de novo purine biosynthesis for E. 

faecalis growth was validated by growing E. faecalis in RPMI-CA medium 

lacking purines. As expected, the deletion of purEK (OG1RF ∆purEK pTCV::Ptet-

Empty) resulted in severe growth attenuation compared to wild-type (OG1RF 

pTCV::Ptet-Empty), and complementation of purEK on a plasmid (OG1RF 

∆purEK pTCV::Ptet-purEK) restored growth to near wild-type levels (Figure 

3.2A). To confirm that the growth attenuation observed was due to the disruption 

of purine biosynthesis pathway, RPMI-CA medium was supplemented with 10 

and 100 μM IMP (end-product of purine biosynthesis). With supplementation of 

IMP, the growth of OG1RF ∆purEK pTCV::Ptet-Empty was restored to wild-type 

levels in a dose-dependent manner (Figure 3.2B and C). These findings 

suggest the importance of E. faecalis pur operon during growth in a purine-

deficient environment.  
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Figure 3.2 De novo purine biosynthesis is required for the growth of E. faecalis in purine-deficient medium.  
Growth kinetics of wild-type OG1RF pTCV::Ptet-Empty, OG1RF ∆purEK pTCV::Ptet-Empty, and OG1RF ∆purEK pTCV::Ptet-purEK in 
RPMI-CA media supplemented with (A) 0, (B) 1 or (C) 100 μM IMP over 16 h. Baseline readings are indicated by Blank, containing 
only the growth media. Data are mean values of three independent biological replicates and vertical lines represent SD from the 
mean. Statistical analysis was performed at 16 h OD600 measurement with wild-type OG1RF pTCV::Ptet-Empty as the comparator 
using the Mann-Whitney U test, ****p < 0.0001.
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3.3.2 Purine metabolites in wounds are low during the replication phase of 

E. faecalis.  

De novo purine biosynthesis is necessary for Staphylococcus aureus 

pathogenesis during bacteremia because disruption of purine biosynthesis 

results in reduced bacterial virulence as measured by bacterial burden and 

animal weight loss (Goncheva et al., 2020). Moreover, previous Tn-seq revealed 

that purines were among the metabolites deemed “not available” to P. 

aeruginosa during both burn and chronic wound infections (Turner et al., 2014). 

Collectively, these studies demonstrate the significance of purine biosynthesis 

for virulence across various bacteria and infections. Hence, purines availability 

in the wound microenvironment was predicted to be low, which would explain 

the importance of de novo purine biosynthesis for successful E. faecalis wound 

infection. To assess whether purines were indeed limited during wound infection, 

purine metabolites were quantified from E. faecalis wild-type OG1RF-infected 

wounds compared to PBS-treated control wounds at 8 hpi and 3 dpi using LC-

MS. Following infection with wild-type E. faecalis, a trend towards decreased 

purine metabolites compared to PBS-treated wounds at 8 hpi was observed, 

which was significant for adenine, guanine, xanthine, and AMP (Figure 3.3A – 

D, compare blue bars), suggesting that there may be consumption of purine 

metabolites during acute wound infection which could explain the high demand 

for purine metabolites when E. faecalis is rapidly replicating in the wounds 

(Chong et al., 2017). By contrast, the levels of purine metabolites remain largely 

similar between PBS-treated and wild-type OG1RF-infected wounds at 3 dpi, 

except for xanthine and AMP (Figure 3.3C and D, compare green bars). 

Differences following infection were not observed for adenosine, guanosine, and 
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inosine (Appendix Figure 3.3). Taken together, these results demonstrate that 

the importance of de novo purine biosynthesis for E. faecalis replication during 

acute wound infection is driven by its consumption of purine metabolites in the 

wound microenvironment. 

 

3.3.3 E. faecalis MptABCD phosphotransferase system is more important 

for E. faecalis persistence during wound infection. 

Tn-seq analysis at 8 hpi and 3 dpi also identified mptABCD as 

significantly contributing to E. faecalis fitness at both timepoints (Table 3.3 and 

Table 3.5). Therefore, the contribution of mptABCD to E. faecalis virulence in 

wound infection was investigated, especially at 3 dpi when transposon 

insertions in all genes of the mpt operon were among the most significantly 

underrepresented following Tn-seq (Appendix Figure 3.4). E. faecalis 

mptABCD encodes a phosphotransferase system that is used by bacteria for 

the transport of carbohydrates (Deutscher et al., 2006), suggesting the 

importance of carbohydrates import during E. faecalis wound infection. An in 

vivo RNA-seq on wild-type OG1RF-infected wounds at 3 dpi was also attempted. 

However, due to the low amount of wild-type OG1RF recovered from the 

wounds (~105 CFU/wound) and as a result lower bacterial raw counts, the E. 

faecalis transcriptome at 3 dpi could not be accurately profiled.  
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Figure 3.3 Purine metabolites are low during early E. faecalis wound infection. 
Male C57BL/6 mice were wounded and inoculated with PBS or 2 – 4 × 106 CFU of wild-type OG1RF. Wounds were harvested at 8 
hpi and 3 dpi for quantification of (A) adenine, (B) guanine, (C) xanthine, and (D) AMP using LC-MS. Each data point represents one 
mouse and error bars represent SD from the mean; N = 2, n = 5 mice per group per experiment. Statistical analysis was performed 
using the Mann-Whitney U test, *p < 0.05, **p < 0.01, ***p < 0.001. 
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To validate the role of E. faecalis MptABCD PTS during wound infections, 

an in-frame deletion mutant of mptD was created (OG1RF ∆mptD), and an in 

vivo competitive infection was performed with OG1X at 8 hpi and 3 dpi. In 

agreement with the Tn-seq results, OG1RF ∆mptD had reduced fitness 

compared to wild-type OG1RF at both 8 hpi and 3 dpi (Figure 3.4A and B). 

However, a bigger difference in CI at 3 dpi (CIOG1RF = 1.89, CI∆mptD = 0.23) 

compared to 8 hpi (CIOG1RF = 1.53, CI∆mptD = 1.08) was observed, which may 

explain the more pronounced decrease in log2FC that was seen in the post-

infection transposon pools at 3 dpi (Table 3.3 and Table 3.5). Similarly, a single-

strain infection was performed and OG1RF ∆mptD (3.50 × 104 CFU/wound) was 

found to colonize poorer than wild-type OG1RF (2.47 × 105 CFU/wound) at 3 

dpi (Figure 3.4C). Although the mptD complement strain was created (OG1RF 

∆mptD pMSP3535::PnisA-mptD), it was not tested in vivo as the bacteria would 

likely lose the plasmid without antibiotic pressure added to the mice (especially 

for 3 dpi). Together, these results indicate that MptABCD PTS plays a significant 

role during E. faecalis persistence in wounds infection.  
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Figure 3.4 MptABCD phosphotransferase system contributes to E. faecalis wound fitness during persistence. 
Male C57BL/6 mice were wounded and infected with (A) a 1:1 ratio of E. faecalis OG1X:wild-type OG1RF or OG1X:OG1RF ∆mptD 
at 2 – 4 × 106 CFU/wound (N = 3, n = 5 - 6 mice) and CFU determined at 8 hpi or (B) a 1:1 ratio of E. faecalis OG1X:wild-type OG1RF 
or OG1X:OG1RF ∆mptD at 2 – 4 × 106 CFU/wound (N = 4, n = 5 - 6 mice) and CFU determined at 3 dpi or (C) 2 – 4 × 106 CFU of 
wild-type OG1RF or OG1RF ∆mptD (N = 2, n = 5 - 6 mice) and CFU determined at 3 dpi. The recovered bacteria were enumerated 
on selective agar plates for each strain. Each data point represents one mouse and horizontal lines indicate the median. Statistical 
analysis was performed using the Mann-Whitney U test, ***p < 0.001, ****p < 0.0001.

