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Aim of this project 

Escherichia coli represent a bacterial species of high relevance for human and animal health. 

A subgroup of E. coli are Extraintestinal pathogenic E. coli (ExPEC), a definition which is 

based on the site of infection or the habitat, namely outside of the intestine, and the expression 

of certain virulence-associated genes. ExPEC frequently cause urinary tract infection (UTI), 

septicemia and meningitis in human and animals. In recent years great efforts have been made 

to discern the group of ExPEC with respect to clinical implications and host origin, but still a 

precise definition and thus a sound risk assessment of these strains, in particular with regard to 

their zoonotic potential, is not found. 

Sequencing based methods like single locus sequence typing (SLST) and multilocus sequence 

typing (MLST) are frequently used to study the epidemiology, infectious biology and 

transmission pathways of bacterial pathogens (Singh et al. 2006, Maiden et al. 1998, Wirth et 

al. 2006). MLST compares the nucleotide sequences of internal 400- to 500-bp regions of 

seven housekeeping genes supposed to be under stabilizing selection (Tartof et al. 2007). Each 

bacterial isolate is defined by distinct allele combinations of these genes and based on that a 

sequence type (ST) assigned. Isolates sharing their allelic profile belong to the same 

ST/phylotype, while strains differing in no more than one allele to their direct neighbor form 

ST complexes (STCs). A previous screen of 1,030 ExPEC strains from various hosts and 

clinical sources via MLST by our group revealed that these pathogens present a highly diverse 

group of strains, while some STs appeared over represented in the population (Fig. 1). One 

prominent phylotype is ST95, which accumulates highly virulent strains having a wide 

spectrum of virulence-associated genes and comprising strains mainly of human and avian 

origin. Although E. coli strains from dogs and cats represented a proportion of nearly 25% of 

the entire ExPEC collection, ST95 strains could only be isolated from two dogs. In addition, 

one strain from an urban rat was identified belonging to ST95. Thus, ST95 resembles a group 

of strains which may be termed as “Human-Avian” complex, based on previous results from 

our group, where a large set of strains from cattle, swine, dogs and cats were mostly 

determined as non-ST95 strains, substantiating the limited host range of ST95 strains (Ewers 

et al unpublished data). As according to the publicly available database 

(http://mlst.ucc.ie/mlst/mlst/dbs/Ecoli/ as observed on April 2013) ST95 currently contains 

strains, mostly of human and avian origin with an exception of one strain isolated from dog, 

http://mlst.ucc.ie/mlst/mlst/dbs/Ecoli/
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providing support for the existence of some kind of host limitation of these strains. This is 

further evidenced, as most of the phylotypes (>2,000) identified so far are mixed groups of 

strains from different sources, including human, poultry and other livestock animals as well 

companion animals (dogs, cats, horses). 

 

 

Figure 1:  Minimum spanning Tree (MSTree) based on the allele combination of seven 

house-keeping genes of 1030 ExPEC strains (Ewers, Wieler et al., unpublished 

data). Each circle resembles a unique ST; the thickness of the circles represents 

the number of isolates included.  

 

Thus, with this background following aims were setup for this project. 

I. Identification of genetic markers, so called single nucleotide polymorphism 

(SNP) that discern ST95 strains in a host specific manner by analyzing the core 

genome and flexible or accessory gene pool, thereby facilitating a sound risk 

assessment of this group of strains in future. 

II. Identification of certain phenotypic characteristics in strains from ST95 

complex that would segregate this group of strains according to their specific 

human/avian host respectively. 
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1. Introduction 

Escherichia coli, a Gram negative bacterium, is normal inhabitant of the gut microbiota 

representing a bacterial species of high relevance for human and animal health and is associated 

with a diverse spectrum of diseases (Wang et al. 2009, Bauchart et al. 2010). E. coli is 

coexisting with its hosts all lifelong. It colonizes the gastrointestinal tract of human infants 

within few hours after birth (Kaper et al. 2004) and is acquired either from the environment or 

from the mother during parturition (Bokranz et al. 2005). E. coli is a diverse organism and 

certain pathovars of pathogenic E. coli cause a wide range of diseases affecting humans and 

animals worldwide (Croxen and Finlay 2010). Different E. coli pathovars adapt themselves by 

acquiring specific virulence factors conferring their ability to carve new niches, allowing them 

to cause wide spectrum of disease to their host (Kaper et al. 2004). According to the genetic and 

clinical perspective, E. coli can be grouped as (a) commensal E. coli (i. e. harmless intestinal 

dwellers), (b) intestinal pathogenic E. coli (i.e. enteric and diarrheagenic strains) and (c) 

extraintestinal pathogenic E. coli. Those strains that are responsible for extraintestinal infections 

are termed as extraintestinal pathogenic E. coli (ExPEC) (Russo and Johnson 2000). ExPEC 

frequently cause urinary tract infection (UTI), septicemia, meningitis and systemic infections in 

birds (Kariyawasam et al. 2006, Russo and Johnson 2003). ExPEC include uropathogenic E. 

coli (UPEC) associated with urinary tract infection in human and animals, neonatal meningitis 

E. coli (NMEC) as well as septicemic E. coli (SePEC) causing systemic infection in human and 

animals and avian pathogenic E. coli (APEC) that cause systemic infection in birds leading to 

economic losses in poultry industry (Babai et al. 1997, Ewers et al. 2004). E. coli have been 

phylogenetically grouped into six groups designated as A, B1, B2, C, D and E, and it has been 

shown that particularly D and B2 harbor ExPEC (Smith et al. 2007). 

1.1 Commensal E. coli 

Commensal E. coli strains are members of the gastro intestinal microbiota of most mammalian 

host, including humans (Blyton et al. 2013). They are considered to play a role in supporting 

digestion and to provide defense mechanisms against enteric pathogens by successfully 

competing with other microbiota and hindering colonization of pathogenic agents and also 

produce vitamin K (Schierack et al. 2009) that is beneficial for the host. Commensal E. coli are 

rarely associated with disease except in immune compromised hosts and make their niche in the 

mucous layer of the mammalian colon (Kaper et al. 2004). Commensal strains of human origin 



Introduction 

 

7 

are mainly derived from phylogenetic group A and B1, typically lacking specialized virulence 

attributes that are found in intestinal pathogenic and extraintestinal pathogenic E. coli (Picard et 

al. 1999). 

1.2 Intestinal Pathogenic E. coli (InPEC) 

Intestinal pathogenic Escherichia coli (InPEC) are responsible for health problems in mammals, 

including humans (Muller et al. 2007). Based on the virulence factors, severity of clinical 

implications and prognosis, presently intestinal or diarrheagenic E. coli bacteria are grouped 

into six major pathotypes enteropathogenic E. coli (EPEC), enterohaemorrhagic E. coli 

(EHEC), enterotoxigenic E. coli (ETEC), enteroaggregative E. coli (EAEC), enteroinvasive E. 

coli, (EIEC) and diffusely adherent E. coli (DAEC) (Nataro and Kaper 1998). Strains from 

these pathotypes show diversity in phylogenetic groupings but are associated mainly with the 

A, B1, or D phylogenetic groups (Smith et al. 2007). 

 

1.3 Extraintestinal Pathogenic E.coli (ExPEC) 

 ExPEC are those E. coli strains that cause extraintestinal infections and are responsible for a 

wide spectrum of diseases like urinary tract infections (UTI), newborn meningitis (NBM), 

sepsis and septicemia (Ron 2006). Additionally, an animal pathotype of extraintestinal 

pathogenic E. coli is avian pathogenic E. coli (APEC) causing respiratory infection, septicemia 

in poultry and together with other ExPEC strains account for huge health and economic lost 

(Kaper et al. 2004, Smith et al. 2007). Different categories of intestinal and extraintestinal 

pathogenic E. coli are depicted in Fig. 2. 
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E. coli pathotypes 

 

 

 

Figure 2: Schematic representation of Escherichia coli groups and pathotypes. 

Phylogenetically and epidemiologically ExPEC are potentially different from those of intestinal 

pathogenic and commensal strains (Smith et al. 2007). Most of the ExPEC strains 

phylogenetically belong to B2 and to a lesser extent D groups and are equipped with various 

virulence factors that help these strains during different mode of infection mechanisms like 

adhesion, invasion of host tissues, escape host defence mechanisms, signaling and production of 

different toxins interfering host cellular functions thereby promoting extraintestinal infection in 

both normal and immune compromised hosts (Dobrindt and Hacker 2008, Wiles et al. 2008). 

ExPEC clonal groups were previously identified partially by serotype O:K:H serotype (e.g. 

O18:K1:H7) (Orskov et al. 1982). ExPEC clonal groups are mainly derived from B2 

phylogenetic group and to some extent group D explaining the prevalence of B2 and D 

phylogenetic group among ExPEC clinical isolates (Picard et al. 1993, Bingen et al. 1998). 

 

ExPEC possess diverse virulence factors such as adhesins, invasins, polysaccharide coatings 

(e.g. lipopolysaccharides and capsules), toxins, siderophores, proteases and serum resistance 
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proteins. Many virulence factors are encoded on PAIs (Pathogenicity associated islands) that 

are blocks of contiguous virulence genes that are normally absent in commensal E. coli such as 

E. coli K-12 (Groisman and Ochman 1996, Johnson and Russo 2002, Ewers et al. 2007). 

 

In 2003 Johnson et al. defined ExPEC strains as E. coli isolates containing two or more of the 

following virulence markers as determined by multiplex PCR: papA (P fimbriae structural 

subunit) and/or papC (P fimbriae assembly), sfa/foc (S and F1C fimbriae subunits), afa/dra 

(Dr-antigen-binding adhesins), kpsMTII(group 2 capsular polysaccharide units), and iutA 

(aerobactin receptor) (Johnson et al. 2003). 

 

2. Virulence-associated factors carried by ExPEC 

There are several virulence-associated factors (VAFs) that contribute to the pathogenicity of 

organisms by providing survival advantage to cope up with the unfavorable conditions within 

host and cause infection. Virulence factors can be grouped based on their functionality e.g. 

adhesins, invasins, siderophores systems, toxins, surface polysaccharides, serum resistance 

associated traits (Johnson and Russo 2005). Many VAFs occur together suggesting that there is 

a direct genetic linkage or co-selection (Johnson and Stell 2000, Kanamaru et al. 2003). It has 

been demonstrated that there is a genetic linkage of VAFs within pathogenicity islands (PAIs) 

and on plasmids (Guyer et al. 1998, Dobrindt et al. 2001).  

 

2.1 Adhesins  

Adherence is an important aspect that mediates colonization of the host tissue by pathogen. 

Colonization is mediated by the attachment of the bacterium to the receptors expressed by cells 

forming the lining of the mucosa (Wizemann et al. 1999). Successful colonization later helps 

microbial pathogens to invade host mucosal surface and reach tissue cells, thereby causing 

infection. Attachment to the host tissue helps pathogens to avoid from, being swept away by 

normal body fluid like urine in case of UTI infections and getting eliminated from the host 

(Johnson 1991). This attachment is mediated by adhesins that is associated with fimbriae and 

directs high affinity binding to specific cell surface components. Fimbriae are long hair like 

extracellular appendages that mediate specific attachment to the host epithelial cell surface. 

Binding is also mediated by non- fimbrial adhesins (Jones et al. 1992, Antao et al. 2009). 
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Researchers are focusing in understanding bacterial pathogen adherence to host cells, by 

studying adhesin biogenesis, factors regulating adhesin expression and even efforts are being 

made to identity host receptors that are the targets of microbial adhesin factors (Finlay and 

Falkow 1997). Some of the important fimbriae and afimbrial adhesins for bacterial attachment 

and adhesion particularly for the ExPEC group of pathogens are discussed here. 

 

2.1.1. Adhesins expressed by ExPEC  

A variety of adhesins are expressed by ExPEC that prevent bacterial removal by host and target 

specific host epithelial cells to sustain itself within the host. The most important adhesins of 

ExPEC strains are fimbriae that are long surface protein structures and extending ~1 mm out 

from the bacterial surface. A wide spectrum of fimbriae are expressed by ExPEC having 

different receptor specificities (Soto and Hultgren 1999, Klemm and Schembri 2000) providing 

bacteria the capacity to bind to different target molecules. Fimbrial adhesins recognize specific 

molecular motifs enabling the bacterium to target specific surfaces, such as a specific tissue in 

gut or bladder of human and animal hosts or respiratory tract. This phenomenon of tissue 

specificity is referred as tissue tropism that relies on specific interaction with receptor targets 

and specific tissue surfaces (Klemm et al. 2010). For example, type 1 fimbriae target uroplakins 

found in the bladder (Connell et al. 1996, Wu et al. 1996). Fimbrial adhesins expression 

functions in differential and coordinated expression manner, facilitating the bacteria to shift 

receptor target affinity and therefore change tissue preference (Holden and Gally 2004). For 

example: shifting expression of type 1 fimbriae to P fimbriae (Xia et al. 2000, Schembri and 

Klemm 2001b, Schembri et al. 2002, Snyder et al. 2005). This phenomenon of differential 

expression is important in ascending UTI because type 1 fimbriae target uroplakin receptors 

found in the bladder, whereas P fimbriae recognize the α-D-galactopyranosyl-(1-4)-β-D-

galactopyranoside receptor found in the kidneys (Klemm et al. 2010) (Fig. 3). 
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Fig.3 Model of tissue tropism as a function of differential fimbriae expression (modified 

from (Klemm et al. 2010)). 

 

Different forms of adhesins present among ExPEC strains are Type 1 fimbriae (fim), P fimbriae 

or the pilus associated with pyelonephritis (pap), curli fibres (csg), S fimbriae or the sialic acid-

specific fimbriae (sfa), F1C fimbriae (foc), Dr fimbriae (dra), afimbrial adhesins (afa), 

temperature-sensitive haemagglutinin (tsh) and other novel adhesin gene clusters that need to be 

properly characterized (Antao et al. 2009).  

 

2.1.1.1 Type 1 fimbriae 

 

Type 1 fimbriae (called also type 1 pili) are known to play an important role to promote 

bacterial adhesion, invasion and growth as a biofilm (Martinez et al. 2000, Schembri and 

Klemm 2001a). A bacterial cell possessing type 1 fimbriae has 100-500 fimbriae in number 

arranged peritrichously on the surface; each with a diameter of 7 nm and a length varying 

between 0.2 and 2 mm. The type 1 fimbrial organelle has a tubular structure with a ~2 nm 

diameter hollow core (Hahn et al. 2002). Type 1 fimbrial (fim) gene cluster contains four genes 

designated as fimA, B, C and D that are involved in the synthesis of the fimbriae (Klemm et al. 

1985). 
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The bacteria shift periodically, the expression of type 1 fimbriae is phase variable fashion that 

decides bacterial state between a fimbriate and non-fimbriate form. Two regulatory fim genes, 

fimB and fimE control the phase variation of type 1 fimbriae in E. coli (Klemm 1986). Three 

additional genes fimF, fimG and fimH are involved in the adhesive property and longitudinal 

regulation of these structures (Klemm and Christiansen 1987). Binding to a variety of 

eukaryotic cells is conferred by Type 1 fimbriae by virtue of the capacity of the FimH adhesin 

to recognize mannosides (Krogfelt et al. 1990, Martinez et al. 2000).  

 

The FimH adhesins from different strains show variation in their binding affinity towards 

defined oligomannose motifs and these differences in the binding capacity could be explained 

due to the alterations in the primary structure of FimH variants (Sokurenko et al. 1992, 

Sokurenko et al. 1994, Sokurenko et al. 1998). Receptor recognition profile can be affected by 

minor amino acid sequence alterations in FimH (Pouttu et al. 1999, Schembri et al. 2000). This 

variation in FimH adhesin enhances its binding capacity to targets such as laminin, collagen and 

fibronectin as well as to different mannose derivatives (Bouckaert et al. 2005). Allelic 

variations of FimH adhesin subunit are due to pathoadaptive mutations (Weissman et al. 2006, 

Weissman et al. 2007, Weissman et al. 2012) play an important role in tissue tropism 

determining fine sugar specificity of these fimbriae (Sokurenko et al. 1999, Oelschlaeger et al. 

2002). Point mutation in FimH has been shown to enhance bacterial ability to adhere to 

CEACAM-expressing T84 intestinal epithelial cells (Dreux et al. 2013).  

 

Type 1 fimbriae through its fimH adhesin play a significant role in the attachment of E. coli 

during infections, particularly UPEC infections (Eden and Hansson 1978). Studies on FimH 

revealed that FimH mediates biofilm formation (Pratt and Kolter 1998). Another feature 

associated with type 1 fimbriae is their ability to confer bacterial invasion into host cells, 

expression of type 1 fimbriae by UPEC promotes invasion of human bladder epithelial cells, 

while this phenotype was not observed in a fimH-negative mutant (Martinez et al. 2000). 

 

2.1.1.2 P fimbriae 

P fimbriae (encoded by the pap – pyelonephritis associated pili – operon) promote colonization 

by binding to the α-D-galactopyranosyl-(1-4)-β-D-galactopyranoside receptor epitopes of 

glycolipids on human erythrocytes of the P blood group and on uroepithelial cells and hence 

named P fimbriae and are mostly associated with disease related to the upper urinary tract 
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(Svanborg-Eden et al. 1987). The genes encoding the P pilus type are termed pap genes or 

pyelonephritis-associated pili genes since these are typical of strains isolated from human 

urinary tract infections (Hull et al. 1981). 

 

The P fimbrial organelle comprises of multiple copies of major subunit protein (PapA) that is 

connected to a tip fibrillum comprising major (PapE) and minor (PapF, PapK, PapG) 

components. In animal models and in human infections the binding of P fimbriated UPEC 

triggers a proinflammatory cytokine interleukin (IL-6 and IL-8) production promoting the 

development of local inflammation response (Hedlund et al. 1999, Wullt et al. 2000, Godaly et 

al. 2000, Roberts et al. 2004). 

 

The PapG adhesin which is located at the tip of P fimbriae helps to recognize their receptor 

targets (Kuehn et al. 1992). Several variants of the PapG adhesin are identified that recognize 

different isoreceptors and thus contribute to differences in tissue tropism by P fimbriated 

ExPEC strains (Lane and Mobley, 2007). The class II and class III PapG variants are mostly 

associated with human ExPEC strains (Klemm et al. 2010). 

 

Nearly 80% of all pyelonephritis causing strains of E. coli express P fimbriae and recognition of 

galabiose receptor by PapG is thought to be a prerequisite for pyelonephritis (Thanassi et al. 

1998). PapG is considered as a key determinant in promoting the virulence of E. coli in urinary 

tract infection (UTI) (Tewari et al. 1994).The P fimbriae are not only associated with 

Uropathogenic E. coli (UPEC) causing UTI, but are also related to newborn meningitis E. coli 

(NMEC) and avian pathogenic E. coli (APEC) (Guyer et al. 1998, Ewers et al. 2007, Simms 

and Mobley 2008). 

 

2.1.1.3 F1C fimbriae 

 

ExPEC strains of UTI origin also express F1C fimbriae (Usein et al. 2001, Snyder et al. 2005). 

