
ABSTRACT 

WALKER, GRAYSON KREG. Interactions of Extraintestinal Pathogenic Escherichia coli and 

Enterococcus faecalis during Polymicrobial Extraintestinal Infections. (Under the direction of 

Dr. Luke Borst). 

 

Extraintestinal pathogenic Escherichia coli (ExPEC) and Enterococcus faecalis (EF) are 

common pathogens that cause significant morbidity and mortality in veterinary medicine. 

Interestingly, both are often co-isolated in polymicrobial extraintestinal infections including 

avian colibacillosis and canine urinary tract infections (UTI) caused by ExPEC pathovars avian 

pathogenic E. coli (APEC) and uropathogenic E. coli (UPEC), respectively. However, 

interspecies interactions that augment virulence during co-infection are poorly understood. This 

study characterized the prevalence and clinical outcomes of ExPEC:EF co-infections in poultry 

and dogs and investigated interactions that translated to augmented virulence using in vitro and 

in vivo models of co-infection. 

The impact of ExPEC:EF co-infections was assessed by determining EF co-infection 

rates with APEC in poultry. EF were co-isolated with APEC from one-third of colibacillosis 

lesions in 6 flocks, and co-infection of chicken embryos with APEC with EF resulted in greater 

mortality compared to single-species infections (P < 0.05). To further investigate clinical 

manifestations of co-infections, dogs with UPEC and Enterococcal polymicrobial bacteriuria (n 

= 44) were compared to dogs with UPEC and Enterococcal monomicrobial bacteriuria (n = 100) 

in a retrospective cohort study. Recurrent UTI (P = 0.04), UPEC drug resistance (P < 0.05), and 

hospital visits (P = 0.04) were increased among dogs with polymicrobial UTI. 

To study ExPEC and EF interactions, APEC, UPEC, and EF strains were characterized 

genotypically and phenotypically using whole-genome and transcriptome sequencing in 

combination with in vitro and in vivo models of co-infection. APEC (n = 31) and UPEC (n = 71) 



strains were screened for augmented growth in mixed culture with EF on iron-limited medium to 

simulate in vivo conditions. 30 APEC and 70 UPEC strains exhibited a growth advantage in 

mixed culture with EF (P < 0.01) but were attenuated when growing alone, while 2 strains did 

not exhibit this response. A subset of screened ExPEC, including the 2 non-responsive strains, 

were sequenced for phylogenetic and comparative genomic analysis. Siderophore, 

exopolysaccharide (EPS), and conjugative transfer (tra) genes were associated with the ExPEC 

growth induction by EF. 

A macrocolony proximity assay was used to investigate expression of these genotypes in 

vitro. Two ExPEC with a robust growth response to EF were compared to the two non-

responsive strains. Cell density and relative EPS from ExPEC macrocolonies were quantitated. 

EF-responsive ExPEC produced 5 times more EPS compared to ExPEC growth alone (P < 0.01) 

while non-responsive ExPEC produced little EPS regardless of growth conditions. When chicken 

embryos were co-infected with responsive ExPEC and EF, there was at least 50% greater 

mortality than that observed after co-infection by non-responsive ExPEC (P < 0.05).  

The functional basis of these phenotypes was investigated by curing ExPEC of its 

plasmid, which encoded pilin (tra) genes. Enhanced growth and capsule production phenotypes 

of the plasmid-cured strain were ablated, and conjugation of the plasmid into an E. coli K12 

strain, BW25113, enhanced its growth and EPS production in response to EF (P < 0.05). A 

BW25113 mutant deficient in EPS biosynthesis, ærcsC, did not exhibit a growth response to EF 

and was significantly attenuated during co-infection with EF in chicken embryos (P < 0.05). 

Whole-transcriptome analyses of proximal APEC macrocolonies revealed upregulation of amino 

acid metabolism and tra genes (q < 0.01) in response to EF.  