Wild
-ty

pe

∆m
ptD

0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

C
om

pe
tit

iv
e 

in
de

x 
(C

I)

����

Wild
-ty

pe

∆m
ptD

100
101
102
103
104
105
106
107
108

C
FU

/w
ou

nd

���

Wild
-ty

pe

∆m
ptD

0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5
C

om
pe

tit
iv

e 
in

de
x 

(C
I)

���



 

 109 

3.3.4 E. faecalis MptABCD phosphotransferase system is responsible for 

the import of galactose and mannose. 

Based on KEGG genome, E. faecalis mptABCD is predicted to encode 

PTS mannose/fructose/sorbose transporter subunits. Therefore, to determine 

the carbohydrate(s) transported by the MptABCD PTS, the ability of E. faecalis 

to metabolize 50 different carbohydrates was tested. Across all 50 

carbohydrates, the deletion of mptD (OG1RF ∆mptD pMSP3535::PnisA-Empty) 

only affected the metabolism of galactose and mannose when compared to wild-

type (OG1RF pMSP3535::PnisA-Empty), and complementation of mptD on an 

inducible plasmid (OG1RF ∆mptD pMSP3535::PnisA-mptD) restored mannose 

and galactose metabolism (Figure 3.5A). To validate that the mptD deletion 

mutant was indeed unable to metabolize galactose and mannose, growth kinetic 

assays of wild-type OG1RF, mptD deletion, and complement strains was 

performed in TSBd (TSB broth lacking dextrose) growth media supplemented 

with different carbohydrates. No growth differences were observed between all 

three strains in TSBd in the absence of carbohydrate supplementation (Figure 

3.5B). When TSBd was supplemented with either galactose or mannose, the 

growth of OG1RF pMSP3535::PnisA-Empty was augmented, but OG1RF ∆mptD 

pMSP3535::PnisA-Empty growth was not (Figure 3.5C and D). 

Complementation of mptD in the deletion mutant resulted in significantly 

improved growth compared to OG1RF pMSP3535::PnisA-Empty levels when 

supplemented with galactose (Figure 3.5C) and was almost identical to OG1RF 

pMSP3535::PnisA-Empty levels with mannose supplementation (Figure 3.5D). 

As a control, TSBd was supplemented with glucose, and minimal or no growth 

differences was expected between the three strains as metabolism of glucose 
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was unaffected when mptD was deleted (Figure 3.5A). As expected, growth 

differences were similar between all strains, at least through log phase, when 

supplemented with glucose (Figure 3.5E). Collectively, these results indicate 

that MptABCD PTS is responsible for the import for galactose and mannose into 

E. faecalis, and that the import of these carbohydrates may contribute to E. 

faecalis persistence in wounds. 
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Figure 3.5 E. faecalis MptABCD phosphotransferase system is responsible for the transport of galactose and mannose. 
(A) Carbohydrate fermentation test (API CH50) of wild-type OG1RF pMPSP3535::PnisA-Empty, OG1RF ∆mptD pMSP3535::PnisA-
Empty, and OG1RF ∆mptD pMSP3535::PnisA-mptD. Plasmid-based mptD expression was induced with 40 ng/mL nisin. Results 
shown are a subset of the 50 carbohydrates; differences were only detected for D-galactose and D-mannose (see Appendix Table 
3.1 for complete table). Positive tests were determined by a change of the bromcresol purple indicator in the medium to yellow. For 
undetermined test results, the bromcresol purple indicator did not change to yellow nor did remain purple. Negative tests occurred 
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when the bromcresol purple indicator remained purple. Growth kinetics of wild-type OG1RF pMPSP3535::PnisA-Empty, OG1RF 
∆mptD pMSP3535::PnisA-Empty, and OG1RF ∆mptD pMSP3535::PnisA-mptD in TSBd media supplemented (B) without additional 
carbohydrates and with 1% (w/v) of (C) galactose, (D) mannose and (E) glucose over 16 h. Plasmid-based mptD expression was 
induced with 40 ng/mL nisin. Baseline readings are indicated by Blank, containing only the growth media. Data are mean values of 
three independent biological replicates and vertical lines represent SD from the mean. Statistical analysis was performed at 16 h 
OD600 measurement with wild-type OG1RF pMPSP3535::PnisA-Empty as the comparator using the Mann-Whitney U test, **p < 0.01, 
***p < 0.001.  
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3.3.5 Carbohydrate availability changes as the wound infection 

progresses. 

The import of galactose and mannose appear more important at 3 dpi 

than at 8 hpi (Figure 3.4A and B), possibly due to changes in carbohydrate 

availability in the wound microenvironment as the wound infection progresses. 

The changing carbohydrate availability was hypothesized to influence the 

natural course of wound pathogenesis and healing, as well as E. faecalis 

depletion of preferred carbohydrate sources such as glucose during acute 

infection, thus wound would necessitate a switch to other carbohydrates such 

as mannose and galactose at later timepoints. To test this hypothesis, PBS-

treated, E. faecalis wild-type OG1RF- and OG1RF ∆mptD-infected wounds 

were harvested at 8 hpi and 3 dpi, and the concentrations of glucose, galactose 

and mannose were measured. Consistent with the prediction, lower glucose 

concentrations were detected at 3 dpi compared to 8 hpi in PBS-treated wounds 

(Figure 3.6A), and concordant higher galactose and mannose concentrations 

at 3 dpi compared to 8 hpi (Figure 3.6B and C). Additionally, E. faecalis wild-

type OG1RF infection further decreased glucose, galactose and mannose 

concentrations compared to PBS-treated wounds at 8 hpi (Figure 3.6A – C), 

suggesting that E. faecalis can use all three carbohydrates during early phases 

of wound infection, which may support its rapid growth. At 3 dpi however, no 

significant differences in glucose concentrations were detected in any wounds 

(Figure 3.6A), and that E. faecalis wild-type OG1RF- and OG1RF ∆mptD-

infected wounds had less galactose than PBS-treated wounds (Figure 3.6B). 