F1C fimbriae are thin, 7-nm-wide and approximately 1μm long surface polymers. F1C fimbriae 

in their genetic organization and structural composition resemble type 1 fimbriae comprising of 

a major subunit protein (FocA), minor subunits (FocF and FocG) and a tip-located adhesin 

(FocH) (Klemm et al. 1994, Klemm et al. 1995). 
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F1C fimbriae have been implicated in the process of UTI and show binding to the epithelial 

cells of kidneys, ureters and bladder by attaching to galatosylceramide that acts as a specific 

target to FocH adhesin of F1C fimbriae (Khan et al. 2000, Backhed et al. 2002). F1C fimbriae 

contribute to the adhesive properties of UPEC strains and F1C-mediated bacterial attachment 

triggers innate immune system promoting human renal epithelial cells to produce pro-

inflammatory cytokine, interleukin-8 in response to F1C-mediated attachment (Backhed et al. 

2002). Like type 1 fimbriae, F1C fimbriae have recently been reported to enhance biofilm 

formation (Lasaro et al. 2009). 

 

2.1.1.4 S fimbriae 

 

S fimbriae are associated with those ExPEC strains causing neonatal meningitis and UTI. Most 

of the ExPEC isolates causing cystitis are found to express S fimbriae (Foxman et al. 1995, 

Bogyiova et al. 2002, Mabbett et al. 2009). S fimbriae were defined because of their receptor 

specificity and specific binding to sialyl galactosides. Morphologically, S fimbriae are similar 

to type 1 or P fimbriae of E. coli (Korhonen et al. 1984). Epithelial cells of the proximal and 

distal tubules, collecting ducts, and glomerulus, renal interstitium, and renal vascular 

endothelium are known to be the binding site for S fimbriae (Korhonen et al. 1986). S fimbriae 

also bind to the extracellular matrix components of fibronectin, laminin and sialoglycoproteins 

on brain microvascular endothelial cells which could be a possible explaination for migration of 

bacterial pathogens across physiological barriers (Wright and Hultgren 2006). 

 

Earlier SfaA was considered to be the S fimbrial adhesin responsible for receptor recognition 

(Moch et al. 1987, Schmoll et al. 1989) and adherence properties (Prasadarao et al. 1993). 

However, based on recent studies of chaperone-usher mediated fimbrial biogenesis, SfaH 

represents the true adhesin of S fimbriae (Klemm et al. 2010). In a study on the prevalence of S 

fimbriae among ExPEC strains, it was observed that 50% UPEC, 24% NMEC and 9.2% APEC 

strains harbored the sfa genes (Ewers et al. 2007, Antao et al. 2009). 

 

2.1.1.5 Curli fimbriae 

 

Curli are thin, coiled, aggregative, amyloid-like fibres on the surface of E. coli and are 

considered to be the third category of E. coli surface organelles along with flagella and 

fimbriae, and are composed of a single type of subunit, curlin (Olsen et al. 1989). Curli 
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organelles appear as a tangled and amorphous matrix and are approximately 6-12 nm-wide 

fibres of various lengths extending 0.5-1 mm from the cell surface (Chapman et al. 2002). 

ExPEC strains associated with sepsis as well as some diarrheal E. coli pathotypes and avian 

pathogenic E. coli are known to express curli (Provence and Curtiss 1992, Olsen et al. 1993, 

Ben Nasr et al. 1996). Curli fibres are encoded on the csg (curlin subunit gene) gene cluster, 

consisting of two different operons, one which encodes the csgB, csgA and csgC genes, and 

second that encodes for csgD, csgE and csgG (Gophna et al. 2001).The production of the curli 

fibres requires expression of both operons (Olsen et al. 1998). CsgD is a transcriptional 

activator that is essentially required for the expression of the two curli fibre operons. Curli fibre 

expression is controlled by several elements, such as H-NS, RpoS and OmpR which results in a 

considerable reduction in curli fibres expression at temperatures higher than 30ºC and at high 

osmolarity in most strains (Gophna et al. 2001). Curli expression is strongly associated with 

biofilm formation, adhesion to human proteins (e.g. laminin, fibronectin, plasminogen, major 

histocompatibility complex class I molecules) and invasion of eukaryotic cells (Olsen et al. 

1989, Olsen et al. 1993, Ben Nasr et al. 1996, Olsen et al. 1998). Curli fibres are also found to 

play an important role for the internalization of bacteria causing avian septicemia as seen in 

vitro (Gophna et al. 2001). 

 

2.1.2 Afimbrial adhesin expressed by ExPEC 

Dr/Afa fimbriae 

 

E. coli strains of diarrhoeagenic and UTI origin express Dr/Afa adhesins that comprise a family 

of fimbrial and afimbrial structures (Servin 2005). The structural assembly of genes coding for 

Dr/Afa adhesins consist of operons of five genes. These gene clusters are responsible for the 

biosynthesis of Afa adhesins belonging to the Afa/Dr family of adhesins and for the 

biosynthesis of invasins. AfaE-I adhesin involves five genes, afaA, afaE, afaD, afaB, and afaC 

(Labigne-Roussel et al. 1985). The AfaB, AfaC, and AfaE gene products are responsible for 

mannose-resistant haemagglutination (MRHA) and the afaE gene is identified as the structural 

gene encoding AfaE-I adhesin (Pham et al. 1997). The genetic organization of Dr adhesin 

operon also consists of five genes draA, draB, draC, draD, and draE. Four genes, draA, draC, 

draD, and draE, promote the expression of full, mannose-resistant haemagglutination (Nowicki 

et al. 1989). Dr/Afa adhesins recognize decay-accelerating factor (DAF) as a receptor which is 

a complement regulatory protein present on the surface of many human epithelial cells 
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(including epithelial cells of the urinary tract) (Labigne-Roussel et al. 1984, Medof et al. 1987). 

Some Dr/Afa adhesin variants are also known to mediate binding to type IV collagen (Berger et 

al. 2004). 

 

2.2 Polysaccharide coatings 

 

An important determinant in the virulence of extraintestinal pathogenic E. coli is the bacterial 

surface coatings, i.e. capsular polysaccharides (K-antigens), LPS, and O-polysaccharide 

moieties of LPS (O-antigens) (Russo et al. 1996). E. coli produces two types of capsular 

polysaccharide, designated as groups 1 and 2 that comprise a large number of distinct serotypes 

and are differentiated on the basis of chemical, physical, epidemiological, and microbiological 

characteristics. Most extraintestinal pathogenic isolates produce group 2 capsules (Jann and 

Jann 1987). Certain group 2 capsular serotypes contribute to pathogenesis in systemic models 

of infection (Cross 1990, Russo et al. 1994) and are more frequently present in strains that 

cause UTI. Group 2 capsules also contribute to urovirulence by their ability to prevent 

phagocytosis (Russo et al. 1996) and provide resistance to the bactericidal activity of serum 

(Leying et al. 1990, Russo et al. 1993). Studies show that when capsule-positive and capsule-

negative strains were compared, the capsule-negative derivatives caused less bladder and renal 

colonization than their capsule-positive counterparts, thus further confirming that the capsular 

coatings contribute to the virulence properties of ExPEC (Russo et al. 1996). O-specific 

antigens are also considered as possible virulence determinants for systemic infection and in the 

pathogenesis of UTI (Russo et al. 1993). O-specific antigens are more prevalent in the strains 

that cause pyelonephritis and symptomatic cystitis and also confer serum resistance among 

these strains (Russo et al. 1996). There are 180 different O serogroups and more than 80 K-

antigens in E. coli (Reisner et al. 2003, Stenutz et al. 2006) however, 75% of the urinary tract 

infections are caused by E. coli from a small number of O serogroups – O4, O6, O14,O22, O75 

and O83 (Stenutz et al. 2006). 

 

2.3 Lipopolysaccharide (LPS) 

Lipopolysaccharide (LPS), also known as endotoxin, is an important component of the outer 

membrane of Gram negative bacteria and is main bacterial factor for development of 

endotoxemia as a result of systemic immune response leading to the lethal shock condition of 

the host when it encounters the bacterial pathogen (Zimecki et al. 2004). LPS consists of three 
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parts: lipid A, forming the toxic component; the core region, that could divided into an inner 

and an outer part; and finally the O-antigen polysaccharide, which is specific for each serogroup 

(Brade 1999). In addition, many extraintestinal E. coli strains can synthesize colonic acid, 

which is a main component of the polysaccharide coatings (Reisner et al. 2003) and studies 

show that bacterial coatings could provide increased serum resistance and facilitate ExPEC to 

avoid clearance by phagocytosis (Suerbaum et al. 1994, Rizvi and Kumar 2003). 

 

In UTI cases, the O-polysaccharide moiety of the UPEC has an important regulatory function 

(Svanborg et al. 2001, Fischer et al. 2006) and promotes signaling through Toll-like receptor -4 

(TLR4) of the urothelial and inflammatory cells leading to the production of pro-inflammatory 

mediators (e.g. cytokines and chemokines (Austin et al. 2003, Backhed et al. 2003). As a result 

of inflammation the mucosal barrier breaks allowing UPEC to gain access into the underlying 

tissues (Fischer et al. 2006). In APEC, O78- antigen has been shown to be responsible for 

increased bacterial resistance against serum (Mellata et al. 2003). 

2.4 Toxins and proteases 

Bacterial toxins (endotoxins and exotoxins) and proteases are considered important attributes 

that define virulence properties among ExPEC. They play a promising role in different 

biological activities carried by bacterial pathogens that include cell adhesion, iron 

accumulation, and cell invasion through cell lysis and disruption of the mucin layer and the 

epithelium, as well as modulation and induction of the cell cycle, inflammatory reactions, and 

apoptosis (Nougayrede et al. 2005). 

 

2.4.1 Haemolysin  

A major virulence factor for some of the pathogenic strains related to extraintestinal disease like 

urinary tract infections, peritonitis, meningitis and septicemia is the production of haemolysin 

(Cavalieri et al. 1984). Haemolysin is called so as it lyses red blood cells and acts mainly by 

attacking the immune system cells of the host, severely impairing their function (Coote 1995). 

Haemolysin activity is a multi-step process that involves release of iron from erythrocytes, 

disruption of phagocytic function, and ultimately causing direct toxicity and damage to host 

tissues (Johnson 1991). 
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E. coli strains produce different types of haemolysins, mainly secreted (alpha haemolysin), 

bound (beta haemolysin) and gamma haemolysin that are produced by nalidixic resistant 

strains. Among all the haemolysins, alpha haemolysin is the major virulence factor for causing 

several extraintestinal infections (Cavalieri et al. 1984). It is a representative prototype of a 

family of homologous cytolytic protein toxins, namely RTX (repeat in toxin) family that are 

secreted by Gram-negative bacteria, e.g. E. coli. (Murase et al. 2012). 

 

In an E. coli isolate that is related to urinary tract infections a coding region of 7 kb was 

identified and was found to be responsible for haemolysin synthesis (Noegel et al. 1981). Four 

genes, hlyA, hlyB, hlyC, and hlyD are involved in extracellular haemolysin activity (Goebel and 

Hedgpeth 1982). HlyA gene encodes the structural haemolysin protein activated by intracellular 

protein HlyC, thereby facilitating binding of haemolysin with erythrocytes causing hemolytic 

activity (Felmlee et al. 1985, Oropeza-Wekerle et al. 1989). HlyB is involved in providing 

energy during haemolysin secretion as it is an energy dependent process, whereas HlyD is 

required for the release of haemolysin from the outer membrane (Wagner et al. 1988, Oropeza-

Wekerle et al. 1989).  

 

Alpha haemolysin causes osmotic lysis of erythrocytes by pore forming activity and is cytotoxic 

to all mammals (Rennie and Arbuthnott 1974). Lysis of erythrocytes is a calcium dependent 

process as the calcium modifies haemolysin aggregates, making them haemolytically competent 

(Short and Kurtz 1971). The UPEC HylA has a dual physiological function; at higher 

concentrations, this toxin has pore forming activity on plasma membrane showing its cytolytic 

behavior (Soloaga et al. 1999), and at lower concentrations interferes with the Ca
2+

 dependent 

signaling pathways and hence modulating inflammatory responses of the target cells (Uhlen et 

al. 2000, Soderblom et al. 2002, Oxhamre et al. 2005). 

 

2.4.2 Cytotoxic necrotizing factor (CNF Toxin) 

 

Cytotoxic necrotizing factors (CNFs) are E. coli associated protein toxins that cause necrosis 

and induce formation of multi-nucleation of cells and enlargement of eukaryotic cells in cell 

culture (Caprioli et al. 1987). Forty percent of UPEC strains produce CNF-1 and this is also 

produced by 5%-30% of E. coli strains that cause diarrhea. CNF-1 acts via activation of Rho, 

which is small guanosine triphosphate (GTP) binding protein that helps CNF-1 affecting 

epithelial cells, endothelial cells, or monocyte-macrophages (Hofman et al. 2000). E. coli 
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isolates that cause UTIs in humans and produce haemolysin also synthesize CNF-1 and this 

phenotypic association is due to the fact that the determinants responsible for the production of 

these two toxins are in a state of genetic linkage, on the chromosome of uropathogenic E. coli 

(Falbo et al. 1992, Blum et al. 1995). 

 

Cytotoxic necrotizing factors 1 and 2 (encoded by cnf genes; CNFs) are produced by intestinal 

and extraintestinal pathogenic E.coli and are lethal to a wide variety of eukaryotic cells 

(Hoffmann and Schmidt 2004, Landraud et al. 2004). The CNF toxins consist of two domains: 

the cell-binding domain and the catalytic domain (Lemichez et al. 1997). The host cell Rho 

GTPases are activated by CNF thus influencing the regulatory pathways of the actin 

cytoskeleton, transcription, cell transformation, cell proliferation, and apoptosis (Oswald et al. 

1994, Mills et al. 2000). All these events increase the phagocytic activity of the epithelial cells 

enabling the CNF-producing E. coli to cross the epithelial barrier (Landraud et al. 2004). In 

addition, CNFs influence the secretion of inflammatory mediators by modulating and impairing 

immune responses (Malorni et al. 2003, Munro et al. 2004).CNF-1 is localized in the cytoplasm 

of UPEC bacterial cells. CNF-1 is also associated to outer membrane vesicles that help the 

bacteria to secrete and deliver CNF-1 to the environment and to cause infection to the host 

tissue.  

 

2.4.3 SPATE (serine protease autotransporters of Enterobacteriaceae) family 

 

Virulent strains of E. coli display specific phenotypic traits and secrete specific proteins that 

may contribute to their pathogenesis. One of these protein is the secreted autotransporter toxin 

(Sat) which is a serine protease and is found predominantly in uropathogenic strains of E. coli. 

Sat belongs to a subgroup of autotransporters classified as the SPATE (serine protease 

autotransporters of Enterobacteriaceae) family. Some SPATE proteins are: Sat that belongs to 

uropathogenic E. coli; Tsh that is prevalent in avian E. coli (Guyer et al. 2000). 

 

SPATE autotransporters are identified by the presence of a serine protease active site motif that 

is involved in phenotypic functions (e.g., adhesin, invasin, protease, or cytotoxin). Sat is known 

to exhibit cytopathic activity on HEp-2 cells (Guyer et al. 2000) and is also a vacuolating 

cytotoxin, causing vacuolation within the cytoplasm of mammalian bladder and kidney cells 

(Guyer et al. 2002). 
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Another serine protease autotransporter is Tsh, that is identified as a temperature-sensitive 

protein causing haemagglutination of chicken red blood cells and cleavage of hemoglobin 

(Provence and Curtiss 1994). Tsh is associated with avian pathogenic E. coli isolates that are 

responsible for the development of lesions and fibrin deposition in the air sacs of chickens 

(Dozois et al. 2000). A hemoglobin protease identical to Tsh protein, with only two amino acid 

differences (Q209-K209 and A842-T842), named Hbp was characterized from a human 

pathogenic E. coli that specifically degrades human hemoglobin and binds to the released heme, 

suggesting its role in heme acquisition (Otto et al. 1998). 

 

The UPEC PicU (picU) is another serine protease, homologous to Pic (protein involved in 

intestinal colonization) of Shigella spp. and enteroaggregative E. coli. Pic proteases are 

involved in mucinase activity and cleave human complement (Henderson et al. 1999, Parham et 

al. 2004). OmpT (ompT) outer membrane endopeptidase of ExPEC is also a serine protease, 

similar in structure to plasminogen activator of Y. pestis and is capable of degrading 

antimicrobial peptides that are secreted by the epithelial cells and macrophages (Grodberg et al. 

1988, Kukkonen and Korhonen 2004). 

 

Thus, all phenotypes associated with the SPATE proteins are involved in the mechanisms that 

enable bacteria to damage the host or avoid an immune response. 

 

2.5 Iron acquisition systems  

Iron is an essential cofactor for bacterial metabolism, survival and multiplication in certain 

ecological niches and depends on the ability of these organisms to scavenge these essential 

nutrients. Acquisition of iron is an important prerequisite for pathogenic bacteria to carry out 

infectious process, but sufficient amount of iron is also required by non-pathogenic E. coli 

(Mietzner and Morse 1994). Iron plays a vital role in cellular processes like energy generation, 

DNA replication, oxygen and electron transport, metabolism of peroxidases and protection 

against oxidative stress (Skaar 2010). Within the mammalian host, free ionic iron concentration 

is extremely low (10
-18

 M) and the availability of free iron is further reduced by iron chelating 

host proteins like, albumin, heme, hemoglobin, ferritin, transferrin, and lactoferrin (Bullen et al. 

2005). This depletion of free iron for microbes is a kind of defense mechanism adopted by the 

host against bacterial infections preventing bacterial growth and is termed nutritional immunity 

(Skaar 2010). Therefore, in order to cope up with the scarcity of iron, pathogenic E. coli have 
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come up with several effective iron uptake systems and these specialized ability of iron 

accumulation significantly contributes to the virulence of these strains (Bullen et al. 2005). The 

iron concentration in E. coli ranges from ~10
5
 to 10

6 
atoms per cell depending on growth 

conditions (Abdul-Tehrani et al. 1999, Andrews et al. 2003). 

 

Pathogenic bacteria, including ExPEC and more specifically UPEC, swipe iron from their host 

by expressing an iron acquisition system that utilize siderophores to scavenge iron from the 

environment and making it available to the bacterial cell. Siderophores are low molecular 

weight compounds that have a high affinity for ferric (Fe
3+

) iron, thus competing with host 

proteins that chelate iron. Iron-bound siderophores are retrieved by bacteria through receptors 

that facilitate the transport of siderophore-iron complexes through the bacterial membrane and 

thus, releasing iron into the cytosol (Wiles et al. 2008). 

A common siderophore known as enterobactin is encoded by the ent gene cluster and its 

receptor FepA is produced by pathogenic strains like UPEC and non-pathogenic E. coli 

(Raymond et al. 2003). Enterobactin effectively chelates iron from the host by outcompeting 

host transferrin for iron binding and hence making iron available to bacteria further facilitates 

bacteria to colonize poor iron environments like urinary tract (Demir and Kaleli 2004). 

 

In order to counteract enterobactin-mediated iron scavenging by pathogens, the host produces a 

host protein lipocalin 2 (also known as neutrophil gelatinase-associated lipocalin, siderocalin, 

24p3, or uterocalin) that specifically binds to enterobactin and stops iron scavenging (Goetz et 

al. 2002). Lipocalin 2 is expressed and released by neutrophils that are the major immune 

effector cells employed to the sites of infection within the urinary tract (Reigstad et al. 2007). 