These data revealed complex interactions between ExPEC and EF that translated to 

modulation of ExPEC growth and virulence during co-infection. ExPEC enhanced growth and 

EPS production, as induced by EF, are linked to conjugative plasmids, which are ubiquitous 

among ExPEC. In future work, contributions of these ExPEC features to virulence during 

polymicrobial infections in addition to EF effector signals will be investigated.  
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CHAPTER 1: Introduction  

Extraintestinal pathogenic E. coli (ExPEC) and Enterococcus faecalis (EF) are ubiquitous 

pathogens of enteric origin and are often co-cultured in polymicrobial infections in humans and 

animals. ExPEC include the closely related uropathogenic E. coli (UPEC), neonatal meningitis 

E. coli (NMEC), and avian pathogenic E. coli (APEC) pathovars. UPEC is the etiology in 80% 

of human urinary tract infections (UTI) (Klein and Hultgren, 2020). NMEC causes more infant 

deaths due to bacteremia than any other pathogen (Stoll et al., 2011). APEC causes septicemia 

and death in poultry regardless of age or immune status, resulting in multi-billion dollar losses to 

agriculture industries and public health threats (Nolan et al., 2020). EF was often regarded as a 

harmless gut commensal but has rapidly escalated from an emerging pathogen (Kilmer, 1993) to 

an uncontrolled cause of nosocomial infections in hospitalized patients (Kao and Kline, 2019). 

Antimicrobial drugs have increasingly limited utility against ExPEC and EF due to accumulated 

and/or intrinsic antimicrobial resistance leaving few viable treatment options for these 

debilitating infections. Both ExPEC and EF have been studied extensively as human pathogens 

and are widespread among veterinary species where they can be spread zoonotically (animal to 

human) and anthroponotically (human to animal) (Murphy et al., 2010; Olsen et al., 2012; 

Mitchell et al., 2015). As such, ExPEC and EF pose significant threats to the health of humans 

and animals and serve as representative gram negative and gram positive extraintestinal 

pathogens for infectious disease research. However, little is known about ExPEC and EF 

interactions during polymicrobial infections. In this work we first characterized the clinical 

impacts of ExPEC and EF co-infections of poultry and dogs and used a combination of in vitro, 

in vivo and bioinformatics methods to determine interactions between these two pathogens that 

translate to enhanced virulence of co-infections.   
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Since their initial isolation from human patients, ExPEC and EF have been notable causes 

of disease. Pathogenic Escherichia coli was first isolated from pediatric dysentery patients in 

1885 by Dr. Theodor Escherich, a German pediatrician and pioneer infectious disease 

microbiologist who was confused by the fact that this disease-causing bacterium could also be 

isolated from the feces of apparently healthy individuals (Mainil, 2013). Since then, E. coli have 

been broadly classified as commensal or pathogenic and further subcategorized into pathovars 

based on the wide range of disease presentation (Figure 1). Of these, ExPEC possess the most 

diverse arsenal of virulence features which are deployed to combat the complexity and harshness 

of the extraintestinal environments they colonize (Mainil, 2013; Poolman and Wacker, 2016). 

Shortly after the discovery of ExPEC, EF was isolated in 1898 from a human case of lethal 

endocarditis. The bacterium was determined to be of intestinal origin and shone to kill infected 

animals (Maccallum and Hastings, 1899). Despite being first isolated from an acute 

extraintestinal infection, EF are widely regarded as opportunistic pathogens with an intrinsic 

tolerance to harsh conditions and host immune responses that result in disease and treatment 

difficulties (Lebreton et al., 2017; Kao and Kline, 2019).  

 

Figure 1. Organization of Escherichia coli pathovars. Extraintestinal pathogenic E. coli 

pathovars APEC and UPEC (red) are significant pathogens of veterinary species.  
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A century after the discovery of ExPEC and EF, synergy between these two pathogens 

was first described when human surgeons noticed frequent co-isolation of ExPEC and EF from 

polymicrobial surgical site infections (Fry et al., 1985). Rats inoculated intravenously with 

sublethal doses of ExPEC in combination with EF had greater mortality compared to single-

agent infections, which gave rise to a startling new perspective on the enhanced virulence of 

these pathogens during co-infection (Fry et al., 1985). ExPEC and EF co-infections received 

more attention as human clinicians reported worsened clinical outcomes for patients with 

polymicrobial extraintestinal infections. Polymicrobial bloodstream infections in cancer patients 

had greater fatality rates (Royo-Cebrecos et al., 2017) and polymicrobial UTIs were caused by 

virulent ExPEC strains (Croxall et al., 2011) and were associated with longer hospitalizations 

(Fourcade et al., 2015). These findings led to the suspicion that ExPEC virulence can be 

augmented during co-infection with EF.  