Likewise, less mannose was detected compared to PBS-treated wounds when 

infected with E. faecalis wild-type OG1RF at 3 dpi (Figure 3.6C). These results 
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indicate that E. faecalis can import and deplete galactose and mannose during 

wound infection. Consistent with this conclusion, mannose concentrations were 

similar between PBS-treated and OG1RF ∆mptD-infected wounds at 8 hpi and 

higher in OG1RF ∆mptD-infected wounds compared to OG1RF-infected 

wounds at 3 dpi (albeit not significant) (Figure 3.6C), suggesting that disruption 

of MptABCD PTS indeed leads to decreased mannose import (i.e. mannose 

accumulation) in vivo. Unexpectedly, no significant differences in galactose 

concentration was detected between wild-type OG1RF- and OG1RF ∆mptD-

infected wounds at any time point (Figure 3.6B), despite a role for MptABCD in 

galactose metabolism in vitro (Figure 3.5A). Taken together, these results 

suggest that as the wound infection progresses, glucose becomes depleted and 

other carbohydrates, such as galactose and mannose, become more available 

in the wounds. As such, E. faecalis undergo a metabolic switch towards 

galactose and mannose metabolism as wound infection progresses. 
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Figure 3.6 Carbohydrate availability changes as E. faecalis wound infection progresses. 
Male C57BL/6 mice were wounded and inoculated with sterile PBS, wild-type OG1RF or OG1RF ∆mptD at 2 – 4 × 106 CFU/wound. 
Wounds were harvested at 8 hpi and 3 dpi, and subjected to (A) glucose, (B) galactose and (C) mannose quantification by ELISA. 
Each data point represents measurement from one mouse; error bars represent SD from the mean; N = 1, n = 6 - 7 mice. Statistical 
analysis was performed using the Mann-Whitney U test, *p < 0.05, **p < 0.01, ***p < 0.001.
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3.3.6 MptABCD phosphotransferase system-mediated mannose import 

contributes to E. faecalis de novo purine and shikimate biosynthesis.  

Since MptABCD PTS imports galactose and mannose which contributes 

to E. faecalis virulence in vivo, there could be other galactose and/or mannose-

dependent changes in gene expression that are important during wound 

infection. To examine this, an in vitro RNA-seq was performed with wild-type 

OG1RF and OG1RF ∆mptD grown in TSBd without and with supplementation 

of galactose or mannose. Based on gene set enrichment analysis (GSEA), there 

was no gene sets enriched with the supplementation of galactose. By contrast, 

when wild-type OG1RF and OG1RF ∆mptD were grown in TSBd supplemented 

with mannose, several processes/pathways such as purine metabolism, PTS, 

fructose and mannose metabolism, biosynthesis of secondary metabolites and 

amino acids were enriched (Figure 3.7A). Among the enriched 

processes/pathways, 7 out of 8 genes in the shikimate biosynthesis operon 

(aroF, aroE, aroC, tyrA, aroA, aroK, and pheA) and 6 out of 11 genes in the pur 

operon (purH, purN, purM, purF, purL and purL2) were significantly 

downregulated in OG1RF ∆mptD when grown in TSBd supplemented with 

mannose (Figure 3.7A), suggesting that shikimate and purine biosynthesis are 

attenuated when import of mannose is hindered. KEGG pathway analysis 

showed that mannose imported by MptABCD PTS was functionally linked to 

shikimate and purine biosynthesis (Figure 3.7B). Following mannose import, it 

can undergo a series of reactions that leads to the production of PEP (a 

substrate of shikimate pathway) or production of PRPP (a substrate for purine 

biosynthesis) (Figure 3.7B). These results were also supported by Tn-seq 

analysis whereby transposon mutants for some genes of the shikimate 
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biosynthesis and pur operon were significantly underrepresented in the post-

infection transposon pools at 3 dpi (Table 3.5).  

 

To assess whether purine biosynthesis was impeded when mannose 

import was hindered, a growth kinetic assay was performed with OG1RF ∆mptD 

in RPMI-CA medium lacking purines. In agreement with the in vitro RNA-seq 

analysis, OG1RF ∆mptD growth was attenuated compared to wild-type OG1RF 

in RPMI-CA medium (Figure 3.7C). These results confirm that hindered 

mannose import by MptABCD PTS also reduces de novo purine biosynthesis.  
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Figure 3.7 Mannose imported by E. faecalis MptABCD phosphotransferase system is functionally linked to de novo purine 
and shikimate biosynthesis. 
(A) Gene set enrichment pathways identified based on differentially expressed genes between wild-type OG1RF and OG1RF ∆mptD 
grown in TSBd supplemented with 1% (w/v) of mannose. Complete table of differentially expressed genes can be found in 
Supplementary File 5 at https://bit.ly/3tOvqhy. (B) KEGG pathways depicting how import of extracellular D-mannose by MptD (green) 
acts as a substrate for de novo purine (blue) and shikimate (yellow) biosynthesis. (C) Growth kinetics of wild-type OG1RF, OG1RF 
∆mptD, and OG1RF ∆purEK in RPMI-CA over 16 h. Baseline readings are indicated by Blank, containing only the growth media. 
Data are mean values of three independent biological replicates and vertical lines represent SD from the mean. Statistical analysis 
was performed at 16 h OD600 measurement with wild-type OG1RF as the comparator using the Mann-Whitney U test, ****p < 0.0001. 
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3.3.7 E. faecalis de novo purine biosynthesis and MptABCD 

phosphotransferase system are important for catheter-associated urinary 

tract infection. 

Purine biosynthesis is essential in a variety of infection types (Goncheva 

et al., 2020; Kim et al., 2003; Li, L. et al., 2018; Mei et al., 1997; Samant et al., 

2008; Sause et al., 2019). As such, E. faecalis de novo purine biosynthesis and 

MptABCD PTS could similarly contribute to other E. faecalis infections. In 

addition to being a common wound pathogen, E. faecalis is also a frequently 

isolated uropathogen (Kline & Lewis, 2016). Hence, the contribution of purine 

biosynthesis and MptABCD PTS was tested in a CAUTI model through 

assessing in vivo competitive infections of OG1RF ∆purEK and OG1RF ∆mptD 

with OG1X at 1 dpi. OG1RF ∆purEK (CI = 8.99) and OG1RF ∆mptD (CI = 6.01) 

had significantly reduced fitness compared to wild-type OG1RF (CI = 46.19) on 

catheters (Figure 3.8A), while only OG1RF ∆mptD (CI = 4.83) had significantly 

reduced fitness compared to wild-type OG1RF (CI = 33.33) in the bladder 

(Figure 3.8B), and neither purEK nor mptD contributed to fitness in the kidneys 

(Figure 3.8C). These results suggest that de novo purine biosynthesis and the 

MptABCD PTS may be central and niche-independent virulence factors of E. 

faecalis.
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Figure 3.8 De novo purine biosynthesis and MptABCD phosphotransferase system contributes to E. faecalis fitness during 
catheter-associated urinary tract infection. 
Female C57BL/6 mice were implanted with 5 mm silicon catheters in the bladders and infected with a 1:1 ratio of 107 CFU of E. 
faecalis OG1X:wild-type OG1RF, OG1X:OG1RF ∆purEK or OG1X:OG1RF ∆mptD. (A) Catheters, (B) bladders and (C) kidneys were 
harvested at 24 hpi and the recovered bacteria were enumerated on selective agar plates for each strain. Each data point represents 
one mouse and horizontal lines indicate the median; N = 2, n = 6 mice per group per experiment. Statistical analysis was performed 
using the Mann-Whitney U test, *p < 0.05, **p < 0.01. 