But, ExPEC and UPEC in particular, express different iron acquisition systems, including the 

siderophores salmochelin and yersiniabactin. Interestingly, salmochelins are variants of 

enterobactin that gets modified by glycosylation via the action of a glucosyltransferase encoded 

within the iroA gene cluster (Bister et al. 2004, Smith 2007) and this modification prevents 

salmochelins recognition and sequestration by lipocalin 2 that give iroA-positive bacteria a 

distinguish advantage within the host thereby fulfilling their iron requirement (Fischbach et al. 

2006). The iroA gene cluster is carried within PAIs by many UPEC isolates. However, iron-

bound salmochelin is not recognized by the normal enterobactin receptor FepA, and so the iroA 

gene cluster encodes another receptor IroN, which recognizes iron-bound salmochelin and 
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transports it into the bacterial cytosol. IroN mediates the uptake of salmochelin and other 

catecholate siderophores (e.g. enterobactin and dihydrobenzoic acid) and contributes to the 

virulence of UPEC and NMEC causing UTI and neonatal meningitis respectively (Hantke et al. 

2003, Negre et al. 2004). 

 

Another siderophore is aerobactin which is an important hydroxamate iron uptake system of 

pathogenic and non-pathogenic E. coli and significantly contributes to the virulence of ExPEC 

(Torres et al. 2001). The aerobactin gene cluster (iuc) and ferri-aerobactin receptor (iutA) are 

often located on ColV plasmids and were first identified in enteroinvasive E. coli. This Iuc-IutA 

iron uptake system is well distributed throughout the intestinal and extraintestinal pathogenic E. 

coli strains, and virulence of these strains is determined by the expression of these iron uptake 

system (Demir and Kaleli 2004). 

 

Yersiniabactin is another known catecholate siderophore that is expressed by ExPEC strains 

and was first described in Yersinia pestis (Fetherston and Perry 1994). Among the ExPEC 

strains, a conserved chromosomal gene island denoted as the High Pathogenicity Island encodes 

for the yersiniabactin biosynthetic gene cluster (irp) and the yersiniabactin receptor FyuA 

(Carniel et al. 1996).The irp-fyuA gene cluster expression by ExPEC contributes to the 

virulence of these strains (Koczura and Kaznowski 2003). 

 

2.6 Serum resistance   

 

Serum has a lethal effect on Gram negative bacteria and plays an important role in the host 

defense mechanism against foreign invasion. The bactericidal activity of the serum is due to the 

complement system and this lethal property of serum is lost when the complement is inactivated 

or depleted. Bacterial resistance to the bactericidal effect of serum is shown by many 

pathogenic strains and particularly by invasive strains and those causing UTIs (Taylor 1983, 

Burke et al. 1990). Extraintestinal human pathogenic and avian E. coli strains possess many 

virulence factors, such as K1 capsules, lipopolysaccharide (LPS), outer membrane proteins 

(OMPs), including OmpA and the ColV plasmid-encoded proteins TraT and Iss, that contribute 

to the bacterial resistance against the complement system of the host (Gyles 1994). 

 

Capsular polysaccharides are a coating on bacterial cells and are important in the virulence of 

many bacterial pathogens by providing resistance to phagocytosis and protection against 
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complement mediated killing (Buckles et al. 2009). Extraintestinal pathogenic E. coli strains 

have thin, acidic, thermostable and highly anionic capsule (Jann and Jann 1983). Strains with 

K1 capsule are less prone to phagocytosis than the noncapsulated strains but heat-inactivated 

capsular polysaccharide strains undergo phagocytosis (Jann and Jann 1983, Allen et al. 1987). 

The negative charge and the hydrophilicity of the Kl polysaccharide are responsible for the 

antiphagocytic property of K1 capsule (Eisenstein and Jones 1988). Capsular polysaccharide 

also blocks opsonization by preventing complement activity towards bacterial cells (Johnson 

1991).The capsular polysaccharide enhances bacterial survival in serum making it an important 

determinant for serum resistance (Taylor 1983). Human strains, involved in urinary tract 

infections and those causing cystitis and pyelonephritis include certain K types, like Kl, K2, 

K3,K5, K12, K13, K20, and K51 (Johnson 1991). Most of the strains that cause meningitis also 

possess K1 capsule (Czirok et al. 1986). 

 

Bacterial resistance to the killing effect of serum also results from O-polysaccharide side chains 

and other surface proteins. It has been well documented that the smooth strains are more 

resistant to serum than the rough strains and that this resistance is directly proportional to the 

amount of lipopolysaccharide present on the cell. The O polysaccharide is a component of 

smooth-type lipopolysaccharide. Serum-resistant strains with abundant O-polysaccharide are 

shielded against the action of complement as compared to the serum sensitive strains. O-antigen 

polysaccharide side chains protect against complement lysis by blocking the complement to act 

on the sensitive target sites on the membrane of bacterial cell thus, preventing it from the killing 

action of complement (Taylor 1983, Goldman et al. 1984). 

 

Outer membrane protein A (OmpA) is one of the most abundant proteins of bacterial cell 

envelope (Klose et al. 1993). The outer membrane protein A (OmpA) contribute to the bacterial 

resistance towards the lethal effect of serum complement system. Studies have shown that the 

ompA mutant is more sensitive to the bactericidal effect of human serum by complement 

activation as compared to the strains having OmpA. This protein serves to stabilize the outer 

membrane of bacterial cell, making it more resistant to complement action, thus contributing to 

the pathogenesis of E. coli infections (Weiser and Gotschlich 1991). 

 

There are certain plasmids that might confer increased serum resistance of the host strain 

(Taylor and Hughes 1978). ColV plasmids enhance E. coli virulence properties like 
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complement and phagocytosis resistance enabling E. coli strains better survival advantage 

within the host. ColV plasmids suggest pathogenicity of an organism and are frequently found 

in isolates from extraintestinal infections in animals and humans (Fernandez-Beros et al. 1990). 

In human E. coli isolates ColV plasmids mediate serum resistance by suppressing killing action 

of complement by producing Iss (increased serum survival) protein (Johnson 1991). 

 

Iss occurs as 10-11 kDa protein in the bacterial outer membrane and there are approximately 

2000 molecules of Iss per bacterial cell. Iss protein has anti-complementary effect and is 

involved in surface exclusion. Avian pathogenic E. coli associated with systemic E. coli 

infection were found to carry iss more frequently as compared to the healthy birds and iss is 

considered to be more relevant in complement resistance of avian E. coli compared with human 

E. coli (Nolan et al. 2003) 

 

Another outer membrane protein is TraT that is associated with the ColV plasmid and confers 

serum resistance to bacterial cell by interfering complement mediated killing mechanism of 

host serum. TraT interferes complement action by surface exclusion and is also produced by E. 

coli strains that carry F-like plasmids such as R6-5 and R100 which promote production of the 

TraT protein (Nilius and Savage 1984, Johnson 1991). The cloned traT gene was observed to 

increase serum resistance in uncapsulated strains (Aguero et al. 1984). 

 

3. Diseases that are related to ExPEC 

3.1 Urinary tract infections 

Urinary tract infections are caused by uropathogenic E. coli (UPEC) and this pathotype 

accounts for 80% of all UTIs causing cystitis in urinary bladder, pyelonephritis in kidneys, 

bacteriuria when present in urine and prostatitis when present in prostate. Individuals that are at 

higher risk of acquiring UTIs are pregnant women, elderly patients, infants, and patients with 

spinal cord injuries, diabetes, multiple sclerosis, urinary catheters, and HIV/AIDS (Foxman 

2002). Most of the strains that are responsible for UTIs belong to phylogenetic group B2 

(Johnson et al. 2005b) and to a lesser extend to phylogenetic group D (Bonacorsi et al. 2005, 

Bidet et al. 2005). 

 

There are several virulence associated genes among E. coli isolates causing UTIs that serve as 

an important attribute during the course of infection and include iuc (aerobactin) kpsMTII (KII 
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capsule), cnf-1, dra (Dr-binding adhesins), hly, ompT, papGI (P pili fimbriae class I), papGII (P 

pili fimbriae class II), papGIII, sfa, and fim (Marrs et al. 2002, Marrs et al. 2005). 

 

Different stages of pathogenesis leading to the development of UTIs include bacterial 

adherence to the host tissue, colonization within the host, avoidance of host defense 

mechanisms and causing damage to host tissues (Connell et al. 1996). The entry of 

uropathogens into the urinary tract requires adhesion to the uroepithelium and is mediated by 

fimbrial adhesin FimH of Type 1 fimbriae that have been studied a lot and are known to play a 

critical role in the early stage of bacterial infection mediating bacterial adherence to the host 

tissue (Gunther et al. 2002). However, P fimbriae are also known to be associated with E. coli 

causing UTI (Johnson et al. 2005a). 

 

Once the pathogen attains attachment to the host tissue they start colonizing within the host and 

in order to survive and grow within the host, bacteria need to scavenge iron from their 

surroundings. Bacteria employ different siderophores in order to fulfill their iron requirement 

that trap and deliver iron from the surrounding. The iroN gene encodes for the receptor of 

enterobactin siderophore that captures iron and makes it available to the uropathogens thus 

helping in their colonization. Likewise other siderophores, such as aerobactin also quench iron 

and help uropathogens to colonize the urinary tract (Torres et al. 2001, Russo et al. 2002). 

 

In order to successfully colonize host tissues, pathogens move and localize themselves to a 

better niche. Uropathogens possess a fliC gene that encodes flagellin, the structural subunit of 

flagella which allows for this movement and thus contributes in the infection mode of UPEC in 

the urinary tract (Wright et al. 2005). 

 

After colonization, escaping host defense mechanisms is on priority and uropathogens employ a 

gene surA that has been studied to play an important role in bacteria’s invasion into and 

propagation in the host cells thereby preventing uropathogens from host defense counteraction 

(Justice et al. 2006). Another gene, oxyR is also important as it protects uropathogens from the 

oxidative stress defense mechanism that host recruits against bacterial pathogens (Johnson et al. 

2006).  

 

Once the uropathogens establish themselves within the host they secrete toxins to damage host, 

in order to facilitate better survival environment. Three toxins are produced by uropathogens 
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and the genes that encode these toxins, which account for important virulence factors of 

uropathogens, are cnf-1, hly, and sat (Rippere-Lampe et al. 2001, Guyer et al. 2002, Nagy G 

2006). The cytotoxic necrotizing factor is encoded by cnf-1 gene and protects the bacteria 

against the killing action of neutrophils. The haemolysin is encoded by hly gene and forms 

pores in host cells leading to their destruction causing apoptosis, while the sat gene encodes a 

cytotoxin that forms vacuoles in host cells, most prominently in human kidney cell lines (Smith 

et al. 2007).  

 

3.2 Neonatal meningitis 

 

Neonatal meningitis associated E. coli (NMEC) is the most common cause of Gram-negative 

associated neonatal meningitis that can be fatal and leads to severe neurological defects in many 

survivors (Unhanand et al. 1993). The infection can be acquired from the mother during birth, 

or through E. coli infections of umbilici, the infant’s upper respiratory or intestinal tract. 

NMEC-induced neonatal meningitis involves several steps like: bacteremia i.e. the binding of 

bacteria to the surface of neonatal brain microvascular endothelial cells (BMECs), followed by 

bacterial invasion of BMECs and later on invasion of the meninges (membranes that surround 

the brain and spinal cord) and the central nervous system (CNS) (Smith et al. 2007). Nearly 

80% of the NMEC strains that cause meningitis carry a K1 capsular antigen. The most frequent 

serotype among NMEC strains is O18:K1 and the majority of the strains belong to the 

phylogenetic group B2 while other serotype like O1:K1 and strains belonging to phylogenetic 

group D are also found among NMEC strains (Johnson et al. 2002b, Mora et al. 2009, Cortes et 

al. 2010). 

 

The presence of Outer membrane protein A (OmpA), K1 capsular polysaccharide antigen, and 

O-lipopolysaccharide (O-LPS) are some of the important attributes that protect NMECs against 

serum complement system, opsonization and phagocytic killing by host defense mechanisms 

thereby providing better chances of survival and multiplication of NMECs in the circulatory 

system resulting in the condition of bacteremia (Xie et al. 2004). ExPEC neonatal meningitis 

strains may harbor many virulence associated genes on pathogenicity associated islands (PAIs) 

for example, the genes sfaS, ibeA, and cnf-1 are located on PAIs and are involved in facilitating 

blood-brain barrier penetration by the microorganisms (Bonacorsi et al. 2003). Bacterial 

invasins like IbeA, IbeB and IbeC proteins, AslA contribute BMEC invasion by K1-producing 
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E. coli. Invasion of BMECs involves rearrangement of the actin cytoskeleton by NMEC and 

here, virulence factors like OmpA and CNF-1 are involved (Kim 2001). 

 

K1-bearing NMEC invade BMECs and internalize themselves within BMEC membrane-bound 

vacuoles. The K1 capsule inhibits vacuole maturation as a result of which lysosomes do not 

fuse with the vacuoles containing bacteria, facilitating intracellular bacterial survival and 

transversal to human BMECs as live bacteria. Therefore, E. coli invade BMECs via 

transcellular process. Once the NMEC traverse the BMECs, they invade the meninges and CNS 

and induce the release of proinflammatory compounds (cytokines, chemokines, reactive oxygen 

species, nitric oxide) leading to an increase in the permeability of blood-brain barrier and 

pleocytosis (increase in leukocytes in the spinal fluid) resulting in brain edema and increase in 

intracranial pressure finally lead to meningitis and neuronal injury (Kim 2003). 

 

3.3 Sepsis 

 

The clinical condition when bacteria are present in the circulatory system is termed as 

bacteremia. At the later stage, when the bacteria start multiplying themselves, bacteremia 

progresses towards septicemia. Sepsis is a life-threatening severe illness condition due to the 

bacterial infection of the blood stream and is alternatively known as systemic inflammatory 

response syndrome (SIRS). In severe sepsis condition there is dysfunction and failure of organ 

(Andreoli 1997, Annane et al. 2005).The most common causative pathogen for sepsis is E. coli 

and the pathotype is termed as sepsis associated pathogenic E. coli (SePEC), while other E. coli 

pathovars might likewise be able to cause septicemia under certain conditions. Most of the 

sepsis causing E. coli belongs to phylogenetic group B2 (Johnson et al. 2002a). 

 

Septicemia in humans could also result from the later stages of UTI or respiratory diseases. 

Sepsis occurs as a result of microbial infection originating from the kidneys (UTI), bowel 

(peritonitis), skin (cellulitis), or lungs (pneumonia) and from other body locations. Newborns, 

immunocompromised persons and elderly patients are at higher risk of bacterial sepsis (Stoll et 

al 2005). Sepsis occurring in the newborn infants is known as neonatal sepsis and may be due 

bacterial infection acquired during the passage of birth canal or from hospital or home 

environment (Schrag and Schuchat 2005). Septicemia is an important disease related to the 

farm animals where it causes colisepticemia in livestock animals and especially avian 

colisepticemia leading to significant economic loss (Mokady et al. 2005). 
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Many E. coli strains that are associated with sepsis belong to O2 and O78 serogroups (Ananias 

and Yano 2008). Mokady et al. (2005) determined virulence factors among these E coli strains 

which refer to adhesins (type 1 pili, curli, and P pili), iron uptake systems (aerobactin, 

yersiniabactin, and IroN receptor) and serum resistance (Mokady et al. 2005). An important 

virulence factor i.e. the type III secretion system has been identified among septicemic ExPEC 

as well (Ideses et al. 2005). Plasmid-encoded Colicin V (ColV plasmid) is carried by many of 

the septicemic strains but not all however, it has been suggested that the presence of ColV gene 

together with other plasmid-located virulence genes are responsible for full virulence 

(Tivendale et al. 2009). Another important virulence feature is the secretion of OmpA by 

septicemic E. coli that nullifies the bactericidal effect of neutrophils elastase by binding it 

(Mokady et al. 2005). 

 

3.4 Avian systemic infection 

 

ExPEC strains that are the causative agents of avian colibacillosis in poultry are termed as avian 

pathogenic E. coli (APEC). Colibacillosis disease is a major threat to poultry industries causing 

huge economic loss. The most common complications among poultry birds associated with 

colibacillosis are perihepatitis, airsacculitis and pericarditis (Dziva and Stevens 2008). Initially, 

APEC enters the respiratory tract and colonizes the air sacs. Subsequent infection is followed as 

aerosacculitis, later leading to septicemia, pneumonia, pericarditis, perihepatitis, and peritonitis 

and finally results in the death of the bird (Dho-Moulin and Fairbrother 1999, Li et al. 2005). 

Three serotypes O1, O2 and O78 are predominantly present in APEC, however other serotypes, 

such as O93 and O92 were also observed among APEC strains (Wang et al. 2010). Different 

virulence factors associated with APEC strains include K1 capsule, type 1 and P fimbriae, curli, 

aerobactin, and temperature-sensitive haemagglutinin (Tsh) (Janßen et al. 2001, Ewers et al. 

2005, Johnson et al. 2008c). Another virulence mechanism for the pathogenesis of APEC 

strains is serum resistance and is mostly related with strains causing septicemia in chickens 

(Ewers et al. 2009, Li et al. 2011). 

 

Many of the virulence attributes that contribute to the complement system resistance of APEC 

strains are also common in human and animal ExPEC strains causing neonatal meningitis and 

UTIs in humans and UTIs in animals (Schouler et al. 2004, Ron 2006). Studies have also shown 

that UPEC and APEC have similarities in their serotype and phylogenetic groups. The most 
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common serotypes among UPEC are also shared by APEC. For example the O2 serotype 

commonly found in UPEC, is also a common occurring serotype of APEC, suggesting that 

poultry may be the carrier for E. coli capable of causing urinary tract infections in humans and 

further hypothesizing that avian ExPEC strains could have zoonotic nature (Johnson et al. 2007, 

Ewers et al. 2007, Moulin-Schouleur M 2007, Mora et al. 2009). Rodriguez-Siek et al. have 

suggested that certain APEC strains are potentially competent to infect humans and can even 

act as a reservoir for the virulence genes for ExPEC (Rodriguez-Siek et al. 2005). 

 

4. Zoonotic nature of ExPEC 

 

As defined by WHO (World Health Organization) zoonosis is any disease or infection that is 

naturally transmissible from vertebrate animals to humans. Bacterial species that cause 

infections in animals and are potentially capable of causing infections, also in humans or vice 

versa are known to have zoonotic nature. The origin of ExPEC infecting humans is still unclear, 

but it is possible that the ExPEC from animals could cause infections in humans as animals are 

reservoir for ExPEC. ExPEC infections are regularly observed in poultry and in livestock 

animals. Also the companion animals (dogs and cats) suffer from infections caused by ExPEC 

(Ewers et al. 2007, Belanger et al. 2011). 