Polymicrobial extraintestinal infections by ExPEC and EF are implicated in veterinary 

diseases such as avian colibacillosis (Karunarathna et al., 2017), bovine mastitis (Angelopoulou 

et al., 2019) and canine UTI (Seguin et al., 2003). Consequently, ExPEC and EF also pose a 

public health risk as infected livestock and pets can serve as human-associated hosts for zoonotic 

and anthroponotic transmission (Murphy et al., 2010; Foster-Nyarko and Pallen, 2022). Although 

EF are known to be co-isolated with ExPEC in avian colibacillosis (Borst, 2020) and canine UTI 

(Seguin et al., 2003), little is known about the prevalence of these co-infections in veterinary 

medicine. Further, it is unclear if EF modulates ExPEC virulence during co-infection and if this 

translates to more severe clinical outcomes in these classical veterinary diseases.      

ExPEC have co-evolved a repertoire of virulence countermeasures in response to 

selective pressures from vertebrate hosts. Iron acquisition, immune evasion, and biofilm 
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formation are indispensable for an extraintestinal lifestyle. Siderophores and heme uptake 

proteins are essential for ExPEC metabolism when encountering host nutritional immunity, 

which strategically starves bacterial invaders of iron (Robinson et al., 2018). ExPEC evade 

immunity by forming biofilm communities on urinary catheters and within host tissues to cause 

persistent infections (Anderson et al., 2003; Tien et al., 2017). More recent experimental studies 

have revealed EF can induce ExPEC virulence. EF exports L-ornithine to promote ExPEC 

siderophore biosynthesis (Keogh et al., 2016), suppresses macrophage signaling to facilitate 

ExPEC host colonization (Tien et al., 2017), and secretes the interspecies signaling molecule 

autoinducer-2 (AI-2) to attract ExPEC to multispecies biofilms (Laganenka and Sourjik, 2018). 

Thus, EF can augment ExPEC by modulating essential virulence mechanisms. 

One such ExPEC virulence feature that has not been studied in the context of EF 

interactions is the production of exopolysaccharides (EPS). EPS come in many forms 

(reviewed by Whitfield, 2006) and demarcate the interface between cells and their 

immediate environment. As ExPEC leave the intestinal niche, they experience 

challenging environments as they colonize and infect extraintestinal tissues. During this 

process, nutrient deprivation, immune effector cells with secreted antimicrobial proteins 

and other species of bacteria dictate ExPEC growth and survival. The ability to sense 

and respond to these challenges is a hallmark of ExPEC pathogenesis, and often 

revolves around EPS. ExPEC respond to cell wall damage when outer membrane 

integrity is compromised by secreting a protective shield of capsular polysaccharides 

(Miajlovic et al., 2014). These include the serotype-specific lipopolysaccharide O and 

capsular K antigens, non-serotype-specific enterobacterial common antigen, and 

capsular colanic acid among others (Whitfield, 2006).  
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Appropriately, EPS production, biofilm formation, and iron acquisition are ExPEC 

virulence features that are co-expressed in response to environmental stimuli. The most 

studied stimuli include those present in the extraintestinal microenvironment: low 

oxygen tension, outer membrane damage and severe iron-limitation (Figure 2). Low 

oxygen concentration activates fumerate nitrate reductase (FNR), which is a global 

regulator promoting expression of anaerobic respiration genes (Kiley and Beinert, 

1998). EPS is regulated directly and indirectly by FNR via the Rcs (regulation of capsule 

synthesis) phosphorelay system (Ma et al., 2018). The RcsB/A phosphorelay two-

component signal transduction system (reviewed by Meng et al., 2021) also senses 

membrane damage, allowing ExPEC to compensate for cell wall compromises and 

prevent further damage. Finally, EPS production is repressed by ferric uptake regulator 

(FUR) when iron is available but de-repressed along with iron acquisition elements 

under iron-limitation (Ma et al., 2018).  

 

Figure 2. Induction of Escherichia coli exopolysaccharide production by environmental stressors. 
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In conclusion, ExPEC and EF polymicrobial infections are widely recognized in 

veterinary medicine but little is known about their interactions during co-infection. There 

is a growing body of evidence that these polymicrobial infections have more severe 

clinical outcomes and are more difficult to treat, which has been supported by 

experimental studies that reported ExPEC augmentation by EF. A chronological 

summary of these studies has been provided in Table 1 below. Based on this evidence, 

we hypothesized that these pathogen interactions are associated with the widespread 

occurrence of polymicrobial ExPEC and EF infections in veterinary medicine. Our two 

primary objectives were a) to identify adverse clinical outcomes associated with ExPEC 

and EF polymicrobial infections in animals and b) to identify interactions between these 

pathogens that corroborate such outcomes. Thus, we investigated interactions between 

ExPEC and EF that result in augmented virulence by characterizing polymicrobial 

infections in two common veterinary diseases: avian colibacillosis and canine UTI. 