Wild
-ty

pe

∆p
ur
EK

∆m
ptD

0
50

100
150
200
250

500

1000

1500

2000

C
om

pe
tit

iv
e 

in
de

x
Catheter

�

��

Wild
-ty

pe

∆p
ur
EK

∆m
ptD

0
20
40
60
80

100

100
200
300
400
500
600

C
om

pe
tit

iv
e 

in
de

x

Bladder

�

Wild
-ty

pe

∆p
ur
EK

∆m
ptD

0
3
6
9

12
15
18

20
60

100
140
180
220
260
300

C
om

pe
tit

iv
e 

in
de

x

Kidneys



 

 122 

3.4 Discussion 

This study aims to identify genetic determinants that are crucial for acute 

E. faecalis replication and later persistence in wounds. Both E. faecalis de novo 

purine biosynthesis and MptABCD PTS are shown to be important for E. faecalis 

acute replication and persistence, respectively. Here, purine metabolites are 

reported to be lower at the wound site during the early stages of wound infection 

compared to later persistent stages, explaining the importance of de novo purine 

biosynthesis for acute E. faecalis wound infection. Also, this study shows that 

carbohydrate availability in the wound microenvironment favors galactose and 

mannose as the wound infection progresses, providing a reason for the 

requirement of the E. faecalis MptABCD galactose and mannose transporter 

during persistent E. faecalis wound infection.  

 

Nucleotide plays an important role in cell physiology of both prokaryotes 

and eukaryotes, such as DNA and RNA synthesis, enzyme cofactors (NAD+ and 

FAD+), energy carriers (ATP and GTP), and are also involved in the biosynthesis 

of riboflavin (Abbas & Sibirny, 2011; Jensen et al., 2008). De novo purine 

biosynthesis is necessary for many pathogens to establish a successful 

infection. For example, purine biosynthesis is necessary for successful 

proliferation of Gram-negative E. coli and Salmonella typhimurium in human 

serum (Samant et al., 2008) and P. aeruginosa in wounds (Turner et al., 2014) 

as well as for Gram-positive Streptococcus pyogenes growth in human blood 

(Le Breton et al., 2013), E. faecium growth in human serum (Zhang et al., 2017) 

and Bacillus anthracis growth in human serum and virulence in a mouse 

bacteremia model (Samant et al., 2008). Likewise, purine biosynthesis is 
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necessary for S. aureus growth in bovine and human serum (Connolly et al., 

2017), virulence in mouse models of bacteremia (Goncheva et al., 2020; Sause 

et al., 2019) and endocarditis infections (Li, L. et al., 2018). Therefore, it is not 

surprising that purine biosynthesis is also required for E. faecalis to establish a 

successful colonization in wounds, especially during the early phases of wound 

infection where E. faecalis is rapidly replicating (Chong et al., 2017). Together, 

these studies demonstrate that de novo purine biosynthesis probably is a 

common metabolic pathway that is generally required by bacterial pathogens in 

most infections. Hence, detailed exploration of enzymes involved in the purine 

biosynthesis can be considered as potential targets for the treatment of E. 

faecalis wound infections or in general bacterial infections.  

 

Carbohydrates are essential for their metabolism into glucose, which 

serves as a primary energy source for most bacteria. These large uncharged 

polar molecules cannot cross the bacterial plasma membrane freely (Cooper & 

Hausman, 2000). Consequently, bacteria encode PTS to import carbohydrates 

from the environment (Deutscher et al., 2006). A PTS is made up of several 

functional subunits, of which the EII subunits of each PTS determines its 

substrate carbohydrate specificity (Deutscher et al., 2006). As such, most 

bacteria encode multiple PTS to enable the transport of different carbohydrates. 

As the wound infection progresses, E. faecalis encounters changing 

carbohydrate availability in the wound microenvironment from higher glucose 

during acute wound infection to higher galactose and mannose in late stages of 

the infection, hinting that there is a metabolic switch in the carbohydrate 

phosphotransferase system in E. faecalis and that wound infection is a 
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“controlled” process. As a result, any disturbance introduced (e.g. hindered 

mannose import) to this “controlled” process would then lead to reduced 

competitive index as observed with the OG1RF ∆mptD mutant during wound 

infection. However, there is still limited information on carbohydrate availability 

in wounds in experimental models or in human wounds, hence we cannot 

discount the presence of other carbohydrates in the wound microenvironment 

and the importance of other PTS that might be contributing to E. faecalis 

persistence. Apart from E. faecalis, the impact of carbohydrates metabolism and 

import is also evident in the pathogenesis of several other Gram-positive 

bacteria. For example, sucrose-6-phosphate hydrolase and its sucrose ABC 

transporter contributes to Streptococcus pneumoniae in vivo fitness during lung 

infection in mouse (Iyer & Camilli, 2007). Based on comparative genomic 

analysis, a PTS locus in Enterococcus faecium clinical isolates is found to play 

an important role in mouse intestinal colonization and the deletion of an EII 

subunit of this PTS resulted in reduced intestinal colonization (Zhang et al., 

2013). Garnett et al. (2014) similarly showed the importance of S. aureus PTS 

in importing carbohydrates from the airway surface liquid to support its growth. 

Given the significance of PTS on the pathogenesis of various infections caused 

by different bacteria, drugs and/or inhibitors targeting carbohydrate import 

process(s) seems like an attractive alternative to control infections. 

 

As aforementioned, purine biosynthesis may be a common metabolic 

pathway that is required for virulence. Fittingly, E. faecalis de novo purine 

biosynthesis also contributes to its fitness during CAUTI. The notion that purines 

are limiting in the urinary tract is consistent with studies of uropathogenic E. coli, 



 

 125 

in which a guaA mutant that has defective guanine biosynthesis was unable to 

grow in human urine in vitro and was significantly less virulent than the parental 

wild-type strain in a mouse model of urinary tract infection (UTI) (Russo et al., 

1996). The OG1RF ∆mptD mutant was less fit than wild-type during CAUTI, 

suggesting that galactose and mannose availability in the urinary tract are likely 

limited, which is in contrast with uropathogenic E. coli that preferentially take 

advantage of amino acids and small peptides as a carbon source, since mutants 

with defective peptide import had significantly reduced fitness during UTI (Alteri 

et al., 2009). However, future studies will be needed to confirm whether purines 

are similarly limited in the mice bladders and the carbohydrates profile during 

CAUTI.  

 

E. faecalis de novo purine biosynthesis and MptABCD PTS are 

functionally linked (Figure 3.7B). There are multiple pathways like pentose 

phosphate pathway, alanine, aspartate and glutamate metabolism, thiamine 

metabolism, and histidine metabolism that contributes to purine biosynthesis 

(efi00230) (Kanehisa & Goto, 2000), and it is possible that in order to maintain 

healthy levels of purine to support active cell division during E. faecalis acute 

replication, the presence of all the contributing pathways are likely required. This 

could explain why there is a growth attenuation of OG1RF ∆mptD mutant in 

purine lacking medium as purine biosynthesis is affected in the absence of 

mannose transport. However, the OG1RF ∆mptD mutant is strongly 

outcompeted compared to OG1RF ∆purEK in wounds at 3 dpi, suggesting that 

the import of galactose and mannose has a more significant role as a carbon 

source for E. faecalis persistence in wounds other than for purine biosynthesis. 
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These observations suggest that genes can have a functional shift depending 

on the state/phase during E. faecalis wound infection. 