 

The commonalities in phylogenetic origins of the strains isolated from humans and animals, as 

well as their genome flexibility are of serious concern making ExPEC potentially competent to 

cause zoonosis (Brzuszkiewicz et al. 2009) and providing ExPEC the capability to cross the 

species barrier and effectively colonize humans as well as companion animals such as dogs and 

cats (Johnson et al. 2009). A number of human-associated ExPEC virulence genes are found 

among the canine ExPEC strains, indicating that dogs may be the reservoir of human ExPEC 

strains. For example, both canine and human ExPEC strains express papG allele III and there 

was no difference in the peptide sequences among the E. coli isolates from humans and dogs 

indicating that the papG allele III sequences were highly homologous among these strains 

(Johnson et al. 2000). The common characteristics between human and canine ExPEC strains 

points out the fact that humans may acquire ExPEC strains from dogs. Since there is similarity 

in virulence genes of human and dog ExPEC strains there could exist similar pathogenic 

mechanisms. If humans are colonized with canine-derived ExPEC strains and antimicrobials are 

used in veterinary practice, it could lead to the selection of new antimicrobial resistant human 
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pathogens (Smith et al. 2007, Ewers et al. 2011). As the human and animal strains could not be 

differentiated according to their specific host, virulence gene and serotype profiles, or pulsed 

field gel electrophoresis profiles certain pathogenic lineages of ExPEC might cause disease in 

both animals and humans suggesting the possibility of cross-species infection (Johnson et al. 

2001a). 

 

Poultry is also considered to be a reservoir for ExPEC that may introduce these strains into the 

environment and later cause infection to other hosts. The ExPEC strains of human and avian 

origin show similarities that suggest that the avian strains potentially have zoonotic properties 

(Johnson et al. 2007, Ewers et al. 2007, Schouleur et al. 2007, Mora et al. 2009). Several studies 

have indicated a commonality of virulence factors in human and animal strains of ExPEC 

(Smith et al. 2007) and that APEC strains have the same serotypes like that of the strains that 

are responsible for extraintestinal infection in humans (Rodriguez-Siek et al. 2005, Moulin-

Schouleur M 2007, Mora et al. 2009). It was also found that there exists a genomic similarity in 

the first fully sequenced APEC isolate and several human ExPEC strains (Johnson et al. 2007). 

Based on their screening of a large collection of APEC, UPEC, and NMEC strains for virulence 

features, O-types, and phylogenetic background Ewers et al. (2007) speculated that poultry may 

act not only as a carrier but also as a reservoir of virulence-associated genes for human ExPEC 

strains that may transform commensal E. coli of human gut into extraintestinal UPEC and 

NMEC strains (Rodriguez-Siek et al. 2005, Schouleur et al. 2006, Ewers et al. 2007, Johnson et 

al. 2008d). 

 

5. Multilocus sequence typing (MLST) 

 

In surveillance the ability to identify infectious strains accurately is most important. Molecular 

typing methods are used to address two important queries; (1) are the isolates found from a 

localized outbreak of disease the same or different and (2) are strains causing disease in one 

geographic area related to those isolated elsewhere world-wide (Maiden et al. 1998). 

Sequencing-based genotyping methods like single-locus sequence typing (SLST) and 

multilocus sequence typing (MLST) are more widely being used in epidemiological studies of 

infectious diseases, including UTIs, meningitis etc. In SLST sequence data for specific loci (e.g. 

involved in virulence, drug resistance, pathogenicity, etc.) from different strains of the same 

species for variability in a specific gene, such as single-nucleotide polymorphisms and areas 
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with repetitive sequence is being studied. Thus, making it a promising sequence-based tool for 

epidemiologic analysis (Singh et al. 2006).  

 

Another sequence-based method is multilocus sequence typing (MLST), a technique first 

introduced by (Maiden et al. 1998) that provides reproducible, comparable and transferable 

results among different laboratories. MLST is based on sequencing ‘housekeeping’ genes, 

which are under stabilizing selection. MLST utilizes more representative and larger portion of 

the genome than SLST. MLST utilizes the comparison of the nucleotide sequences of internal 

400- to 500-bp regions of a series of housekeeping genes (typically seven or more) present in 

all isolates of a particular species. Distinct alleles are classified based on genetic polymorphism 

in sequences for each gene fragment. Each isolate is defined by the alleles at each of the 

sequenced housekeeping loci that together form the allelic profile or sequence type (ST), as 

there are many potential alleles at each of the loci, it is unlikely that identical allelic profiles 

will occur by chance. Therefore, isolates with the same allelic profile are assigned as members 

of the same clone (Singh et al. 2006). Thus, MLST helps in better understanding the genetic 

interrelationships in bacterial population. 

 

6. ExPEC related to sequence type 95 (ST95) 

 

As discussed, ExPEC frequently cause urinary tract infections (UTIs), septicemia, meningitis, 

respiratory tract and soft tissue infection etc. in human and in different animal hosts. In recent 

years great efforts have been made to discern the group of ExPEC with respect to clinical 

implications and host origin, but still a precise definition and thus a sound risk assessment of 

ExPEC strains, in particular with regard to their zoonotic potential, is not found. The genetic 

background of E. coli is determined by Multilocus sequence typing (MLST) which assigns 

isolates to different sequence types (STs). Interestingly, most of the sequence types have mixed 

groups of strains from different sources, including humans, birds, dogs, cats, cattle, horses, 

swine, etc. 

 

In contrast, one particular prominent ST of ExPEC is ST95 that accumulated ExPEC strains 

from human and avian origin of particularly high virulence possessing a great set of virulence 

associated genes (Ewers, Wieler et al., unpublished data). ST95 strains mostly originate from 

humans and birds indicating a putative host specificity of these strains. Hence, ST95 resembles 

a group of strains which was termed by our group as “Human-avian” complex, as according to 
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the publically available database (http://mlst.ucc.ie/mlst/mlst/dbs/Ecoli/ as observed on April 

2013) it currently contains strains mostly from human and avian origin with one canine strain 

thus, supporting some kind of host specific nature ST95 strains.  

 

Currently it is unclear whether all ST95 strains are zoonotic, or whether some strains are 

specific to one particular host (Schouleur et al. 2007, Johnson et al. 2008d, Tivendale et al. 

2010, Bauchart et al. 2010), namely the human or an avian host. We hypothesized that the host-

specificity may be caused due to the genetic variability among the human and the avian strains 

of ST95. Thus, the genetic variability could be useful to separate these ST95 strains in the 

future in accordance with their host. This would be of utmost importance in terms of 

transmission events and risk assessment. On the other hand, these strains of ST95 may also 

have some host specific phenotypes that could differentiate these strains according to their host 

based on phenotypic characters.  

 

Hence, the main aim of our study was to identify certain genetic markers discerning ST95 

strains. We concentrated on single nucleotide polymorphism (SNP) based molecular genetic 

markers. The concept was to analyze both the Maximum common genome (MCG), which by 

definition means the set of genes that are shared by all the members of bacterial species and to 

also analyze the flexible or accessory gene pool. In this concern, different approaches were put 

forward to identify certain candidate genes from the MCG and flexible genome for which SNP 

typing could be performed to identify genetic markers. The second aim was to identify certain 

phenotypic characteristics in strains from ST95 complex that would segregate this group of 

strains according to their specific human/avian host respectively. Different phenotypic 

characteristics like adhesion and invasion capabilities, biofilm forming capabilities, expression 

of curli and cellulose via long term biofilm colony formation, haemagglutination assay and 

serum resistant phenotype of ST95 strains towards chicken and human serum were accessed, so 

as to investigate if this group of strains could be differentiated from each other based on their 

phenotypic behavior.  

 

Also the genome flexibility among the avian ExPEC strains may trigger avian strains to tune 

themselves according to different hosts in particular human host. Thereby, widening their host 

spectrum for infection and crossing the species barrier and infecting other hosts and emerging 

as more successful pathogens. 

http://mlst.ucc.ie/mlst/mlst/dbs/Ecoli/
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2. Materials 

 

2.1 Chemicals 

Chemicals, reagents and solutions used during different experiments were procured from Roth 

GmbH & Co., Karlsruhe, Germany; BioRad, Munich, Germany; Invitrogen, Groningen, 

Germany; and Sigma, Deisenhofen, Germany. 

Enzymes and oligonucleotide primers were purchased from Invitrogen GmbH, Karlsruhe-

Germany, New England Biolabs GmbH, Frankfurt, Germany, Sigma-Aldrich Chemie GmbH, 

Munich-Germany and Thermo Fisher Scientific GmbH, Schwerte- Germany. 

2.2. Materials for microbiological experiments 

2.2.a. Bacterial strains 

In total, 116 ExPEC strains previously typed as ST95 including 61 avian strains (58 APEC 

strains and 3 commensal strains) and 55 human strains (24 UPEC, 15 NMEC, 4 SePEC and 15 

commensal strains) available at our institute were investigated in different experiments in this 

thesis. Additionally, 140 strains (isolated from dogs, cats, sheep and cattle) with different 

clinical implications were used for screening of svg.1 gene (Bidet et al. 2007). These strains 

were isolated over a period of 2001-2010 mostly from Germany while others from USA, 

Finland, France, Canada, Jordan and The Netherlands. 

Table 1: Strains from different hosts with various clinical outcomes screened for ST95-

suspected gene sequence svg.1    

 

Host Disease No. of Samples 

Dog Urinary tract infection, Prostatitis 50 

Cat Urinary tract infection 50 

Cattle Mastitis 30 

Sheep Diarrhea 10 

 

All bacterial strains were cultured at 37 
o
C in Luria-Bertani (LB) broth and on LB agar plates 

with appropriate antibiotics when required in the following concentrations: Kanamycin (Kan), 

50 μg/ml; Ampicillin (Amp), 50 μg/ml. Bacterial strains were stored at -80 °C in LB broth with 

10 % (v/v) glycerol until further use. Initially, all glycerol stocks were streaked on sheep blood 

agar plate whenever used. 
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2.2.b. Growth media 

The following growth media were used for the experiments performed in this thesis  

Luria Bertani (LB) Broth 

NaCl     5 g /L 

Peptone (casein)              10 g /L  

Yeast extract                5 g /L 

pH                7.0 

Autoclaved at 121ºC, 15 min 

Luria Bertani Agar 

NaCl     5 g /L 

Peptone (casein)   10 g /L  

Yeast extract     5 g /L 

Agar    15 g /L 

Autoclaved at 121ºC, 15 min 

SOC media 

Tryptone    20 g /L 

Yeast extract    5 g /L 

NaCl    0.5 g /L 

KCl (20mM)   10 ml /L 

NaOH (5N)   20 ml /L 

Autoclaved at 121ºC, 15 min 

After cooling 5 ml of MgCl2 (2 M) and 20 ml of filter sterilized Glucose (1 M) were added to 

the media. 

M63 media 

Ammonium Sulfate        2.0 g /L 

Potassium Phosphate, Monobasic   13.6 g /L 

Ferrous Sulfate x 7H2O    0.5 mg /L 

Autoclaved at 121ºC, 15 min 

Additional supplements were added after autoclaving: 

Filter sterilized 20% solution of glycerol  10 ml /L 

Sterile1M MgSO4 solution (autoclaved)   1 ml /L 
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SOB media  

Bacto Tryptone     20 g/ L 

Bacto Yeast Extract     5 g/ L 

5M NaCl     2 ml/ L 

1M KCl      2.5 ml/ L 

1M MgCl2     10 ml/ L  

1M MgSO4               10 ml/ L 

Autoclaved at 121ºC, 15 min 

Congo red Span Agar (with NaCl) 

Tryptone     10 g/L 

Yeast extract    5 g /L 

NaCl     5 g/L 

Span Agar   18 g/L 

Autoclaved at 121ºC, 15 min 

Congo red Span Agar (without NaCl) 

Tryptone     10 g/L 

Yeast extract    5 g /L 

Span Agar   18 g/L 

Autoclaved at 121ºC, 15 min 

When the media (with and without NaCl) cooled down to 55
o
C, 20 ml/L Congo red solution 

(filter sterilized) was added to agar media and poured (40 ml) in Petri plates. 

Congo red solution 

Congo red     2 mg /ml 

Coomassie-Brilliant-Blue G250  1 mg /ml 

Dissolved in ddH2O and filter sterilized. 

 

2.3 Materials for molecular biology experiments 

Solutions  

Solutions used for agarose gel electrophoresis. 

1.5% Agarose gel 

Agarose      1.5 g 

1 x Tris Borate EDTA (TBE) Buffer  100 ml 
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Ethidium Bromide solution    2 µl 

0.8% Agarose gel 

Agarose      0.8 g 

1 x Tris Borate EDTA (TBE) Buffer  100 ml 

Ethidium Bromide solution    2 µl 

0.4% Agarose gel 

Agarose      0.4 g 

1 x Tris Borate EDTA (TBE) Buffer  100 ml 

Ethidium Bromide solution    2 µl 

 

10 x Tris Borate EDTA (TBE) Buffer 

Tris base     108 g/L   

Boric acid      55 g/L 

0.5M EDTA (pH 8.0)    40 ml  

Autoclaved at 121ºC, 15 min 

Loading dye 

Glycerol      5 ml (50%) 

Bromophenol Blue    10 mg (0.1%) 

0.5M EDTA solution    2 ml (0.1 M) 

Tris pH 8.0      0.1 ml (10 mM) 

Distilled water     2.9 ml 

Markers 

100 bp and 1 kb DNA ladder 

(Thermo Fisher Scientific GmbH Schwerte, Germany) 

 

Solutions for competent cell preparation 

1 M Calcium Chloride (CaCl2) solution  

CaCl2.H2O     129 g/L 

Adjust the volume to 1000 ml with deionized / Milli-Q water. 

1 M Magnesium chloride (MgCl2) solution 

MgCl2.6H2O   203.30 g/L 

Adjust the volume to 1000 ml with deionized / Milli-Q water. 

Magnesium Chloride and Calcium Chloride solution (80 mM MgCl2. 20 mMCaCl2) 
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0.1 M Calcium Chloride (CaCl2) solution 

0.1 M Calcium Chloride (CaCl2) solution + 20 % Glycerol 

All solutions autoclaved at 121ºC, 15 min 

 

Solutions for plasmid isolation (Alkaline lysis method) 

Solution I: 50 mM Tris pH 8.0, 10mM EDTA, 100 µg/ml RNase A 

Tris base    6.06 g/L 

 EDTA 2H2O    3.72 g/L 

Dissolved in 800 ml ddH2O and pH adjusted to 8.0 with HCl 

Final volume adjusted to 1 liter with ddH2O. 

Solution II: 200 mM NaOH, 1%SDS 

NaOH pellets    8.0g /L (in 950ml of ddH2O) 

20% SDS solution              50 ml/L  

Final volume 1 Liter 

Solution III: 3.0M Potassium Acetate, pH5.5 

Potassium acetate   294.5 g/L (dissolved in 500ml of ddH2O) 

pH adjusted to 5.5 with glacial acetic acid 

Final volume adjusted 1 liter with ddH2O 

 

TE (10 mM Tris pH 8.0 with HCl, 1 mM EDTA) 

Tris base    1.21 g/L 

EDTA 2H2O    0.37 g/L 

(Dissolved in 800ml of ddH2O and pH adjusted to 8.0 with HCl) 

Final volume adjusted to 1 liter with ddH2O 

Other reagents: Iso-propanol/100% Ethanol, 70% Ethanol 

 

Reagents for Polymerase chain reaction (PCR) 

10 x PCR Buffer
1
 

Taq DNA Polymerase
1
 

Magnesium Chloride solution
1
  

dNTPs PCR nucleotide Mix: dATP, dCTP, dGTP, dTTP
2
 

DreamTaq™ Green DNA Polymerase, 5 u /μl
1
 

10 x DreamTaq™ Green Buffer
1
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(
1
Thermo Fisher Scientific GmbH Schwerte, Germany, 

2
TaKaRa Göttingen, Germany) 

Long range PCR 

High Fidelity PCR Enzyme Mix, 5 u /μl
1
 

10 x High Fidelity PCR Buffer with 15 mM MgCl2
1
 

dNTPs PCR nucleotide Mix: dATP, dCTP, dGTP, dTTP
2 

(
1
Thermo Fisher Scientific GmbH Schwerte, Germany, 

2
TaKaRa Göttingen, Germany) 

 

Reagents for ligation 

5 x T4 DNA Ligase buffer
1
 

T4 DNA Ligase enzyme
1
 

Nuclease free water 
1 

(
1
Thermo Fisher Scientific GmbH Schwerte, Germany) 

Reagents for Restriction Digestion  

10 x Fast Digest buffer
1
 

Fast Digest enzyme XhoI
1
 

Fast Digest enzyme SalI
1
 

(
1
Thermo Fisher Scientific GmbH Schwerte, Germany

)
 

 

Oligonucleotides 

All oligonucleotide primers listed in the table below were procured from MWG Biotech, 

Ebensburg, Germany.  

Table 2: Oligonucleotide primers used in this work 

Primer 

number 

Primer Name Primer Sequence (5’-3’) Temperature Reference 

IMT4197 svg.1 – For 
TCCGGCTGATTACAAACCAAC 

55
o
C 

(Bidet et al. 

2007) 

IMT4198 svg.2 – Rev 
CTGCACGAGGTTGTAGTCCTG 

55
o
C 

(Bidet et al. 

2007) 

IMT5224 fimH – For CACTCAGGGAACCATTCAGGCA 55
o
C This study 

IMT5225 fimH – Rev GCGTACCTGCATTAGCAAT 55
o
C This study 

IMT5916 fimE – For GCCGGATTATGGGAAAGA 57
o
C This study 

IMT5917 fimE – Rev GCCGCTGTAGAACTCAGGG 57
o
C This study 

IMT5918 fim operon – For 
GGGGTCGACATGAAGAATAAG

GCTGATAAC 
60.4

o
C This study 

IMT5919 fim operon – Rev 
GTGCTCGAGTTATTGATAAACA

AAAGTCAC 
60.4

o
C This study 
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Primer 

number 

Primer Name Primer Sequence (5’-3’) Temperature Reference 

IMT6006 ybjD – For AGCGCGTTGAAATTGTGGG 55
o
C This study 

IMT6007 ybjD – Rev GCCCATCAGAGAGATTTTGCG 55
o
C This study 

IMT6008 tatB – For GTAAAAACGGTAGCGGGCTG 57
o
C This study 

IMT6009 tatB – Rev AGCCTGGCGTAATTCATCCA 57
o
C This study 

IMT6037 hemH – For CAGACGCGTGGTTGATACCT 55
o
C This study 

IMT6038 hemH – Rev GAATGCGTGCCAGTTCATCC 55
o
C This study 

IMT6039 hisJ – For TCTTTAACAGACGGGCCACC 55
o
C This study 

IMT6040 hisJ – Rev AGCGAAGAAGATTGACGCCA 55
o
C This study 

IMT6041 hycD – For GGTTCAACCAACACGCCAAG 55
o
C This study 

IMT6042 hycD – Rev GCTGCTCTCCGGTATTACCC 55
o
C This study 

IMT6043 lon – For TGAGCCGGGTGTAAACGATC 55
o
C This study 

IMT6044 lon – Rev GCCAGTTTCAGCGGCATATG 55
o
C This study 

IMT6045 mazG – For GCCGTTTTACCTGTTGCCAG 55
o
C This study 

IMT6046 mazG – Rev TTACCGGCTTTAATGCGTGC 55
o
C This study 

IMT6047 rbn – For TTTTCGCCGCTTTTCCCATG 55
o
C This study 

IMT6048 rbn – Rev CGACAACAGCAGCGGAAAAA 55
o
C This study 

IMT6049 rnfA – For CGCCTGGCTTATCGATACGT 55
o
C This study 

IMT6050 rnfA – Rev GCAATGGCATTACCGCGAAA 55
o
C This study 

IMT6051 ychN – For TGTGAGCACTTTATCGGCTGA 55
o
C This study 

IMT6052 ychN – Rev ATCGTGATCGTTGCCAATGG 55
o
C This study 

IMT6053 yciM – For TGCTGAATTGATGCTTGCGG 55
o
C This study 

IMT6054 yciM – Rev GCCATCAAGACCGCGAATTG 55
o
C This study 

IMT6055 yniC – For AGGTTTATTGGTGGGGCTGG 55
o
C This study 

IMT6056 yniC – Rev CGAGAAGGTCTTTTGCGGTG 55
o
C This study 

 

Table 3: List of kits 

 

Master PureTM Genomic DNA Purification Kit  Epicentre, Biozym, Hessisch 

Oldendorf, Germany  

TOPO TA Cloning ® Kit  Invitrogen GmbH, Karlsruhe, Germany 

QIAquick Gel extraction Kit  Qiagen GmbH, Hilden, Germany 

 

Plasmid - pET 45b (+) vector plasmid (Novagen) was used for cloning experiments. 