Isolates from polymicrobial infections were employed in in vitro and in vivo models to 

identify induction of ExPEC virulence mechanisms by EF. The following questions 

guided this research: 

1. What is the prevalence of APEC and EF co-infection in avian 

colibacillosis? 

2. How are APEC augmented by EF in vitro and do these interactions 

translate to enhanced virulence in vivo during co-infection? 

3. Does APEC virulence enhancement by EF extend to UPEC during canine 

UTI, and what are the clinical outcomes of polymicrobial UTI? 

4. What are the genetic drivers required for ExPEC interactions with EF? 
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Our long-term objectives are to understand these interactions, and develop appropriate 

animal models of co-infection to develop and test therapies that could inform improved clinical 

management strategies for these common polymicrobial infections of humans and animals. 

Although ExPEC and EF co-infections are common in urinary tract and bloodstream infections 

(Royo-Cebrecos et al., 2017; Tien et al., 2017), virulence induction mechanisms between these 

common pathogens are poorly understood. The current study integrated genetic screening, 

transcriptomics, and an in vivo embryo co-infection model to better understand these 

interactions. This work contributes to new knowledge of polymicrobial infections by describing 

novel exchange mechanisms required for ExPEC virulence induction. As multi-species 

infections gain recognition in medicine (Short et al., 2014), the interactions of these prototypic 

gram negative and gram positive extraintestinal pathogens will inform an emerging area of 

infectious disease research. The immediate clinical benefits and subsequent investigations 

facilitated by our research will  improve human and animal health outcomes and significantly 

reduce economic burdens of polymicrobial extraintestinal infections caused by ExPEC and EF. 
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Table 1. Chronological summary of experimental studies documenting extraintestinal 

pathogenic Escherichia coli (ExPEC) augmentation by Enterococcus faecalis (EF) during co-

infection. 

Study Title  Approach Conclusions Reference 

Bacterial synergism between 

the Enterococcus and 

Escherichia coli 

Challenge rats 

with E. coli and 

EF alone or in 

combination 

Co-infections 

resulted in greater 

mortality and larger 

cutaneous infections 

with sublethal doses 

of E. coli 

(Fry et al., 

1985) 

Virulent synergistic effect 

between Enterococcus faecalis 

and Escherichia coli assayed 

by using the Caenorhabditis 

elegans model 

Challenge 

nematodes with 

E. coli and EF 

alone or in 

combination 

Co-infections 

demonstrated 

synergistic virulence 

induction, which was 

specific to virulent E. 

coli strains 

(Lavigne et al., 

2008) 

Enterococcal metabolite cues 

facilitate interspecies niche 

modulation and polymicrobial 

infection 

Grow EF and 

ExPEC under iron 

restriction, mouse 

model of wound 

co-infection 

EF augmented 

ExPEC growth and 

biofilm formation 

which translated to 

augmented ExPEC 

growth in mouse 

wound co-infections 

(Keogh et al., 

2016) 

Enterococcus faecalis 

promotes innate immune 

suppression and polymicrobial 

catheter-associated urinary 

tract infection 

Inoculation of 

mice bladders 

with EF, ExPEC, 

and E. coli 

MG1665 (LPS2 

deficient) 

EF prevented host 

macrophage signaling 

allowing for bladder 

colonization of 

ExPEC and LPS-

deficient E. coli 

(Tien et al., 

2017) 

Increased incidence of 

Enterococcal infection in 

nonviable broiler chicken 

embryos in western Canadian 

hatcheries as detected by 

MALDI -TOF1 

Survey of 

bacterial 

infections of non-

viable chicken 

embryos 

E. coli and 

Enterococcus spp. 

were most prevalent 

and occurred together 

in 56% of E. coli 

infected embryos 

(Karunarathna 

et al., 2017) 

1MALDI -TOF = Matrix-assisted laser desorption / ionization-time-of-flight mass spectrometry  
2LPS = lipopolysaccharide 
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