 

An outstanding question from this study is whether shikimate 

biosynthesis might be contributing to E. faecalis persistence in wounds. The 

production of secondary metabolites are usually not critical for cell growth, but 

instead serve as a survival strategy for organisms during adverse conditions 

likely triggered by depletion of nutrients or environmental stress (Gokulan et al., 

2014). The end-product of the shikimate pathway is chorismate, which is 

essential for subsequent biosynthesis of aromatic amino acids such as 

phenylalanine, tryptophan and tyrosine as well as aromatic secondary 

metabolites (Averesch & Krömer, 2018; Herrmann & Weaver, 1999). For 

example, chorismate branching into the synthesis of para-aminobenzoic acid 

(PABA), which is a precursor for folate metabolism (Averesch & Krömer, 2018). 

Interestingly, Turner et al. (2014) not only showed that purines were unavailable 

to P. aeruginosa during wound infection, chorismate, phenylalanine, tyrosine, 

and PABA were also unavailable. Moreover, shikimate pathway intermediates 

are also potential substrates leading to other metabolic pathways (Herrmann & 

Weaver, 1999). Thereby, it is tempting to hypothesize that the shikimate 

pathway is important as it is a central metabolic route that leads to the 

production of other aromatic metabolites that might be essential for E. faecalis 

persistence in wounds. However, further studies will be needed to examine the 

role of E. faecalis shikimate biosynthesis in wound infection. 
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Based on the current findings, a working model of E. faecalis wound 

infection dynamics is proposed (Figure 3.9). During the early phase of wound 

infection, E. faecalis undergoes acute replication and therefore, the demand for 

purines is high. However, purine metabolites in the wound microenvironment 

are low, which makes E. faecalis de novo purine biosynthesis indispensable for 

acute replication (Figure 3.9A). Carbohydrate availability during acute infection 

differs from persistence, in which glucose is higher while galactose and 

mannose are lower during earlier stages of infection. Despite these differences 

in availability, it is likely that E. faecalis can use all three carbohydrates to 

support its rapid growth. By contrast, during E. faecalis persistence in wounds, 

galactose and mannose availability are higher than glucose in the wound 

microenvironment and that there was minimal depletion of glucose by E. faecalis, 

suggesting that galactose and mannose are a preferred carbohydrate source by 

E. faecalis during persistence (Figure 3.9B).  

 

Overall, this study provides insights into the pathogenic requirements and 

potential of E. faecalis during wound infection, and factors that are required for 

E. faecalis to replicate and persist in this niche. Given the suggested importance 

of E. faecalis de novo purine biosynthesis and MptABCD PTS during acute 

replication and persistence in wounds, this work raises the possibility for future 

drugs and/or inhibitors to target enzymes involved in purine biosynthesis or 

MptABCD PTS or in general E. faecalis carbohydrate utilization processes as a 

novel approach to curb infections.  
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Figure 3.9 Proposed working model of E. faecalis wound infection 
dynamics. 
(A) During E. faecalis acute replication (8 h post-infection), purine metabolites, 
galactose and mannose availability in the wound microenvironment are low 
while glucose is high. As a result, de novo purine biosynthesis is induced and E. 
faecalis imports all three carbohydrates to support its rapid growth. (B) However, 
as the wound infection progresses to persistence (3 days post-infection), purine 
metabolites, galactose and mannose availability are high while glucose is low. 
Since E. faecalis is not actively dividing and purine metabolites are abundant in 
the wound microenvironment, de novo purine biosynthesis is likely not induced 
in E. faecalis. Additionally, given that there was minimal depletion of glucose 
and increased uptake of galactose and mannose by E. faecalis, it suggests that 
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galactose and mannose are the preferred carbohydrates by E. faecalis during 
persistence. 
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vitro experiments. I designed, performed, and analyzed all the in vivo 

experiments, assisted by Dr. Wong Jun Jie, Dr. Brenda Tien Yin Qi, Mr. Thong 

Chor Ming, Ms. Alicia Tan Qian Ler, Mr. Daryl Yeong Yu Xuan or Ms. Ng Hui 

Min Celine. Dr. Chong Kian Long Kelvin designed, performed, and analyzed the 
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3.2.6 which was written by Dr. Chong Kian Long Kelvin) and edited the pre-print 

that is available on BioRxiv for this study. The pre-print was revised by Dr. 

Chong Kian Long Kelvin and Prof. Kimberly Kline. 
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Chapter 4 – General discussions and conclusions 

 

4.1 Our current understanding of E. faecalis wound infection 

Enterococcus faecalis can colonize many host niches and is responsible 

for numerous biofilm-associated infections such as catheter-associated urinary 

tract infection (CAUTI), infective endocarditis, and wound infection (Arias & 

Murray, 2012). Although the pathogenesis of E. faecalis have been extensively 

studied in some of these infections, pathogenesis during wound infection 

remains underexplored. E. faecalis is a common wound pathogen, yet it is 

usually not the only microorganism in wounds, and it is often co-isolated with 

other microorganisms such as Pseudomonas aeruginosa (Gjødsbøl et al., 2006). 

As such, the overall goal of this dissertation was to gain a deeper understanding 

of E. faecalis wound pathogenesis. To achieve this goal, I undertook the 

following: (1) explored the nature and mechanistic underpinning for E. faecalis 

and P. aeruginosa mixed-species interactions within biofilms under in vitro iron-

restricted conditions and in vivo mouse wound excisional model, and (2) 

determined and characterized E. faecalis genetic determinants involved in E. 

faecalis wound pathogenesis. In this last chapter, I will review and briefly 

summarize the findings as well as discuss the limitations and how this 

dissertation can help in deciding future studies to enhance our knowledge 

regarding E. faecalis wound pathogenesis.  

 

There is no study on the mixed-species interactions during wound 

infection between commonly co-isolated wound pathogens, E. faecalis and P. 

aeruginosa. Therefore, I first sought to study the in vitro mixed-species 
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interactions between these two bacterial species in an infection-relevant, low 

iron condition. This study began by exploring the nature of the mixed-species 

interactions using static biofilm and macrocolony biofilm assays with both 

laboratory and clinical isolates of E. faecalis and P. aeruginosa. These two 

species were found to engage in an antagonistic relationship, in which E. 

faecalis inhibits P. aeruginosa growth in biofilms under in vitro iron-restricted 

conditions. To determine the mechanism underlying this antagonism observed, 

an in vitro E. faecalis transposon library screen was performed, and E. faecalis 

ldh1 was identified to be responsible for the phenotype under iron-restricted 

conditions. I subsequently showed that E. faecalis ldh1 expression was induced 

when grown in iron-restricted media, which resulted in an increased lactic acid 

secretion, and consequently decreasing the local environmental pH. The 

findings in Chapter 2 suggests that under in vitro iron-restricted conditions, E. 

faecalis changes the local microenvironment by increasing lactic acid secretion 

to further chelate the limited iron in the environment and lowers the local pH to 

antagonize P. aeruginosa growth. In addition, instead of engaging in an 

antagonistic relationship, P. aeruginosa augmented E. faecalis growth in a 

mouse wound excisional model. I hypothesize that the spatial organization of 

these two bacterial species in wounds might dampen any local pH and iron-

competition effects observed under in vitro conditions. Hence, it will be 

interesting to investigate the spatial organization of E. faecalis and P. 

aeruginosa during wound infection, which will be discussed further in the 

following section. Taken together, these findings provide insights into the mixed-

species interactions between different bacterial species and highlights the 
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importance of microenvironment manipulation in influencing growth trajectory of 

bacterial communities.  