2.4.  Materials for cell biology experiments 

Reagents used in cell culture 

10 X Phosphate Buffered Saline (PBS) 

NaCl     80 g/L 



Materials 

 

40 

KCl     2.0 g/L 

Na2HPO4    14.4 g/L 

KH2PO4    2.4 g/L 

Dissolved in 800 ml distilled H2O and pH adjusted to 7.4 and volume made up to 1 L. 

Autoclaved at 121ºC, 15 min 

1 x PBS 

Diluted from 10 x PBS in ddH2O and then autoclaved at 121ºC, 15 min. 

0.1 % Triton X 100 solution 

0.1 ml Triton X 100 dissolved in 99.9 ml 1 x PBS (sterile) 

Fetal bovine serum (FBS)
 3
 

DMEM/ Ham’s F-12 media (1:1) with stable glutamine
3
 

Penicillin/ Streptomycin solution
3
 

Gentamycin
3
 

 (10 x) Trypsin (1:250)/EDTA solution (0.5 %/0.2 %)
 3

 

(
3
Biochrom AG, Berlin, Germany) 

Other solutions 

0.9 % NaCl solution + 5 % D- Mannose solution 

 

2.5 Genomes for bioinformatic analysis 

The following genomes of ExPEC strains (Table 4) were available at the start of this thesis and 

were used for the bioinformatic analysis to identify candidate genes that were used for SNP 

typing (Section 3.4.a and 3.4.b). 

Table 4: Whole genome sequenced extraintestinal pathogenic E. coli (ExPEC) strains included for 

core genome comparison 

E. coli  

strains 

Host Pathovar/

group 

Serovar Size 

(Mbp) 

ST STC GenBank/ website 

APEC_01 

IHE3034 

S88 

UTI 89 

536 

F11 

RS218 

IAI39 

Chicken 

Human 

Human 

Human 

Human 

Human 

Human 

Human 

APEC 

NMEC 

NMEC 

UPEC 

UPEC 

UPEC 

NMEC 

UPEC 

O1:K1 

O18:K1:H7 

O45:K1 

O18:K1:H7 

O6:K31:H15 

O6:H31 

O18:K1:H7 

O7:K1 

5.1 

4.1 

5.2 

5.1 

4.9 

5.2 

5.2 

5.1 

95 

95 

95 

95 

127 

127 

5.3 

62 

95 

95 

95 

95 

127 

127 

95 

none 

CP000468 

CP001969.1 

CU928161 

CP000243 

CP000247 

AAJU00000000 

Genome.wisc.edu 

CU928164.2 

UMN026                           

ABU83972 

Human 

Human 

UPEC 

ABU 

O17:K52:H18 

Orough:K5:NM 

5.4 

5.1 

597 

73 

69 

73 

CU928163.2 

CP001671 

CFT073 Human UPEC O6:K2:H1 5.2 73 73 AE014075 

APEC = Avian pathogenic E. coli; UPEC = Uropathogenic E. coli; NMEC = Neonatal meningitis E. 

coli; ABU = Asymptomatic Bacteriuria 
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2.6 Statistical analyses 

 

Statistical analyses of the results of adhesion/invasion assays and biofilm formation assay (96-

well microtiter plate method) were carried out using the nonparametric Mann-Whitney U test, 

which was implemented in the Statistical Package for the Social Sciences (SPSS, version 10.0) 

and Wilcoxon signed rank test using R software (R version 2.14.0). Statistical analyses for 

haemagglutination assay, serum assay was carried out using chi-square test using Statistical 

Package for the Social Sciences (SPSS, version 10.0). Statistical analyses for long term colony 

formation assay were carried out using multinomial logistic regression analysis using Statistical 

Package for the Social Sciences (SPSS, version 10.0). 
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Methods 

 

3.1 Microbiology experiments 

 

3.1.a Biofilm formation assay 

3.1.a.i. 96-well microtiter plate method 

This method was used to investigate biofilm forming capacities of ST95 strains isolated from 

human and avian hosts using a previously described method with some modifications (Wang et 

al. 2011, Hussain et al. 2012). W3110 (E. coli K-12 derivative) (Jackson et al. 2002, Colon-

Gonzalez et al. 2004) was used as a positive control while AAEC189 (E. coli K-12 derivative) 

(Wang et al. 2011) served as a negative control. Bacterial inoculum was taken from frozen 

stock and streaked on blood agar plates and incubated overnight. Single colony from overnight 

incubated plate was picked and inoculated in 5 ml media (M63 and LB medium) and then 

incubated overnight at 37°C in a shaking incubator. All overnight cultures were diluted 1:10 in 

LB and M63 medium and the OD600 was determined by a photometer. Cultures were diluted to 

an OD600 = 0.05 in fresh M63 and LB medium. 200 μl of the diluted culture was pipetted in 

triplicates into 96-well microtiter plates, covered with a permeable film, and incubated for 24 

and 48 hrs at 28°C without shaking. After 24 hrs of incubation, growth was determined by 

measuring the OD at 600 nm in an ELISA reader. After reading the plate, spent media was 

gently aspirated and the wells were washed three times with 300 μl of double distilled water 

and air-dried. 250 μl 99% methanol was then added to each well and incubated for 15 minutes 

to fix the attached bacteria. Methanol was aspirated and the plate was air-dried. Wells were then 

stained with 250 μl of 0.1% crystal violet solution for 30 minutes. Crystal violet was then 

removed and the plates were again washed three times with 300 μl of double distilled water and 

air-dried. 300 μl of ethanol:acetone (80:20) solution was added to the air-dried wells to re-

solubilize the stain. The plate was placed on a horizontal shaker at 200 rpm until all the stain 

was solubilized (about 30-45 min). The crystal violet staining was measured by absorbance at 

OD570 in the ELISA reader. The plate that was incubated for 48 hrs was also processed as 

mentioned above. Biofilm formation was calculated using the formula SBF = (AB-CW)/G, in 

which SBF is the specific biofilm formation, AB is the OD570 nm of the attached and stained 

bacteria, CW is the OD570 nm of the stained control wells containing only bacteria-free medium 

(to eliminate unspecific or abiotic OD values), and G is the OD600 nm of cell growth in media. 
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The degree of biofilm production was classified in three categories: weak (SBF ≤ 0.5), 

moderate (0.5 > SBF ≤ 1), and strong (SBF > 1) (Margarita  et al. 2009).  

  

3.1.a.ii. Long term biofilm formation 

A single colony was inoculated in 5 ml of LB media and incubated overnight at 37
o
C in a 

shaker incubator. 1.5 μl of the overnight culture was pipetted and a small single drop was 

dropped on Congo red plate prepared with and without salt. The drop was allowed to dry on the 

plate and later incubated at different temperatures of 28
o
C and 37

o
C. IMT26949 (UPEC strain 

isolated from dog with urinary tract infection) was used as a positive control to check the 

expression of curli and cellulose. The relationships among different growth conditions and 

colony morphotypes and strains isolated from human and avian host was determined using 

multinomial logistic regression analysis using Statistical Package for the Social Sciences 

(SPSS, version 10.0). 

 

3.1.b Haemagglutination assay  

Overnight culture was prepared by inoculation of a single colony in LB broth media and 

incubated overnight at 37
o
C in a shaker incubator. Chicken red blood erythrocytes (RBCs) were 

diluted in 0.9% NaCl solution with and without 5% D-Mannose. Two 30 μl drops of the 

bacterial culture were added onto the glass slide and 30 μl each, of diluted chicken RBC’s (with 

and without D-Mannose) suspension was added separately to the bacterial culture drops on 

glass slide. Bacterial culture with chicken RBC’s was mixed properly with sterile tooth picks 

and incubated at room temperature for 2 minutes. Visible clumps conferred agglutination in 

chicken RBC’s, which was inhibited in presence of mannose. Chi-square test or  test was 

performed using Statistical Package for the Social Sciences (SPSS, version 10.0) to check the 

significant difference between strains showing haemagglutination.  

 

3.1.c Serum assay 

Serum assay was performed with chicken and human serum with some modification from 

Ewers et al. (2009). Fresh bacterial cultures were streaked from stock cultures on blood agar 

plates and incubated overnight at 37
o
C. A single colony from the overnight plate was inoculated 

in 5 ml LB media and incubated overnight at 37
o
C in a shaker incubator. Following day, 5 µl of 

the overnight culture was added to 495 µl of LB broth and incubated for 1.5 hours at 37
o
C in a 

shaker incubator. After incubation, the culture was centrifuged at 9,000 rpm for 3 minutes and 
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the supernatant was discarded while the pellet was resuspended in 1 x PBS. 270 µl of the 

normal serum was added to each well of 96-well plate in triplicate and 30 µl of the resuspended 

bacterial inoculum was added carefully to the serum in the 96-well plate (inoculation plate) and 

mixed properly. 270 µl of 1 x PBS was added to each well of the other 96-well plate to prepare 

dilutions (dilution plate). 30 µl of the serum and bacterial cell mixture from the inoculation 

plate was taken out and added to the 270 µl PBS in the dilution plate and further dilutions were 

made using multi-channel pipette. After proper dilutions 50 µl of all the dilutions were dropped 

in forms of small drops on to LB agar plates in duplicate and incubated overnight (0 hour 

count). The 96-well inoculation plate was incubated at 37
o
C in a shaker incubator for 4 hours at 

100 rpm. After 4 hours of incubation 30 µl of the serum was again taken out and diluted as 

mentioned earlier (4 hour count). Next day, the number of colony forming units was determined 

for 0 hour and 4 hours. . Chi-square test or  test was performed using Statistical Package for 

the Social Sciences (SPSS, version 10.0) to check the significant difference between strains 

isolated from humans and birds showing serum sensitive and serum resistant phenotypes. 

 

3.2  Molecular biology experiments 

3.2.a Screening of available strains from different hosts for sequence type 95 

Bacterial cell crude lysates preparation (Heat – lysis method) - A single colony of strains (Table 

1) from an overnight incubated blood agar plate was resuspended in 200 µl deionized water 

(MilliQ water) in 0.5 ml centrifuge tube and incubated at 95
o
C for 10 minutes in a waterbath. 

After incubation the tubes were cooled down and centrifuged at 10,000 rpm for 10 minutes. The 

supernatant that contained genomic DNA was used as a template for PCR for identifying the 

presence of svg.1 “specific for virulent subgroup (svg)” gene. This gene had previously been 

suggested to specifically identify strains belonging to ST95 (Bidet et al. 2007). 

PCR reaction mixture 

Deionized water (MQ H2O) 12.75 μl  

10 x PCR Reaction buffer  2.5 μl  

Primer IMT1497 svg.1 For (10 pmol)  0.25μl  

Primer IMT1498 svg.2 Rev (10 pmol)  0.25μl  

MgCl2 (25mM) 2 μl  

dNTP mix (10 mM)  0.2 μl  

Taq polymerase (5U/ μl)  0.05 μl  

DNA template 2 μl 
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PCR conditions 

95
o
C 5 min  

94
 o
C 30 sec 

30 cycles 55
 o
C 30 sec 

72
 o
C 30 sec 

72
 o
C 10 min  

  

PCR products were loaded on a 1.5% agarose gel and samples positive for svg.1 gene were 

determined by the presence of a 434bp band. 

 

3.2.b fimH gene amplification   

PCR was performed for 116 ST95 strains available at our institute strain collection for SNP 

typing (see 3.4.d).  

PCR reaction mixture 

Deionized water (MQ H2O) 24.55 μl  

10 x PCR Reaction buffer  3.5 μl  

Primer IMT5224 fimH For (10 pmol)  0.3 μl  

Primer IMT5225 fimH Rev (10 pmol)  0.3 μl  

MgCl2 (25mM) 2.0 μl  

dNTP mix (10 mM)  0.2 μl  

Taq polymerase (5U/ μl)  0.05 μl  

DNA template 4.0 μl 

 

PCR conditions 

95
o
C 5 min  

94
 o
C 30 sec 

30 cycles 55
 o
C 30 sec 

72
 o
C 90 sec 

72
 o
C 10 min  

  

4 μl of the PCR products were loaded on a 1.5 % agarose gel and samples positive for fimH 

gene were determined by the presence of a 1000 bp band and were later sequenced both in 

forward and reverse direction.  

3.2.c Cloning of prominent fimH alleles 

Some of the fimH alleles were more prominent among ST95 strains; hence, cloning of the fim 

operon from some strains of frequent fimH alleles was performed, so as to investigate if these 

predominant alleles provide some advantage to the bacteria. 
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3.2.c.i.  Extraction of Genomic DNA 

Bacterial genomic DNA was isolated from the overnight culture incubated at 37
o
C at 200 rpm 

in a shaker incubator, using ‘MasterPure DNA Purification Kit for Blood Version II’ (Epicentre 

Technologies) as recommended by the manufacturer. Once the pellet was dried, it was 

resuspended in 200 μl Millipore-Water and incubated for 1 hr at 65°C or overnight at room 

temperature and later quantified by Nano-Drop and was stored at -20°C until further use. 

3.2.c.ii. Preparation of competent cells 

Electro competent cells 

One milliliter of the overnight culture was added to 100 ml of LB media or SOB media and 

incubated at 37
o
C in a shaker incubator till the OD600 reached 0.6-0.7 nm. The culture was then 

kept on ice for 30 minutes and from here all the steps were performed on ice to maintain cold 

temperature. The culture was centrifuged at 4000 rpm for 20 minutes at 4
o
C using a 50 ml 

centrifuge tube. After centrifugation the supernatant was discarded carefully and the pellet was 

resuspended in 50 ml of ice cold ddH2O and centrifuged as mentioned earlier. After 

centrifugation the supernatant was discarded and the pellet was again resuspended in 25 ml of 

ice cold ddH2O and centrifuged as mentioned earlier. Again the supernatant was poured off and 

resuspended in 10% glycerol in ddH2O (2 ml for each 50 ml of bacterial culture) and 

centrifuged at 4000 rpm for 20 minutes at 4
o
C. Finally, the supernatant was removed and the 

pellet was resuspended in 10% glycerol in ddH2O (1 ml for each 50 ml of bacterial culture). 100 

µl of this bacterial cell suspension was aliquoted in pre chilled 1.5ml eppendorf tubes and were 

snap freezed in liquid N2 and then the tubes were stored in -80
o
C. 

CaCl2 competent cells 

A single bacterial colony was inoculated in 20 ml LB and incubated at 37
o
C in a shaker 

incubator at 200 rpm to an OD600 of 0.4-0.6 and then inoculated in 100 ml LB media and 

incubated till the OD600 reached 0.4 -0.6 and then the culture flasks were placed on ice for 30 

minutes. The bacterial culture was centrifuged in 50 ml centrifuge tube for 15 minutes at 4000 

rpm at 4
o
C. After centrifugation the supernatant was discarded and the bacterial pellet was 

resuspended in 30 ml of ice cold MgCl2-CaCl2 solution (80 mM MgCl2. 20 mM CaCl2) by 

swirling or gentle vortexing and again centrifuged as mentioned above. The supernatant was 

again discarded and the pellet was resuspended in 2 ml of ice cold 0.1 M CaCl2 solution 

(containing 20% glycerol) for each 50 ml of culture. 100 µl of this bacterial cell suspension was 
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aliquoted in pre chilled 1.5 ml eppendorf tubes and were snap freezed in liquid N2 and then the 

tubes were stored at -80
o
C. 

 

3.2.c.iii. Long range PCR for amplification of DNA insert 

This PCR was performed to amplify the DNA fragment (fim operon - CP000243.1|:4905700-

4914457 Escherichia coli UTI89 ~8.7 kb- used as a reference for designing primers) to be used 

as an insert fragment in cloning. Strains form predominant fimH alleles (designated as I, II, III 

till XIV as determined by SNP typing of fimH gene Table 5) were used for cloning. 

Table 5: Strains representing predominant fimH alleles that were used for cloning 

No. Allele No. Strain 

1. I IMT23830 (APEC_O1) 

2. II IMT9241 

3. III IMT12024 

4. IV IMT8894 

5. V IMT9264 (IHE3034)  

 

PCR reaction mixture 

Deionized water (MQ H2O)  30 μl  

10X High Fidelity PCR Reaction buffer  5 μl  

Primer IMT5918 fim operon For  (10 pmol)  5 μl  

Primer IMT5919 fim operon Rev (10 pmol)  5 μl  

dNTP mix (10 mM)  0.5 μl  

High Fidelity Taq Polymerase  0.5 μl  

DNA template (50 ng/µl) 4.0 μl 

Total  50 μl 

 

PCR Program 

94
o
C 3 min  

94
 o
C 30 sec 

10 cycles 60.4
 o
C 30 sec 

68
 o
C 8 min 

94
 o
C 30 sec 

20 cycles 60.4
 o
C 30 sec 

68
 o
C 12 min 

68
 o
C 10 min  

 

The PCR products were loaded on a 0.4 % agarose gel and samples positive for fim operon 

were determined by the presence of 8.5 kb band. 
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3.2.c.iv. Ethanol precipitation of DNA 

1/10 volume of 3 M sodium acetate and 10 volume of 100% ethanol was added to the DNA 

sample (product of long range PCR), mixed properly and stored at -20
o
C for at least 30 minutes. 

After that the sample was centrifuged at 12,000 rpm for 15 minutes. The supernatant was 

discarded carefully and the pellet was washed twice with 70% ethanol and then air-dried to 

remove ethanol traces and later resuspended in the appropriate volume of TE or water. 

 

3.2.c.v. Isolation of plasmid by alkaline lysis method 

A single colony was inoculated in 5 ml of LB media and incubated overnight in a shaker 

incubator at 37
o
C. 3 ml of the overnight culture was centrifuged in a 1.5 ml centrifuge tube for 

two minutes at 6,000 rpm and the supernatant was discarded. The pellet was resuspended in 200 

µl of solution I containing T25E10 + 4 µl RNAse (Tris-pH 7.5 to 8, 25 mM, EDTA 10 mM) by 

vortexing. 200 µl of solution II (0.2 M NaOH, 1% SDS) was then added to the tube and 

incubated at room temperature for 15 minutes. After incubation, 200 µl of solution III (3 M 

Potassium Acetate pH 5) was added and mixed by inverting the tube 10-12 times and incubated 

on ice for 20 minutes. The tube was then centrifuged at 12,000 rpm for 15 minutes. Clear 

supernatant was collected in a new tube and 1 ml of 100% ethanol was added and then the tube 

was centrifuged at 12,000 rpm for 15 minutes. The supernatant was discarded and the pellet was 

washed twice with 500 µl of 70% ethanol and air-dried completely to remove ethanol. The 

pellet was then resuspended in MQ water. The plasmids isolated were loaded on a 0.8 % 

agarose gel and samples positive for pET-45b(+) vector were determined by the presence of a 

5.2 kb band. 