 

Next, in Chapter 3, I sought to identify and characterize E. faecalis 

genetic determinants that contributes to E. faecalis wound pathogenesis, 

specifically the factors that are important for acute E. faecalis replication and 

persistence in wounds, using in vivo transposon (Tn-seq) and RNA sequencing 

(RNA-seq) approaches. I found that E. faecalis de novo purine biosynthesis 

genes and MptABCD phosphotransferase system (PTS) were indispensable for 

E. faecalis acute replication and persistence, respectively. Moreover, E. faecalis 

MptABCD PTS was characterized to be responsible for the import of galactose 

and mannose from the environment. To further understand how purine 

biosynthesis genes and MptABCD PTS contributed to E. faecalis wound 

infection, I investigated the wound microenvironment during the infection, 

explicitly in terms of purine metabolite and carbohydrate availability. Through 

profiling of the wound microenvironment, purine metabolites were found to be 

low during the period of acute replication, and that the availability of 

carbohydrates changes as E. faecalis progresses from acute replication to a 

persistence phase during wound infection. These observations suggest that E. 

faecalis de novo purine biosynthesis and MptABCD PTS play a vital role in the 

progression of wound infection and may represent a novel target for increased 

efficacy in the treatment of E. faecalis wound infection. Furthermore, a functional 

link between MptABCD PTS and de novo purine and shikimate biosynthesis 

was identified. However, it remains unclear whether E. faecalis shikimate 

biosynthesis similarly contributes to wound pathogenesis. Thus, it is worthwhile 
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to further investigate and understand the significance of shikimate biosynthesis 

during E. faecalis wound infection which will be discussed further in the 

subsequent section. These findings suggest that other than classical virulence 

factors as discussed in section 1.1.4, metabolic processes such as purine 

biosynthesis and carbohydrate import can also similarly contribute to the 

pathogenesis of infections. Additionally, these findings once again emphasize 

the importance of how dynamic microenvironment changes can influence the 

pathogenic requirements of E. faecalis during wound infection. This is the first 

study that identifies and explores the genetic determinants that are crucial for E. 

faecalis wound infection.  

 

In summary, the overall goal of this dissertation has been achieved, and 

the findings presented in Chapter 2 and Chapter 3 has set the foundation for 

further exploration of E. faecalis wound pathogenesis. We are just beginning to 

understand the E. faecalis pathogenesis during wound infection and there are 

still many aspects worth investigating in both the single- and mixed-species 

infections.  

 

4.2 Limitations of this study 

The in vitro findings in Chapter 2 emphasize the importance of iron and 

pH in the microenvironment in influencing E. faecalis and P. aeruginosa mixed-

species interactions. However, a limitation of the in vivo experiments is that the 

pH of single- and mixed-species infected wounds were not measured. Even 

though E. faecalis did not inhibit P. aeruginosa growth when co-infected in 

wounds (Figure 2.6A), the pH of the infected wounds can be measured so that 
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it can be correlated to the in vitro results. Additionally, the in vivo experiments 

were performed in C57BL/6 mice and given the importance of low iron 

conditions in inducing E. faecalis ldh1 expression, the wound excisional model 

can be performed in iron-deficient mice or C57BL/6 mice fed with low iron diet 

over a period of time.  

 

Although an in vivo RNA-seq on E. faecalis wild-type OG1RF from 3 dpi 

wounds was attempted in Chapter 3, the number of raw counts were 

significantly lower as compared to 8 hpi wounds. As such, it was not possible to 

analyze the differentially expressed E. faecalis genes at 3 dpi and correlate it to 

the Tn-seq results. This is likely due to the low E. faecalis cell numbers in the 3 

dpi wounds (~105 – 106 CFU/wound) compared to 8 hpi wounds (~107 – 108 

CFU/wound). A possibility to overcome the low E. faecalis cell numbers at 3 dpi 

is to pool wound samples from different mice and combine them together as 1 

sample, which will increase the number of E. faecalis per sample and hence, 

increase the amount of RNA extracted per sample. Alternatively, a single-cell 

RNA sequencing approach (Kuchina et al., 2021) can be taken to overcome the 

limitation of low reads in 3 dpi wounds and at the same time also enables us to 

elucidate heterogeneity of E. faecalis gene expression in the wounds.  

 

4.3 Future perspectives 

The spatial localization between E. faecalis and P. aeruginosa during 

wound infection could be contributing to the contrasting observations reported 

between the in vitro and in vivo conditions in Chapter 2, in which E. faecalis 

inhibited P. aeruginosa growth in vitro but P. aeruginosa augmented E. faecalis 
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growth in vivo. Stacy et al. (2016) introduced the concept of “biogeography” in 

which microorganisms within a polymicrobial community are spatially organized 

or segregated during infections. In a four-species wound infection involving E. 

faecalis, P. aeruginosa, Staphylococcus aureus and Finegoldia magna, spatial 

segregation was reported between E. faecalis and P. aeruginosa, in which P. 

aeruginosa was found deeper in the wound bed compared to E. faecalis (Dalton 

et al., 2011). Thus, it is highly possible that E. faecalis and P. aeruginosa are 

also similarly segregated during mixed-species wound infection and as a result, 

negating the inhibitory effect we observed in vitro. Moreover, to date, there is no 

study investigating the spatial localization between just E. faecalis and P. 

aeruginosa during wound infection. Hence, it will be interesting to visualize how 

these two pathogens are assembled during wound infection, as the spatial 

organization of any polymicrobial community can provide valuable information 

to help in designing strategies to stop or even eradicate infections. More 

importantly, the spatial localization between pathogens during infections can 

influence their virulence potential and disease progression significantly (Stacy 

et al., 2016).  

 

Furthermore, in Chapter 2, P. aeruginosa was found to augment the 

growth of E. faecalis in wounds. However, the mechanism(s) underlying E. 

faecalis growth augmentation remains unclear. To elucidate the mechanism(s), 

an in vivo mixed-species Tn-seq using wild-type P. aeruginosa and a pooled E. 

faecalis transposon library can be conducted. By identifying E. faecalis 

transposon mutants that are “less fit” (denoted by a negative log2 fold change) 

during the mixed-species wound infection, we can identify E. faecalis bacterial 
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factors that contribute to the growth augmentation and subsequently, the 

mechanism(s) promoting the mixed-species wound infection. This knowledge 

may enable the development of targeted drugs or inhibitors to control mixed-

species infections.  

 

An outstanding question in Chapter 3 is whether and how does E. 

faecalis shikimate biosynthesis contribute to wound infection. To investigate 

whether shikimate biosynthesis is essential for E. faecalis wound infection, we 

can apply the same strategy used in this dissertation, that is to create a mutant 

with disrupted shikimate biosynthesis and test it in the competitive mouse wound 

excisional model. There is evidence based on work in P. aeruginosa published 

by Turner et al. (2014) suggesting that the importance of shikimate biosynthesis 

could be due to limited chorismate (end-product of shikimate biosynthesis), 

phenylalanine, tyrosine and para-aminobenzoic acid (chorismate is required for 

the synthesis of these secondary metabolites) in the wound microenvironment. 

As such, similar to the purine metabolite quantification done in Chapter 3, a 

targeted metabolite screening can be performed to examine which metabolite(s) 

is/are limited during E. faecalis wound infection using mass spectrometry. 

Taking a step further, since mannose transported in by E. faecalis MptABCD 

PTS is functionally linked to purine and shikimate biosynthesis, double and triple 

deletion mutants with defective purine biosynthesis, MptABCD PTS, and 

shikimate biosynthesis can be created and tested in the competitive mouse 

wound excisional model, which would allow us to explore whether these 

pathways are acting independently or together. Collectively, examining the 
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wound microenvironment can help us to understand the mechanism(s) 

underlying E. faecalis wound pathogenesis.  

 

Another question that is worth following up is what is/are the source(s) of 

carbohydrates that E. faecalis import to promote its persistence during wound 

infections? Free carbohydrates are likely scarce in the wound microenvironment, 

and E. faecalis might have to scavenge carbohydrates from N-linked or O-linked 

glycoconjugates present in the wound microenvironment. Subsequently, these 

released carbohydrates can then be imported by the respective PTS to be 

potentially used by E. faecalis as nutrients. This is evident in Streptococcus 

pneumoniae, whereby free carbohydrates are limited in the upper respiratory 

tract, and S. pneumoniae expresses a variety of glycosidases to cleave 

glycosidic linkage at the terminal monosaccharide of glycoconjugates to release 

free carbohydrates for uptake to promote nasopharyngeal colonization (Marion 

et al., 2009; Marion et al., 2012; Minhas et al., 2021; Paixão et al., 2015). 

Likewise, E. faecalis also encodes several putative glycosidases such as 

endoglycosidase EndoE, that is capable of cleaving N-linked glycans from 

glycoprotein lactoferrin (Garbe et al., 2014). Moreover, the presence of E. 

faecalis mannosidase activity was demonstrated with RNase B-derived glycans 

which releases free mannose to support in vitro E. faecalis growth (Roberts, G. 

et al., 2000). Therefore, it would be interesting to examine whether E. faecalis 

expresses these putative glycosidases during in vivo wound infection, as they 

could be an attractive target for designing drugs or inhibitors for enhanced 

treatment efficacy of E. faecalis wound infection.  
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Since Chapter 3 highlights the importance of E. faecalis de novo purine 

biosynthesis and MptABCD PTS during wound infection, it will be worthwhile to 

investigate whether E. faecalis mutants defective in purine biosynthesis 

(OG1RF ∆purEK) and/or galactose and mannose transport (OG1RF ∆mptD) 

would play a role in mixed-species interactions with P. aeruginosa during wound 

infection (Chapter 2). Additionally, findings in Chapter 2 and Chapter 3 suggest 

the importance of the wound microenvironment during bacterial wound 

pathogenesis, which can impact the outcome of bacteria-bacteria and/or 

bacteria-host interactions. Thus, it will be meaningful to analyze the wound 

metabolome during different phases of wound infection (e.g. acute replication 

and persistence). This could potentially identify metabolites that are limited (or 

important) during wound infection as well as the metabolite changes in the 

wound microenvironment as the infection progresses. Also, combining the 

metabolomics analysis with our Tn-seq and RNA-seq results, we could possibly 

reconstruct the in vivo metabolic network of E. faecalis during wound infection.  

 

4.4 Managing wound infections through the microenvironment  

Collectively, the findings in Chapter 2 and Chapter 3 highlight the 

significance of the microenvironment in wound pathogenesis. Several studies 

have suggested that lowering pH in wounds (e.g. lactic acid) improves wound 

healing (Haller et al., 2021). Combining this information with the in vitro findings 

in Chapter 2, could we inhibit P. aeruginosa growth in single- and/or mixed-

species wound infections, while simultaneously improve healing by further 

acidifying the microenvironment to fight infection? For example, the pH of the 

wound microenvironment can be fine-tuned using a micro-gel during wound 
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infection (Cui et al., 2022). Moreover, the knowledge gained on nutritional 

requirements by E. faecalis during wound infection in Chapter 3 can be 

exploited to fight infection. Can the E. faecalis de novo purine biosynthesis 

and/or MptABCD PTS be inhibited? A drug discovery or drug repurposing 

approach can be adopted to identify any potential inhibitor(s) that blocks only E. 

faecalis purine biosynthesis and/or galactose and mannose uptake by 

MptABCD PTS, while having no effect on the host. These inhibitor(s) would 

likely affect E. faecalis capability in colonizing and persisting in the wounds and 

hence, lowering pathogenicity of E. faecalis.  

 

Overall, my dissertation provides insights into how the microenvironment 

can be manipulated to influence the interactions between E. faecalis and P. 

aeruginosa, and how temporal wound microenvironment changes can affect the 

pathogenic requirements and potential of E. faecalis during wound infection. In 

addition, I have discovered and characterized several E. faecalis genetic 

determinants underlying E. faecalis wound pathogenesis and together, these 

findings can be used as a basis for further studies to explore the possibility of 

developing inhibitors to target these genetic determinants identified as an 

alternative treatment option to better manage E. faecalis wound infection. 
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Appendix figures and tables 

 

This section contains the appendix figures and tables for this dissertation. 

Figures and tables shown in the appendix are directly referenced in Chapters 

2 and 3. The appendix is separated into 2 sub-sections with their respective 

labels for each chapter.  
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Chapter 2 appendix 

 

Appendix Figure 2.1 P. aeruginosa growth responses to iron restriction. 
(A) Enumeration of PAO1-WT and PADP6 from 24 h single-species 
macrocolonies grown in TSBG media supplemented without and with increasing 
22D concentrations (0.5, 1 and 2 mM). Dotted lines represent inoculum of 
bacteria spotted. N = 3 with 3 technical replicates; error bars represent SD from 
the mean. Statistical analysis was performed using Mann-Whitney U test, *p < 
0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. Planktonic growth of (B) PAO1-
WT, (C) OG1RF and (D) PADP6 in TSBG media supplemented without and with 
increasing 22D concentrations (0.5, 1, 2, 3 and 4 mM). N = 3 with 3 technical 
replicates; error bars represent SD from the mean. 
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Appendix Figure 2.2 P. aeruginosa PADP6 confers tolerance to iron 
starvation by increasing pyoverdine secretion during growth under iron-
restricted conditions. 
Copy number of (A) mexA, (B) mexB and (C) oprM from planktonic cultures of 
PAO1-WT and PADP6 grown in unchelated and 0.5 mM 22D-chelated TSBG 
media. N = 4 with 2 technical replicates; error bars represent SD from the mean. 
Statistical analysis was performed using Mann-Whitney U test, *p < 0.05, **p < 
0.01, ***p < 0.001, ****p < 0.0001. (D) Pyoverdine secretion measured from 
planktonic cultures of PAO1-WT, PADP6 and ∆pvdA (pyoverdine biosynthesis 
mutant) grown in unchelated and 0.5 mM 22D-chelated TSBG media. N = 4 with 
2 technical replicates; error bars represent SD from the mean. Statistical 
analysis was performed using Mann-Whitney U test, *p < 0.05, **p < 0.01, ***p 
< 0.001, ****p < 0.0001. 
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Appendix Figure 2.3 P. aeruginosa growth inhibition by E. faecalis is 
abolished in TSB media. 
Enumeration of (A) PADP6 and (B) OG1RF from 48 h macrocolonies with single 
or mixed inoculums grown in TSB media supplemented with 2 mM 22D. 
Bacterial species were mixed at a 1:1 ratio for mixed-species macrocolonies. 
Dotted lines represent inoculum of bacteria spotted. N = 3 with 3 technical 
replicates; error bars represent SD from the mean. Statistical analysis was 
performed using Mann-Whitney U test, *p < 0.05, **p < 0.01, ***p < 0.001, ****p 
< 0.0001. 
 