 

3.2.c.vi. Restriction digestion of plasmid vector pET-45b(+) and DNA insert 

 

Restriction digestion of the plasmid vector and DNA insert was performed using restriction 

enzymes as recommended by the enzyme manufacturers. 

Fast digest buffer 1 µl 

Plasmid vector 3 µl 

XhoI enzyme 0.5 µl 

SalI enzyme 0.5 µl 

MilliQ water 5 µl 

 

The reaction mixture was incubated at 37
o
C in a water bath and later the enzymes were 

inactivated by heating the reaction mixture at 60
o
C for 5 minutes. 
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3.2.c.vii. Purification of digested DNA and plasmid vector 

 

Digested DNA was purified by ethanol precipitation as described earlier. Plasmid was purified 

using ‘QIAquick Gel Extraction Kit protocol’ (QIAGEN GmbH, Hilden, Germany) as 

recommended. Briefly, the digested plasmid was excised from gel and weighed in 2 ml 

eppendorf tube. Three volumes of QG buffer were added to 1 volume of gel and were incubated 

at 50
o
C till the gel was dissolved completely. Then, 1 volume of iso-propanol was added to the 

tube and mixed by inverting the tube. The mixture was added to the spin column (provided in 

kit) and centrifuged at 13,000 rpm for 1 minute. 0.75ml of buffer PE was added to the column 

for washing and then centrifuged as mentioned earlier. The spin column was then placed in a 

1.5 ml centrifuge tube and EB buffer or MilliQ water was added to the column and allowed to 

stand at room temperature for 2 minutes and then centrifuged at 13,000 rpm for 1 minute to 

elute the plasmid. Concentrations were determined using Nanodrop (NanoDrop 1000 

Spectrophotometer from Thermo Scientific, GmbH Schwerte, Germany).   

 

3.2.c.viii. Ligation of plasmid vector and DNA insert 

The ligation reaction was set up according to the manufacturers recommendations, considering 

a vector insert ratio of 1:10.  

T4 Ligase buffer 1 µl 

Plasmid vector (pET-45 b(+) 1 µl 

DNA Insert 5 µl 

T4 DNA Ligase enzyme 1 µl 

MilliQ water 2 µl 

Total 10 µl 

 

The ligation mixture was incubated at room temperature for 1 hour and then overnight at 4
o
C 

and later used for transformation into competent cells. 

 

3.2.c.ix. Transformation of competent cells 

Heat shock method 

An aliquot of CaCl2 competent cells was thawed on ice and 2-5 µl of the ligation mixture was 

added to the thawed cells and incubated on ice for 20 minutes. Then the bacterial cells were 

given heat shock by placing the tube in a waterbath at 42
o
C for 90 seconds and then left on ice 

for 1-2 minutes. 0.8 ml of LB media was added to the tube and the tube was placed in a shaker 
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incubator at 37
o
C for 45 minutes. After incubation, the tube was centrifuged to spin down the 

cells and excess of media was discarded. 250 µl media was left in the tube and the pellet was 

resuspended in these 250 µl LB media and then spread on LB plates having appropriate 

antibiotic and incubated at 37
o
C overnight (12-16 hrs). After overnight incubation the colonies 

were screened for clones carrying the DNA insert by colony PCR. 

 

Electroporation method 

An aliquot of electro-competent cells from -80
o
C was thawed on ice and 2-5 µl of the ligation 

mixture was added to thawed competent cells. The cells along with ligation mixture were added 

to a pre-cooled cuvette and placed in the electroporator and electroporation was carried out at 

2,500 V/sec. After electroporation 200 µl of pre-warmed LB media (37
o
C) was added to the 

cuvette and then the cell suspension added to 1 ml LB media in 1.5 eppendorf tube and 

incubated for 3 hrs at 37
o
C in a shaker incubator. After incubation, the tube was centrifuged at 

5,000 rpm for 2 minutes. The supernatant was discarded and the pellet was resuspended in 200 

µl of LB media. 100 µl of this bacterial suspension was spread on LB agar plate with 

appropriate antibiotic and incubated overnight at 37
o
C. To the other 100 µl of bacterial 

suspension 900 µl of LB media was added and incubated at 37
o
C in a shaker incubator to plate 

on next day if required. After overnight incubation the colonies were screened for clones 

carrying the DNA insert by colony PCR. 

 

3.2.c.x. Screening of colonies for DNA inserts. 

A master-mix was prepared with specific primers for the DNA insert (specific primers for fimE 

gene which is regularly present in the fim operon) and aliquoted in cold PCR tubes kept on ice. 

To each tube containing the PCR reaction, a small amount of colony was added with a tip and 

pipetted up and down to mix. Sufficient mixing resulted in complete cell lysis and high yields. 

PCR reaction mixture 

Deionized water (MQ H2O) 21.75 μl  

10 x PCR Green Reaction buffer  3 μl  

Primer IMT5916 fimE For (10 pmol)  0.4 μl  

Primer IMT5917 fimE Rev (10 pmol)  0.4 μl  

dNTP mix (10 mM)  0.4 μl  

DreamTaq Green DNA Polymerase (5u /μl) 0.05 μl  
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PCR conditions 

95
o
C 5 min  

94
 o
C 30 sec 

30 cycles 57
 o
C 30 sec 

72
 o
C 45 sec 

72
 o
C 10 min  

 

The PCR products were loaded on a 1.5 % agarose gel and samples positive for fimE gene were 

determined by the presence of a 601 bp-band. Colonies found positive for PCR were inoculated 

in 5 ml LB media for plasmid isolation which were digested for clone conformation.  

 

3.2.c.xi. Agarose gel electrophoresis 

Agarose gel electrophoresis was used to determine the presence and specific size of PCR 

products. Agarose was weighed depending on the percentage of gel to be prepared (e.g. for 

1.5% gel add 1.5 gram agarose in 100 ml of TBE buffer) and added to 1 x TBE buffer and 

melted in microwave till the solution becomes clear. Once the agarose was cooled to 50-55
o
C, 

EtBr solution was added and the agarose was poured in the gel tray with sealed ends and comb 

placed properly. When the gel was solidified, loading dye was added to the PCR tubes and 

mixed with the samples and each sample was loaded in a separate well of the gel, with proper 

marker in one well. Electrodes were connected correctly and the run was applied according to 

the gel percentage and size of gel (e.g. for 0.8 to 1.5 % agarose gel 100 to 130 volts). 

    

3.2.d TOPO cloning 

TOPO cloning was performed using ‘TOPO TA Cloning Kit’ (Invitrogen Life Technologies) as 

recommended by the manufacturers. Taq polymerase has a non template dependent terminal 

transferase activity that adds a single deoxyadenosine (A) to the 3   ends of PCR products. The 

linearized vector supplied in the kit has single, overhanging 3   deoxythymidine (T) residues. 

This facilitates PCR inserts to ligate efficiently with the vector. 50 μl PCR reaction was setup 

for this procedure using the cycling parameters according to the primers with an extra 30 

minutes extension at 72 C after the last cycle to ensure that all PCR products were full length 

and 3   acetylated. Once the desired PCR product was obtained (product checked on agarose gel) 

ligation reaction was setup with linear vector according to manufacturer’s instruction. 
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Ligation mixture 

Fresh PCR product  4 μl 

Diluted salt solution  1 μl 

MilliQ water 0.75 μl 

TOPO vector 0.25 μl 

Total  6 μl 

The ligation mixture was kept at room temperature for 1 hour and then transformed in electro- 

competent or chemical competent TOP10 E. coli. 

 

3.3 Cell culture experiments 

3.3.a. Adhesion and invasion assay 

3.3.a.i) Reviving of cell line from liquid nitrogen. 

The vial from liquid nitrogen freezer was removed and thawed by gentle agitation in a 37°C 

water bath until ice crystals were melted and then the contents of the vial were transferred into a 

sterile 1.5 centrifuge tube and 0.5 ml of complete media (DMEM F-12 media with 10% FCS 

and 1% penicillin and streptomycin antibiotic mixture for MDCK-1 (Madin-Darby Canine 

Kidney-1) and HEK-293T (Human embryonic kidney-293T) cells) was added to the tube and 

centrifuged at 1000 rpm for 10 minutes. Culture vessel (T-25 flask) was prepared containing 4 

ml of the appropriate culture medium at proper temperature. After centrifugation supernatant 

was discarded and the pellet was resuspended gently in 1 ml of complete media to avoid cell 

clumps. The cell suspension was transferred into the culture vessel and was swirled gently in 

direction of making 8. The culture vessel was then incubated in 5% CO2 incubator at 37
o
C and 

was examined after every 24 hrs to check if subculture was required. 

 

3.3.a.ii) Subculturing of adherent cells 

Trypsin-EDTA solution, complete growth medium, 1 x PBS and antibiotic solution were 

maintained at 37
o
C. The cell culture medium was removed from the flask without disturbing 

monolayer and the monolayer was washed once with sterile 2 ml 1 x PBS. Two to 3 ml of 

Trypsin-EDTA solution was added to the monolayer and incubated at 37
o
C for appropriate time 

till the cells got detached. Six to 8 ml of complete growth medium was then added to the cell 

suspension to inactivate the trypsin. The cell suspension was collected in a centrifuge tube and 

centrifuged at 1,000 rpm for 10 minutes. The supernatant was discarded and the pellet was 

resuspended in appropriate volume of media. 4 ml of complete media was added to a new T-25 

flask and cell suspension was added to the flask and placed back into the incubator and 
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examined next day to ensure that the cells have reattached and were growing actively. The 

medium was changed when the media color changed yellowish from pink. 

 

Animal cell line (MDCK-1) and human cell line (HEK-293T) were used for adhesion and 

invasion assays. Monolayer of MDCK-1 and HEK-293T cells was maintained at 37
o
C in 5% 

CO2:95% air (v/v) using Dulbecco’s Modified Eagle’s Medium supplemented with 10% fetal 

calf serum and 1% Penicillin and streptomycin antibiotic. 

 

3.3.a.iii) Seeding the cells 

To seed the cells for performing adhesion and invasion assays, a confluent (70–90 %) cell 

culture flask was taken and the entire medium was removed. The cell monolayer was washed 

once with sterile 1 x PBS. Trypsin- EDTA solution was then added to the monolayer and the 

flask was incubated at 37
o
C for 10 minutes. Six to 8 ml of complete growth medium was then 

added into the flask to the cell suspension to inactivate the trypsin. The detached cells were 

transferred to a 15 ml centrifuge tube and centrifuged at 1,000 rpm for 10 minutes. The 

supernatant was discarded and the cell pellet was resuspended in 5 ml fresh warm medium. 

Around 30-50μl of this suspension was added to each well of a 12-well cell culture plate 

containing 1 ml medium and incubated at 37 ºC in 5 % CO2 until a confluent monolayer was 

formed for performing assay. 

 

3.3.a.iv) Performing adhesion and invasion assay 

To quantify the association of bacteria with eukaryotic cells, adhesion assays were performed 

with some modifications from (Dogan et al. 2006). Briefly, bacteria were pelleted and 

resuspended in DMEM. Confluent monolayer of MDCK-1 and HEK-293T cells (~2×10
7
) 

grown in 12-well plates were infected with the bacteria resuspended in DMEM at an MOI 

(multiplicity of infection) of 10 and incubated for 3 hours in a CO2 incubator. After 3hours of 

incubation at 37
o
C with 5% CO2, the monolayer was washed three times with 1 x PBS and 

lysed with 1 ml of 0.1% Triton X-100 (in 1 x PBS) for 10 minutes. Upon lysis, lysates were 

collected and serially diluted and then plated on LB-agar plates and incubated overnight. The 

colonies were enumerated after overnight incubation. Adhesion was expressed as the total 

number of colony-forming units (CFU)/ml recovered per well. Each assay was repeated three 

times with three different biological samples. E. coli strain CFT073 strain was used as positive 

control and AAEC189 (a fim-negative E. coli K-12 derivative) as a negative control. 
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Bacterial invasive ability was assessed by performing invasion assays in MDCK-1 and HEK-

293T cells with some modifications from Dogan et al. (2006) (Dogan et al. 2006). Confluent 

monolayer of MDCK-1 and HEK293T cells were grown in 12-well plates (~2×10
7
) and 

infected with bacteria at an MOI of 10 as described in the adhesion assay. After 3 hrs of 

incubation, media was removed and fresh 1 ml of DMEM media (without serum) containing 

50 mg/ml gentamicin was added to the monolayer and incubated for another 1.5 hours to kill 

extracellular bacteria. After incubation, the monolayer was washed three times with 1 x PBS 

and lysed with 1 ml of 0.1% Triton X-100 (in 1 x PBS) for 10 minutes. The lysates were 

collected and serially diluted and then plated on LB-agar plates. After overnight incubation the 

colonies were counted. Invasion was expressed as the total number of CFU/ml recovered per 

well. Each assay was repeated three times with three different biological samples. Avian E. coli 

strain IMT9294 (MT78) (Matter et al. 2011) was used as positive control and AAEC189 (fim-

negative E. coli K-12 derivative) as a negative control. 

 

3.4  Bioinformatics analysis  

 

3.4.a Comparison of maximum common genome (MCG) sequences of 46 different E. coli 

strains 

 

The strategy for distinguishing ST95 strains from different hosts initially aims at determining 

target candidate genes from maximum common genome that are presumed to be highly 

conserved among the bacterial species but might have established minor host-adaptive changes 

among certain subgroups during bacterial evolution. These genes could be used to identify 

single nucleotide polymorphisms (SNPs) discerning ST95 strains with respect to their host. At 

the beginning of my thesis work, only one avian ExPEC strain (APEC O1) was fully sequenced 

(Johnson et al. 2007), while a number of available ExPEC genomes were from human isolates 

(Table 4). For the comparison of maximum common genome among different E. coli strains, all 

four available ST95 ExPEC genomes were included, while in addition fully sequenced ExPEC 

strains belonging to other STs (all from human) as well as strains from other E. coli pathotypes 

and K-12 laboratory strains (follow Multiple alignment tree [Fig 4] for GenBank Accession 

numbers) were included to increase the robustness and reliability of the method.  
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As mentioned 46 fully annotated E. coli genomes were used for maximum common genome 

comparison to identify candidate genes suitable for SNP analyses. Coding sequences of these 

genomes were procured from NCBI (http://www.ncbi.nlm.nih.gov/genome) and were clustered 

using CD-HIT program (developed by Dr. Weizhong Li at Dr. Adam Godzik’s Lab at the 

Burnham Institute (Sanford-Burnham Medical Research Institute). The filtering of the gene 

clusters that were related to the maximum common genome was then performed and these gene 

clusters were subjected to alignment using MUSCLE (Edgar 2004). Later, trees were generated 

using Maximum Likelihood method (Cam 1990). Therefore, genes that were conserved within 

the maximum common genome of different strains were identified. 

 

Further analysis of the genes that were identified above was done for the four strains belonging 

to ST95 that are listed in Table 4, using Treeview program (TreeviewX Version 0.5.0) (Page 

1996). This analysis was based on sequence variations among the genes within four strains of 

ST95 that designate the strains on different branches of the multiple alignment tree.  

In this way, all the genes that showed variations in the sequences of the genes in avian ExPEC 

strain APEC O1 and the other three human ExPEC strains of ST95 were selected. 

 

3.4.b In silico analysis of 46 genomes of E. coli strains including STC95 strains, based on 

recombination and mutation events to identify candidate genes for SNP analysis 

discerning ST95 strains according to specific human/avian host. 

 

Another approach was also applied for the identification of genes for SNP analysis under the 

supervision of Dr. Haritha and was performed by Christoph Hartmann, who were members of 

the core bioinformatic facility of our institute. This analysis aimed at identifying recombination 

versus mutation events among the previously selected genes from maximum common genome 

shared by all the 46 E. coli genomes, in order to minimize the number of candidate genes 

included in subsequent SNP typing. The basic concept behind this idea is that genes undergoing 

frequent recombination cannot serve as good genetic markers. The above mentioned 46 E. coli 

genomes and 2169 gene clusters were used for this analysis and multiple sequence alignment of 

orthologous genes was performed using the ClustalW (ClustalW version 2.0) (Larkin et al. 

2007) program with default settings. To construct a phylogenetic compatibility matrix, all 

orthologous gene sets were first concatenated into a single alignment. The evolutionary 

genomic approaches such as phylogenetic and substitution pattern methods were used to detect 

recombination events by examining the phylogenetic congruence among genes and also to 
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investigate the impact of recombination on the core genome of E. coli. We applied a method 

which tests for the rejection of a set of topologies, by a set of orthologous genes using the AU 

(Approximately unbiased) test (Shimodaira 2002, Susko et al. 2006). When a gene rejects a tree 

that is supported by the majority of the other genes, this gene is considered to be laterally 

transferred. We applied this approach to our data sets, testing topologies of the individual gene 

trees obtained by using Phylogenetic estimation using Maximum Likelihood (phyML version 

3.0) (Guindon et al. 2010) and comparing it with the additional parsimony tree obtained with 

PHYLIP (Phylogeny Inference Package) (available online- provided by Joe Felsenstein, 

Department of Genome Sciences and the Department of Biology at the University of 

Washington) that was reconstructed from the concatenation of all genes. The site likelihood of 

each tree was then computed by the program Baseml (PAML package) (Yang 1997). The AU 

test was then applied using Consel (Shimodaira 2001) that is mainly designed for the selection 

of phylogenetic trees. Consel reads the output of phylogenetic packages like PAML, Phyml and 

calculates the p-value using several testing procedures like bootstrap probability and also 

calculates p-value based on AU test using multi scale bootstrap technique. Further identification 

of potential recombination evidence from each aligned orthologous group (at a nucleotide level) 

was performed using the MaxChi (Maximum Chi square test), Pairwise Homoplasy index (PHI) 

which has been indicated to be powerful in detecting recombination events (Smith 1992). 

Therefore, genes that undergo mutations and not recombination were selected. 

 

3.4.c Identification of genetic markers by analyzing genes of core genome from nine 

fully sequenced ST95 strains genome. 

 

In another approach, for identification of candidate genes for SNP typing, we analysed 1300 

genes from the maximum common genome of nine strains that belong to ST95 complex (Table 

6). Among these nine strains, the sequences of four ST95 strains (APEC_O1, S88, IHE3034 

and UTI89) were available at NCBI and the other additional five strains (two strains 

[IMT11979, IMT13832] isolated from human, two strains isolated from birds [IMT9243, 

IMT15146], and one strain of canine origin [IMT20122]) that belong to ST95 were sequenced 

by our institute. 