 
Appendix Figure 2.4 P. aeruginosa growth responses when grown with E. 
faecalis guaB::Tn and gloA3::Tn under iron-restricted conditions.  
Enumeration of PADP6 from 48 h macrocolonies with single or mixed inoculums 
of (A) guaB::Tn and (B) gloA3::Tn grown in 2 mM 22D-chelated TSBG media. 
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Bacterial species were mixed at a 1:1 ratio for mixed-species macrocolonies. 
Dotted lines represent inoculum of bacteria spotted. N ≥ 3 with 3 technical 
replicates; error bars represent SD from the mean. Dashed line represents limit 
of detection (LOD). Statistical analysis was performed using Mann-Whitney U 
test, ***p < 0.001, ****p < 0.0001. 
 

Appendix Table 2.1 E. faecalis transposon mutants identified from 
transposon library screen with PADP6 under iron-restricted conditions. 
Locus tag Name  Description 
OG1RF_10199 ldh1 L-lactate dehydrogenase 
OG1RF_10480 gloA3 Lactoylglutathione lyase 
OG1RF_12538 guaB IMP dehydrogenase 
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Appendix Figure 2.5 Alleviating pH acidification using buffered media 
partially rescues P. aeruginosa growth inhibition under iron-restricted 
conditions. 
Enumeration of (A) PAO1 BAA-47 and (B) OG1RF from single- and mixed-
species macrocolonies grown for 24 h in TSBG media supplemented with 1 mM 
22D and either 200 mM PIPES, MOPS or HEPES buffer. Bacterial species were 
mixed at a 1:1 ratio for mixed-species macrocolonies. Dotted lines represent 
inoculum of bacteria spotted. N = 2 with 3 technical replicates; error bars 
represent SD from the mean. Statistical analysis was performed using Mann-
Whitney U test, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. (C) The 
corresponding pH quantification of single- and mixed-species macrocolonies in 
(A) and (B). Error bars represent SD from the mean. Statistical analysis was 
performed using Mann-Whitney U test, *p < 0.05, **p < 0.01, ***p < 0.001, ****p 
< 0.0001. 
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Chapter 3 appendix 

 
Appendix Figure 3.1 Transposon insertions in E. faecalis de novo purine 
biosynthesis genes are among the significantly underrepresented genes 
at 8 hpi. 
Distribution of E. faecalis transposon mutant abundance profiled by Tn-seq from 
8 hpi wounds. Significant mutants from Tn-seq analysis are colored black (p ≤ 
0.05 and FDR ≤ 0.05). E. faecalis genes with no transposon mutant found in the 
transposon library are colored in blue. 

purD purH purNpurM purFpurL purL2 purS purK
−9

−8

−7

−6

−5

−4

−3

−2

−1

0

1

2

3

4

5

6

7

8

9

0 500000 1000000 1500000 2000000 2500000

Chromosomal position (bp)

Lo
g2

 fo
ld

 c
ha

ng
e

Significance
FDR ≤ 0.05

FDR > 0.05



 

 168 

 

Appendix Figure 3.2 E. faecalis pathways that are significantly enriched in 8 hpi wounds. 
(A) Correlation plot of statistically significant genes from Tn-seq and RNA-seq. (B) Ridge plot shows the distribution of fold-change 
for genes in significantly enriched pathways from 8 hpi wounds identified from the RNA-seq analysis. Color gradient represents false 
discovery rate (p.adjust values).
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Appendix Figure 3.3 No significant differences between adenosine, guanosine, and inosine metabolites during E. faecalis 
wound infection. 
Male C57BL/6 mice were wounded and inoculated with PBS or 2 – 4 × 106 CFU of wild-type OG1RF. Wounds were harvested at 8 
hpi and 3 dpi for quantification of (A) adenosine, (B) guanosine, and (C) inosine using LC-MS. Each data point represents one mouse 
and error bars represent SD from the mean; N = 2, n = 5 mice per group per experiment. Statistical analysis was performed using 
the Mann-Whitney U test, *p < 0.05, **p < 0.01, ***p < 0.001. 
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Appendix Figure 3.4 Transposon insertions in mptABCD are among the 
most significantly underrepresented genes at 3 dpi. 
Distribution of E. faecalis transposon mutant abundance profiled by Tn-seq from 
3 dpi wounds. Significant mutants from Tn-seq analysis are colored black (p ≤ 
0.05 and FDR ≤ 0.05). E. faecalis genes with no transposon mutant found in the 
transposon library are colored in blue. 
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Appendix Table 3.1 Complete table for carbohydrate fermentation test (API 
CH50) of wild-type OG1RF pMPSP3535::PnisA-Empty, OG1RF ∆mptD 
pMSP3535::PnisA-Empty, and OG1RF ∆mptD pMSP3535::PnisA-mptD.  
 

 

1 1 1 Glycerol
-1 -1 -1 Erythritol
-1 -1 -1 D-arabinose
-1 -1 -1 L-arabinose
1 1 1 D-ribose
-1 -1 -1 D-xylose
-1 -1 -1 L-xylose
-1 -1 -1 D-adonitol
1 0 1 D-galactose
1 1 1 D-glucose
1 1 1 D-fructose
1 0 1 D-mannose
-1 -1 -1 L-sorbose
0 0 0 L-rhamnose
-1 -1 -1 Dulcitol
0 0 0 Inositol
1 1 1 D-mannitol
1 1 1 D-sorbitol

Methyl-ßD-xylopyranoside
-1 -1 -1 Methyl-αD-mannopyranoside
-1 -1 -1 Methyl-αD-glucopyranoside
1 1 1 N-acetylglucosamine
1 1 1 Amygdalin
1 1 1 Arbutin
1 1 1 Esculin ferric citrate
1 1 1 Salicin
1 1 1 D-cellobiose
1 1 1 D-maltose
0 0 0 D-lactose (bovine origin)
-1 -1 -1 D-melibiose
1 1 1 D-saccharose (sucrose)
1 1 1 D-trehalose
-1 -1 -1 Inulin
1 1 1 D-melezitose
-1 -1 -1 D-raffinose
0 0 0 Amidon (starch)
-1 -1 -1 Glycogen
-1 -1 -1 Xylitol
1 1 1 Gentiobiose
-1 -1 -1 D-turanose
-1 -1 -1 D-lyxose
1 1 1 D-tagatose
-1 -1 -1 D-fucose
-1 -1 -1 L-fucose
-1 -1 -1 D-arabitol
-1 -1 -1 L-arabitol
1 1 1 Potassium gluconate
0 0 0 Potassium 2-ketogluconate
-1 -1 -1 Potassium 5-ketogluconate

Positive test

Undetermined
Negative test

Wild-type OG1RF + - -
OG1RF ∆mptD - + +

pMSP3535::PnisA-Empty + + -
pMSP3535::PnisA-mptD - - +