 

 

 

http://evolution.gs.washington.edu/felsenstein.html
http://www.gs.washington.edu/
http://www.biology.washington.edu/
http://www.washington.edu/
http://www.washington.edu/
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Table 6: E. coli ST95 complex strains used for genome comparision 

Strain Pathotype* Host Year Region 

APEC_O1 APEC Bird unknown USA 

IHE3034 NMEC Human 1976 Finland 

S88 NMEC Human unknown France 

UTI89 UPEC Human unknown unknown 

IMT13832 UPEC Human 2001 Germany 

IMT15146 Commensal Bird 2008 Germany 

IMT11979 UPEC Human 2005 Germany 

IMT20122 UPEC Dog 2009 Netherlands 

IMT9243 APEC Bird 2005 Germany 

 *APEC = Avian pathogenic E. coli; UPEC = Uropathogenic E. coli; NMEC = Neonatal 

Meningitis E. coli 

 

Ridom® SeqSphere Software (Ridom Bioinformatics, Ridom® GmbH, Munster, Germany) 

(Junemann et al. 2013) was used to analyse 1300 genes using default settings, in order to 

identify certain candidate genes that could separate the strains isolated from birds from that of 

the strains isolated from humans and a dog. Following this approach, certain genes were 

identified that differentiated strains of avian origin from strains isolated from humans and dog. 

 

The genes that were identified earlier as candidate genes for SNP analysis were amplified using 

the below mentioned PCR conditions from the genomic DNA of 24 strains isolated from 

humans and 24 strains of avian origin belonging to ST95 from the strain collection of our 

institute and were sequenced and later analysed for specific SNPs. 

 PCR reaction mixture 

Deionized water (MQ H2O) 27.05 μl  

10 x PCR Green Reaction buffer  4 μl  

Primer IMT6006 – ybjD (10 pmol)  0.3 μl  

Primer IMT6007 – ybjD (10 pmol)  0.3 μl  

dNTP mix (10 mM)  0.3 μl  

DreamTaq Green DNA Polymerase (5u /μl) 0.05 μl  

 

PCR conditions 

95
o
C 5 min  

94
 o
C 60 sec 

30 cycles 55
 o
C 30 sec 

72
 o
C 45 sec 

72
 o
C 10 min  
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The above reaction mixture was the same for all genes that were amplified with their respective 

primers; also identical PCR conditions were used for all the genes. Four microliter of the PCR 

products were loaded on a 1.5 % agarose gel and samples positive were later sequenced. The 

sequences were then analyzed by MEGA software (Molecular Evolutionary Genetics Analysis 

Version 5.05) (Tamura et al. 2011). 

 

3.4.d SNP analysis of E. coli fimbrial adhesin gene  

As the bioinformatics approach to identify suitable genes for SNP analysis from MCG was 

carried out, SNP analysis was also performed for fimH gene that has already been suggested 

suitable for discerning ExPEC groups (Tartof et al. 2007). FimH is part of a chromosomal 

operon and its gene product (adhesin) is responsible for the mannose-specific or receptor-

specific binding of type I fimbriae.  

PCR was performed for all ST95 strains available at our institute strain collection (see 3.2.a). 

The PCR products positive for fimH gene were sequenced both in forward and reverse 

direction. The sequences were then analyzed by MEGA software (Molecular Evolutionary 

Genetics Analysis Version 5.05) (Tamura et al. 2011). 

http://www.megasoftware.net/
http://www.megasoftware.net/
http://www.megasoftware.net/
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4. Results 

According to the publicly available database (http://mlst.ucc.ie/mlst/mlst/dbs/Ecoli/ as observed 

in April 2013) sequence type 95 (ST95) contains strains, mostly isolated from humans and avian 

species with an exception of one canine strain. Therefore this ST could be designated as “Human-

Avian” ST based on previous results from our group, where a large set of strains from cattle, 

swine, dogs and cats were mostly determined as non-ST95 strains, substantiating the limited host 

range of ST95 strains (Ewers et al unpublished data). This designation envisions that these strains 

are some kind of host limited. Efforts have been made to discern this group of ExPEC strains with 

respect to their clinical implications and host origin, but a precise definition and methods to study 

the risk assessment of these strains, in particular with regard to their zoonotic potential, has not 

been found today. 

 

Currently it is not known whether all of these strains are zoonotic, or whether some strains are 

specific to one particular host, namely the human or an avian host. We hypothesized that such a 

host-specificity is reflected by a genetic variability among the human and the avian strains of 

ST95. If so, this genetic difference would be useful to discern these strains in the future in 

accordance with their host. This would be of utmost importance in terms of transmission events 

and risk assessment. On the other hand, these strains of ST95 may also have some host specific 

phenotypes that could differentiate these strains according to their host based on phenotypic 

characters. Hence, the main aim of our study was to identify certain genetic markers which would 

allow a rapid and specific risk assessment in the future. We concentrated on single nucleotide 

polymorphisms (SNP) that discern ST95 strains in a host specific manner. The concept was to 

analyze both the Maximum common genome (MCG) and the flexible or accessory gene pool. 

 

Different approaches were put forward to identify certain candidate genes from the MCG and 

flexible genome for which SNP typing could be performed to identify genetic marker. The second 

aim was to identify certain phenotypic characteristics in strains from ST95 complex that would 

segregate this group of strains according to their origin from specific human/avian hosts. 

Different phenotypic characteristics like adhesion and invasion capabilities, biofilm forming 

capabilities, expression of curli and cellulose via long term biofilm colony formation, 

haemagglutination assay and serum resistant phenotype of ST95 strains towards chicken and 

http://mlst.ucc.ie/mlst/mlst/dbs/Ecoli/
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human serum, were accessed, so as to investigate if this group of strains could be differentiated 

from each other based on their phenotypic behavior. 

 

For the identification of candidate genes that could be analyzed for SNP typing, initially the MCG 

of publicly available 46 E. coli genomes including strains of ST95 were procured from NCBI. In 

another approach the MCG of only those strains that belonged to ST95 and are available at NCBI 

were used along with additional five ST95 strains (two strains isolated from humans, two strains 

isolated from bird and one strain of dog) whole genome sequenced by our institute in the last 

year. 

 

For the identification of specific phenotypes among the strains of ST95, 116 strains including 

61 strains isolated from birds and 55 strains isolated from humans (Habilitation-Ewers 2012) 

were investigated to determine their phenotypic characters by performing biofilm formation 

assay, long-term biofilm formation assay, haemagglutination assay and serum sensitivity assay. 

The adhesion and the invasion capabilities of thirteen strains isolated from humans (six NMEC, 

six UPEC strains and one commensal strain) and eight strains from birds (six APEC strains and 

two commensal strains) out of 116 ST95 strains were also investigated. The strain selection for 

adhesion and invasion assay was based on their similar virulence gene pattern and clonal nature 

as analyzed by their ST, macro-restriction pattern of their genomes (Pulsed-field gel 

electrophoresis) that had been done before the start of this thesis (Habilitation-Ewers 2012). 

Thus, different phenotypic characters were investigated for the strains of ST95 available at our 

institute. 

 

4.1. Screening of available strains from different animal hosts for sequence type 95 

At the start of this thesis, a collection 120 strains of ST95 were available for our analyses. To 

include as many as possible ST95 strains, during the time of this thesis additional 140 strains 

from various hosts were screened for ST95 by PCR for a 434-bp fragment of the gene termed 

“specific for virulent subgroup (svg)” that had previously been suggested to specifically identify 

strains belonging to ST95 (Bidet et al. 2007). Most of these strains (Table 1) turned out to be 

negative for svg with the only exception of one strain isolated from a cat. However, subsequent 

MLST analysis assigned this strain to ST568 and not as expected to ST95. Thus, the published 

PCR is not specific for ST95. However, as ST568, which shares two alleles with ST95, belongs 

to the ST complex 95, this PCR seems to be useful as a pre-screen for strains of STC95.  
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4.2. Identification of genetic markers -- single nucleotide polymorphisms (SNPs) - that 

discern ST95 strains with respect to their host origin. 

4.2.a. Comparison of maximum common genome (MCG) sequences of 46 different E. coli 

strains 

A first step in the putative identification of SNPs in ST95 strains being specifically associated 

with specific hosts was the analysis of a maximum common genome (MCG). The MCG was 

initially identified from the whole annotated genomes of 46 E.coli strains, resulting in a total of 

2,169 conserved genes that were shared by these 46 different E. coli strains. Multiple sequence 

alignment trees were obtained for all these genes. Using the program TreeviewX each of the 

single 2,169 gene trees were again analyzed to determine sequence variations in the sequences 

among four ST95 strains as listed in Table 7.  

 

Table 7: Publicly available genomes of ST95 E. coli strains used for SNP-analysis 

Strain Pathotype* Host Accession number Reference citation 

APEC_O1 APEC Bird NC_008563.1 (Johnson et al. 2007) 

IHE3034 NMEC Human CP_001969.1 (Moriel et al. 2010) 

S88 NMEC Human NC_011742.1 (Touchon et al. 2009) 

UTI89 UPEC Human NC_007946.1 (Chen et al. 2006) 

 

ST95 strains having no sequence variability appeared to be on the same branch of multiple 

sequence alignment trees for a given gene cluster while differences in the sequences of a gene, 

separated the four ST95 strains on different branches of the multiple sequence alignment tree. 

Examples for two genes are given in Figure 4. 
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(A)                                                                               (B) 

Figure 4: Dendrograms exemplarily depicting multiple alignment trees based on the sequences 

of two core genome genes of the 46 E. coli strains, the genomes of which were 

annotated and publicly available at the start of the thesis. (A) Gene cluster glutamate 

synthase represents no differences in the sequence and the four strains appear on the 

same branch. (B) Gene cluster cysteine sulfinate desulfinase represents strains on 

different branches due to differences in the sequences among the strains. 

 

This analysis of 2,169 genes revealed 172 genes that showed differences in the sequences of the 

genes of avian ExPEC strain APEC O1, designating this strain on a different branch when 

compared to the other three human ExPEC strains. Similarly, strain IHE3034 (NMEC), isolated 

from a human case of meningitis, possessed 73 genes that showed sequence variations when 

compared to the other ST95 strains. S88 (NMEC) had 93 genes and strain UTI89 (UPEC), 

isolated from a human case of cystitis, accommodated 24 genes that had different sequences 

when compared to other strains. Therefore, a large group of genes among four strains of ST95 

were identified that represented variability among their sequences when compared among four 

ST95 strains. Hence another alternative approach was put forward to identify specific candidate 

genes for SNP analysis. 
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4.2.b. In silico analysis of 46 genomes of E. coli strains including STC95 strains, based on 

recombination and mutation events to identify candidate genes for SNP analysis 

discerning ST95 strains according to specific human/avian host origin 

 

As a result of genome comparison of 46 E. coli genomes, many different genes were detected as 

mentioned above (4.2.a) that showed variation in their sequences among ST95 strains. Thus we 

used an additional alternative method for the identification of genes useful for SNP analysis. As 

the genes undergoing frequent recombination could not be used for SNP analysis, further gene 

differentiation of genes was based on recombination and mutation events within the genes to 

identify genes for SNP analysis. 

In this method, individual gene trees for all the 2,169 genes identified earlier were obtained by 

using Phylogenetic estimation using Maximum Likelihood (phyML). A single tree of an 

individual gene was later compared with the additional Parsimony tree obtained using PHYLIP 

(Phylogeny Inference Package), which was reconstructed from the concatenation of all the 

genes. The recombination events among all the gene trees were then detected based on p-values 

obtained by AU test (Approximately unbiased) and recombination was detected using MaxChi 

(Maximum Chi square test) and Pairwise Homoplasy index (PHI). Genes that had undergone 

recombination were rejected and only those genes that had undergone some mutations were 

selected. As a result of this approach, 36 genes were selected (Table 8) and considered to be 

candidate genes for SNP analysis. 

 
Table 8: Candidate genes identified to have mutations and no recombination history. 

These genes were identified by the analysis of 46 genomes with a method detecting 

recombination and mutation events within a gene. 

 

No. Gene Gene product 

1 gapA Glyceraldehyde-3-phosphate dehydrogenase A 

2 rplB 50S ribosomal protein L2 

3 torR DNA-binding transcriptional regulator TorR 

4 rsxA Na(+)-translocating NADH-quinone reductase subunit E 

5 sodB Superoxide dismutase 

6 lrp Leucine-responsive transcriptional regulator 

7 pal Peptidoglycan-associated outer membrane lipoprotein 

8 rpsG 30S ribosomal protein S7 

9 rplE 50S ribosomal protein L5 

10 rplF 50S ribosomal protein L6 

11 ygaP Conserved hypothetical protein 
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No. Gene Gene product 

12 ompX Outer membrane protein X 

13 spy Periplasmic protein 

14 sixA Phosphohistidine phosphatase 

15 dksA RNA polymerase-binding transcription factor 

16 yhbC Hypothetical protein 

17 yaiY Conserved hypothetical protein 

18 metJ Transcriptional repressor protein MetJ 

19 rbfA Ribosome-binding factor A 

20 rplP 50S ribosomal protein L16 

21 yraN Hypothetical protein 

22 apaG ApaG protein 

23 dinI DNA damage-inducible protein I 

24 rnpA Ribonuclease P 

25 ydhD Hypothetical protein 

26 ybaB Hypothetical protein 

27 smpA Hypothetical protein 

28 ybjQ Hypothetical protein 

29 clpS ATP-dependent Clp protease adaptor protein ClpS 

30 yjfN Hypothetical protein 

31 yciS Conserved hypothetical protein 

32 yciI YciI-like protein 

33 fis DNA-binding protein Fis 

34 rpoZ DNA-directed RNA polymerase subunit omega 

35 minE Cell division topological specificity factor MinE 

36 yaiB Hypothetical protein 

 

When the sequences of all these 36 genes were compared within the four strains of ST95 

(mentioned earlier), the sequence identity for each of the gene among these four strains was 

observed to be 100%, illustrating no variability in the sequences among ST95 strains for all the 

genes. Hence, these 36 genes could not be used to differentiate the APEC_O1 strain from the 

other three human strains of ST95. Therefore, the selection of genes by identifying mutation 

and recombination events within genes could not identify candidate genes for SNP analysis.  

4.2.c. Identification of genetic markers by analyzing the MCG of nine genomes of strains 

of ST95 

As the genome analysis mentioned earlier could not point out candidate genes for SNP analysis, 

another alternative method was put forward to identify candidate genes for SNP typing. The 

MCG of nine strains of ST95 was analyzed to contain 1,300 genes. Among these nine strains, 

the sequences of four ST95 strains (APEC_O1, S88, IHE3034 and UTI89) were available at 
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NCBI and the other additional five strains (two strains [IMT11979, IMT13832] isolated from 

human, two strains isolated from birds [IMT9243, IMT15146], and one strain of canine origin 

[IMT20122]) that belong to ST95 were sequenced by our institute). 

  

As a result of this analysis twelve genes were identified (Table 9) that could segregate the 

strains isolated from birds on different branch of multiple sequence alignment tree from the 

strains isolated from human and dog, based on their sequence variation as shown in Figure 5. 

              

         

(A)                                                               (B) 

(A = Avian, H = Human, D = Dog)                                         

Figure 5: Multiple Alignment trees developed using Ridom Seqsphere representing 

trees for two genes (A = ybjD) and (B = tatB) separating strains of human from strains of 

avian origin. (Two strains isolated from humans [IMT11979, IMT13832], two strains of 

avian origin [IMT9243, IMT15146] and one dog strain IMT20122) that belong to ST95 

were sequenced by our institute.  

 

All 12 genes (Table 9) were amplified from 24 strains of human and 24 strains of avian origin 

of ST95 available at the time of analyses and were sequenced and analysed for SNPs using 

MEGA software (Molecular Evolutionary Genetics Analysis Version 5.05) (Tamura et al. 

2011). 

 

Table 9: Candidate genes selected for SNP analysis. 

No.  Genes Size (bp) Gene product 

1 ybjD 600 Hypothetical protein with nucleoside triphosphate hydrolase domain 

2 tatB 200 Sec- independent translocase 

3 mazG 792 Nucleoside triphosphate pyrophosphohydrolase 

http://www.megasoftware.net/
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No.  Genes Size (bp) Gene product 

4 hemH 963 Acetyl esterase 

5 hycD 924 Membrane spanning protein of formate hydrogenase 

6 hisJ 723 Histidine/lysine/arginine/ornithine transporter subunit 

7 lon 240 DNA binding ATP dependent protease La 

8 rbn 873 Ribonuclease BN 

9 rnfA 621 Translocating NADH quinone reductase 

10 ychN 354 Hypothetical protein 

11 yciM 117 Tetraricopeptide repeat protein 

12 yniC 669 2- deoxyglucose-6- phosphatase 

(The gene size in base pair represents the sequences within the gene that possessed specific SNPs differentiating 

the three genomes of strains of avian origin from five genomes of strains isolated human as shown in Fig. 5. These 

fragments of genes were amplified from 24 strains of human and 24 strains of bird using PCR. The strain 

APEC_O1 (NC_008563.1) was used as a reference for procuring sequences from NCBI for designing primers 

accordingly). 

We found that all the twelve genes that could separate the nine fully sequenced ST95 strains 

(mentioned earlier) based on specific SNP positions as shown in Figure 5 were unsuccessful to 

discern the strains isolated from humans and birds with respect to their host when a larger set of 

strains (total 48 strains, 24 strains of human and 24 strains of avian) was analysed. Since no 

host specific SNP was found, the strains from humans and avian hosts appear on the same 

branch of the multiple sequence alignment tree (Figure 6). Out of all twelve genes that were 

analysed for host specific SNPs none of the genes represented host specific SNPs. Hence, it can 

be concluded that out of the 1,300 genes that were initially analysed for identifying candidate 

genes for SNP typing, none represented promising SNPs that could discern the ST95 strains 

with respect to their host. These data indicate that the MCG of human and animal ST95 strains 

does not provide any host specific genetic difference. Thus from this analysis we presume these 

strains to be zoonotic. 
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(A)                                                                             (B) 

Figure 6: Multiple Alignment trees developed using Ridom Seqsphere representing trees 

for two genes (A) ybjD and (B) tatB that could not separate larger group of strains of 

human and avian origin as these strains appear on the same branch. Strains isolated from 

humans are marked in boxes. 

 

4.2.d. SNP analysis of E. coli fimbrial adhesin gene 

During the bioinformatics approach to identify suitable genes for SNP analysis from the MCG 

we complemented the ongoing analysis with SNP typing of a gene that has already been 

suggested suitable for discerning ExPEC groups. This gene, the fimbrial adhesin gene fimH, 

was therefore selected for further analyses. 
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FimH is part of a chromosomal operon and its gene product (adhesin) is responsible for the 

mannose-specific or receptor-specific binding of this type of fimbriae. In particular, specific 

fimH alleles expressed by many uropathogenic E. coli exhibit higher affinities for mono-

mannose receptors than most intestinal commensal isolates (Pouttu et al. 1999). This higher 

mono-mannose affinity increases bacterial tropism for uroepitelium and thus promotes bladder 

colonization (Sokurenko et al. 1998). This variation in FimH adhesin enhances its binding 

capacity to targets such as laminin, collagen and fibronectin as well as to different mannose 

derivatives (Bouckaert et al. 2005). Pathoadaptive mutations result in allelic variations of the 

FimH adhesin subunit ((Weissman et al. 2006, Weissman et al. 2007, Weissman et al. 2012). 

These mutations are important in tissue tropism determining fine sugar specificity of these 

fimbriae (Sokurenko et al. 1999, Oelschlaeger et al. 2002). By investigating such variability by 

SNP typing we hypothesized that it would be possible to identify distinctive pathoadaptive 

mutations within a given phylogenetic group such as ST95 with regard to the specific host. 

 

Our SNP typing revealed that the 108 strains (50 strains isolated from humans and 58 strains of 

avian origin) of ST95 represented 14 different fimH alleles (Table 10). However, as this table 

outlines even strains isolated from human and birds represented identical fimH alleles, thus 

indicating that a particular allelic variation is not related to a particular host. Identical fimH 

alleles were observed in the strains of avian and human origin. Therefore, fimH SNP typing also 

does not prove be a suitable genetic marker to differentiate strains of ST95 with respect to their 

host.  

Table 10: FimH allele types (based on nucleotide sequences) and frequency among ST95 

ExPEC strains 

 

ST95 ExPEC strains positive for the allele 

FimH allele 

Strains 

isolated from 

humans 

Strains 

isolated from 

birds  Total Number  

Percentage 

(%) 

I 14 29 43 39.09 

II 14 9 23 20.91 

III 3 7 10 9.09 

IV 7 3 10 9.09 

V 5 0 5 4.55 

VI 1 2 3 2.73 

VII 2 1 3 2.73 

VIII 0 3 3 2.73 

IX 1 1 2 1.82 
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X 2 0 2 1.82 

XI 0 1 1 0.91 

XII 0 1 1 0.91 

XIII 1 0 1 0.91 

XIV 0 1 1 0.91 

Total  50 58 108 100.00 

Some alleles were observed more frequent within the ST95 strains (Table 10) creating an 

interest to investigate the phenotypic characters of strains of these predominant allelic variants. 

4.3. Cloning of prominent fimH alleles 

As mentioned above 14 different fimH alleles were obtained in the ST95 strains of different 

pathotypes. Therefore we decided to investigate the phenotypic characters of some strains from 

predominant allelic variants with respect to the fimH gene. With this regard, cloning of the fim 

operon (~8.7 kb) from some of the strains (Table 5 see 3.2.c.iii) belonging to the predominant 

allelic groups (I, II, III, IV, V) using TOPO cloning and also direct cloning in pET-45b(+) 

vector was performed. However, successful clones were not obtained even when the cloning 

procedure was performed several times. The successful cloning and transformation of fim 

negative strains with fim clones could have helped us to understand the importance of the fim 

operon and particularly the role of pathoadaptive mutations within FimH. FimH plays a role in 

the adhesion of bacteria and in the early stages of biofilm formation by bacteria and genetic 

variability and specific polymorphisms within FimH facilitates bacterial adaptation towards 

host environment and thereby leading to infection (Sokurenko et al. 1998). 

 

4.4. Identification of phenotypic characteristics in ST95 strains that could segregate this 

group of strains according to their human/avian host respectively 

As the second aim of this study was to identify specific phenotypes among the strains of ST95, 

different phenotypic characters like adhesion and invasion capabilities, biofilm formation 

capabilities, long-term biofilm formation, haemagglutination activity and serum sensitivity in 

chicken and human serum were investigated to identify certain host specific phenotypes.  

4.4.a. Adhesion and invasion assay 

The adhesion and the invasion capabilities of thirteen strains isolated from humans (six NMEC, 

six UPEC strains and one commensal strain) and eight strains of avian origin (six APEC strains 

and two commensal strains) out of 116 ST95 strains were initially investigated in HEK293-T 

(Human embryonic kidney) cell line and MDCK-1 (Madin-Darby Canine Kidney-1) cell line. 
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The strains selected for adhesion and invasion assay had similar clonal nature as observed by 

their ST and similar virulence gene pattern and macro-restriction pattern of the whole genome 

(Pulsed-field gel electrophoresis) as determined before the start of this thesis (Ewers, Wieler et 

al., unpublished data). The selection of the cell line considered the background knowledge that 

UPEC strains adhere to bladder epithelial cells and ascend towards kidney; hence we 

investigated if ST95 strains of human origin representing different pathotypes adhere to the 

kidney cells and if the same phenotype is also demonstrated by ST95 strains of avian origin. 

The dog cell lines was also used so as to investigate if the ST95 strains can adhere to and invade 

kidney cells from a host other than humans and birds as recently two ST95 strains had been 

isolated from dogs (Ewers, Wieler et al., unpublished data).  

 
Adhesion in HEK293-T cell line and MDCK-1 cell line 

As mentioned, strains isolated from humans and birds were assessed for their ability to adhere 

to HEK293-T cell line. The adhesion profile of strains isolated from human and birds is shown 

in Figure 7.   

 
Figure 7: Adhesion capabilities of 13 strains isolated from humans (6 NMEC, 6 UPEC 

strains and 1 commensal strain) and 8 strains isolated from birds (6 APEC and 2 

commensal strains) on HEK cells after 3 hrs of incubation with HEK cell line in mannose-

free media. Black bar represents the mean. CFT073 (human UPEC strain) was used as a 

positive control for adhesion and AAEC189 (fim-negative K-12 derivative) as negative 

control. The assay was performed three times in triplicates. 



Results 

 

71 

As outlined in Fig. 7, strains isolated from humans and birds represented adherence capabilities 

towards human embryonic kidney cell line as compared to the negative control. Strains isolated 

from humans, particularly UPEC strains are known to adhere to the kidney cells after ascending 

from the bladder. Interestingly, some of the strains isolated from birds represented more 

adherence than the strains of human origin. However, from our results it can be concluded that 

the strains isolated from birds were capable of adhering to the human kidney cell line as that of 

the strains isolated from humans and as there was no significant difference in their adherence 

properties (Mann Whitney U test, U = 47, p = 0.47). Notably, two ST95 commensal strains 

isolated from birds that had similar virulence genes profile and PFGE pattern as that of the 

APEC strains of ST95 demonstrated high adhesive properties towards human cell line apart 

from the pathogenic avian strains.  

Strains isolated from humans and birds (used in earlier experiments with the HEK cell line) 

were also assessed for their ability to adhere to other host cells like Madin-Darby Canine 

Kidney (MDCK-1) cell line from dog. The adhesion profile of strains of humans and birds 

towards MDCK-1 cells is shown in Figure 8.  

 
Figure 8: Adhesion capabilities of 13 strains isolated from humans (6 NMEC, 6 UPEC 

strains and 1 commensal strain) and 8 strains of avian origin (6 APEC and 2 commensal 

strains) on MDCK-1 cells after 3 hrs of incubation with MDCK-1 cell line in mannose-free 

media. Black bar represents the mean. CFT073 (human UPEC strain) was used as a 

positive control for adhesion and AAEC189 (fim-negative K-12 derivative) as negative 

control. The assay was performed three times in triplicates. 
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Both the group of strains isolated from humans and birds demonstrated adherence towards 

MDCK-1 cells. However, it was further evident that the strains of avian origin were capable of 

adhering to MDCK-1 cell line as strong as the strains from humans that are known to adhere to 

kidney cells. There was no significant difference in the adherence properties of avian and 

human strains (U = 42, p = 0.323). The adhesion capabilities of both the group of strains 

towards cell line from another host indicate that there could be zoonotic properties among ST95 

strains and these strains could be successful pathogens to cause infections in a host other than 

humans and birds. 

Invasion capabilities in HEK-293 cell line and MDCK-1 cell line 

The invasion capability of the same strains that were used in the adhesion assay was also 

investigated in human cell line in accordance with the gentamicin protection assay, where the 

extracellular bacteria are killed by the bactericidal effect of antibiotic and the invasive 

intracellular bacteria escape the killing effect of antibiotic (Elsinghorst 1994). All strains used 

in the experiment were unable to grow on agar plates after 1.5 hrs of incubation in DMEM 

containing gentamicin at a working concentration of 50 mg/ml. Therefore they could be 

investigated in the gentamicin protection assay. The invasive abilities of both the groups of 

strains are given in Figure 9. 

 
Figure 9: Invasion capabilities of 13 strains isolated from humans (6 NMEC, 6 UPEC 

strains and 1 commensal strain) and 8 strains of avian origin (6 APEC strains and 2 

commensal strains) in HEK cells after 3 hrs of incubation with HEK cell line in mannose-

free media and additional incubation for 1.5 hrs in media containing gentamicin (50 

mg/ml) to kill the surface adherent bacteria after removing the earlier media used during 
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the incubation period of 3 hrs. Black bar represents the mean. MT78 was used as a 

positive control for invasion assay and AAEC189 (fim-negative K-12 derivative) as 

negative control. The assay was performed three times in triplicates. 

Both the group of strains isolated from humans and birds represented invasion capabilities in 

HEK cells. However, the invasion experiments indicated that the strains of avian origin were 

potentially more invasive towards human cell line as compared to the human strains (U = 11, p 

= 0.002). Some of the strains of avian origin (one APEC strain and two ST95 commensal 

strains that also illustrated higher adherence capabilities and possessed similar virulence gene 

pattern and PFGE profile as that of the APEC strains) demonstrated high invasive phenotype 

towards human cells.  

The invasion capabilities of the same strains from humans and birds (those used with HEK cell 

line) were also studied in MDCK-1 cell line using gentamicin protection assay and the results 

are shown in Figure 10. As compared to the invasion capabilities of these strains towards HEK 

cell line both the group of strains from humans and avian hosts were less invasive in MDCK-1 

cells. 

 

Figure 10: Invasion capabilities of 13 strains isolated from humans (6 NMEC, 6 UPEC 

strains and 1 commensal strain) and 8 strains of avian origin (6 APEC and 2 commensal 

strains) in MDCK-1cells after 3 hrs of incubation with MDCK-1cell line in mannose-free 

media and additional incubation for 1.5 hrs in media containing gentamicin (50 mg/ml) to 

kill the surface adherent bacteria after removing the earlier media used during the 

incubation period of 3 hrs. Black bar represents the mean. MT78 was used as a positive 

control for invasion assay and AAEC189 (fim-negative K-12 derivative) as negative 

control. The assay was performed three times in triplicates. 
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As compared to the positive control (MT78), the ST95 strains isolated from humans and birds 

were less invasive as illustrated in the Figure 10. The strains of human and avian origin did not 

differ much in their invasion capabilities towards MDCK-1 cells indicating no significant 

difference (U = 35, p = 0.238) in their invasion properties towards MDCK-1 cell line.  

4.4.b. Biofilm formation assay 

 4.4.b.i. 96-well microtiter plate method 

As the adhesion and invasion experiments did not show much of a difference among ST95 

strains from humans and birds, we analyzed the ability of these strains to form biofilms. For this 

static 96-well microtiter plate biofilm assays were utilized, using two different media i.e. 

nutrient medium (LB) and M63 minimal medium. In total, 116 ST95 strains available at our 

institute were investigated. We observed media-dependent biofilm forming capability of strains 

from humans and avian hosts. In LB media, only few strains (avian - 16% and human - 9%) 

produced biofilms after 24 hrs of incubation. After 48 hrs of incubation in LB media 23% of 

strains from avian host and 18% of strains from humans were able to form biofilms. However, 

in case of M63 media a higher number of strains (30% of avian origin and 35% of human 

strains) demonstrated biofilm formation after 24 hrs and after 48 hrs in M63 media the number 

of strains producing biofilm was highest (64% of strains from birds and 69% of strains from 

humans – 69%, see  Figure 11). The strains that formed biofilms belonged to different 

pathotypes and there were no specific pathotype of strains representing high biofilm forming 

capacity in both the groups. 

 
Figure 11: Biofilm formation capabilities (in percentage) of 61 E. coli strains isolated 

from birds and 55 E. coli strains isolated from humans in two different media 

(LB and M63) conditions after 24 hrs and 48 hrs of incubation. For each strain 

the experiment was performed three times in triplicate. 



Results 

 

75 

The results from the microtiter biofilm assay also illustrated that the ST95 strains from avian 

host demonstrated similar biofilm forming capacity under different media conditions as those 

strains isolated from humans (Figure 11).  

 

    

                          (A)                                                                       (B) 

   

                                      (C)                                                                     (D) 

Figure 12: Scatter plot showing SBF (specific biofilm formation) capacities of 55 strains 

from humans and 61 strains from birds. Figure (A) and (B) show SBF in LB media after 

24 and 48 hrs of incubation and figure (C) and (D) represent SBF in M63 media after 24 

and 48 hrs of incubation. E. coli strain W3110 (E. coli K-12 derivative) was used as a 

positive control and AAEC189 (E. coli K-12 derivative) served as a negative control. 

Strains above reference line (0.5) were considered as biofilm forming strains. The black 

bar indicates the mean values. The SBF for each strain was determined by three different 

experiments in triplicate.   

Biofilm formation by both groups of strains in M63 media was observed to be higher after 48 

hrs than after 24 hrs of incubation (Figure 12). Thus, considering all the results, significant 
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difference was proven between the non-biofilm forming AAEC189 strain (negative control) and 

the strains isolated from humans and birds (strains from birds and from humans, both p < 

0.0001) in Figure 12 (D). However, most importantly there was no difference in the biofilm 

forming capacity between strains isolated from humans and birds after 48 hrs in M63 media (p= 

0.763). Likewise, no differences were observed between strains isolated from birds and strains 

from humans under different media conditions and incubation time indicating that the strains 

isolated from birds represented a similar phenotypic property of biofilm formation as that of 

strains isolated from humans under different sets of conditions. 

 

4.4.b.ii. Long term biofilm formation  

The expression of curli and cellulose via long term biofilm formation on Congo red plates was 

also investigated among the ST95 strains that were earlier investigated for biofilm forming 

capacities. 

 

Curli fimbriae and polysaccharide cellulose are known to promote bacterial attachment to the 

host intestinal epithelium and biofilm development. With this background we investigated 

whether the ST95 strains isolated from humans and avian hosts demonstrate differences in the 

expression of curli fimbriae and cellulose under different temperatures (28
o
C and 37

o
C) and 

different media conditions (with and without salt). Different colony morphotypes used as a 

reference for the determination of curli and cellulose expression are shown in Figure 13. 
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Figure 13: Different colony morphotypes used as a reference representing expression of 

curli and cellulose (Bokranz et al. 2005). 1- Expression of curli and cellulose, 2- No 

expression of curli and cellulose, 3- Expression of curli, 4- Expression of cellulose 

(IMT26949-UPEC strain from dog was used as a control for expression of curli and 

cellulose). 

To our observation, we found that there was differential expression of curli and cellulose by the 

strains isolated from humans and birds as shown in Figure 14. 

Without NaCl 28°C With NaCl 28°C Without NaCl 37°C With NaCl 37°C 

 
61 strains isolated from birds 

Without NaCl 28°C With NaCl 28°C Without NaCl 37°C With NaCl 37°C 

 
55 strains isolated from humans 

 
Figure 14: Expression of curli and cellulose in percentage by 61 strains from birds and 55 

strains from humans under different media (with and without salt) and temperature 

(28
o
C and 37

o
C) conditions on Congo red containing agar plates after 4 days of 

incubation.  
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Both the group of strains isolated from humans and avian hosts demonstrated almost similar 

patterns of curli and cellulose expression under different temperature and media conditions. 

They showed the expression of curli and cellulose only at 28
o
C on plates without salt (human - 

9%, avian - 8%) while this morphotype was not observed at 37
o
C on plates with salt and 

without salt. The expression of only curli morphotype by both the groups was observed at 28
o
C 

on plates with salt and without salt but, interestingly at 37
o
C the expression of curli was 

observed only on the plates without salt and not on the plates with salt. Another interesting 

observation was the expression of cellulose by both the groups of strains irrespective of 

temperature and media condition. However, most of the strains from both the groups neither 

showed expression of curli and cellulose together nor separately. Thus, the results indicate that 

the presence and absence of salt influences the expression of curli and cellulose at the same 

temperature conditions and this differential expression behavior was observed to be same in the 

ST95 strains isolated from humans and birds. In other words, the strains from birds show 

similar expression pattern of curli and cellulose as that of the strains isolated from humans. 

 

The strains of avian origin expressed curli and cellulose morphotypes only at lower temperature 

of 28
o
C, which is a known characteristic of strains, isolated from humans particularly UTI 

isolates, giving the impression that at lower temperature the strains of avian origin may have a 

similar expression behavior for curli and cellulose as that of human-derived strains. 

 

When the culture conditions were assessed against the different morphotypes of the colonies 

representing expression of curli and cellulose using multinomial logistic regression method, it 

could be concluded that, the probability of expression of curli morphotypes by strains isolated 

from humans and birds increases (p = 0.021) (Table 11) when the culture condition was set at 

28°C and the plates used were without NaCl. 
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Table 11: Cross tabulation between the culture conditions and expression patterns. 

 
 

[The table represents the results of multinomial logistic regression analysis using Statistical Package for the Social 

Sciences (SPSS, version 10.0) when the culture conditions (temperature of 28
o
C and 37

o
C and plates with and 

without salts) were checked against the colony morphotypes representing expression of curli and cellulose either 

together or separately]. 

However, when the strains isolated from humans and birds were assessed by including the 

variable host into a multivariable model the results did not change as shown in Table 12.  

Table 12: Cross tabulation of culture conditions, expression patters and the host. 

 

[The table represents the results of multinomial logistic regression analysis using Statistical Package for the Social 

Sciences (SPSS, version 10.0) when the culture conditions (temperature of 28
o
C and 37

o
C and plates with and 

without salts) were checked against the colony morphotypes representing expression of curli and cellulose either 

together or separately expressed by avian (61strains) and human (55 strains) of ST95]. 
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Therefore, the expression of curli morphology at 28°C and without NaCl was found to be 

independent of the host. Alternatively, there was no difference in the expression of curli at 28
o
C 

on plates without NaCl among strains isolated from humans and birds. Hence, indicating that 

the ST95 strains of avian hosts have similar curli expression behaviour as that of the strains 

isolated from humans making them indistinguishable from human strains in this respect. 

4.4.c. Haemagglutination assay 

Haemagglutination assay was performed with chicken erythrocytes in the presence and absence 

of D-mannose. Agglutination of erythrocytes by bacteria is linked to the expression of different 

adhesins. The expression of type 1 fimbriae was assessed by performing haemagglutination 

assays in the presence and absence of mannose for ST95 strains that were used in earlier 

experiments. . The results of haemagglutination assays are shown in Figure 15.    

 

 
 

Figure 15: Haemagglutination results with chicken erythrocytes for 61 E. coli strains of 

birds and 55 E. coli strains of humans in the absence of mannose. The experiment has 

been repeated three times in triplicate. AAEC189 (fim-negative K-12 strain) was used as a 

negative control. When the positive strains (72 strains from humans and birds) were 

checked for haemagglutination in the presence of 5% D-mannose and chicken 

erythrocytes none of the strain demonstrated mannose-resistant haemagglutination 

(MSHA). No significant difference was observed between the strains isolated from 

humans and strains of avian origin that were positive for haemagglutination χ(1) = 1.446, 

p = 0.229. 
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Table 13: Host * Haemagglutination Cross tabulation 

 Haemagglutination Total 

Haemagglutination 

positive 

Haemagglutination 

negative 

Host 

 Human 

Count 31 24 55 

% within Host 56,4% 43,6% 100,0% 

% within Haemagglutination 43,1% 54,5% 47,4% 

% of Total 26,7% 20,7% 47,4% 

 
Bird 

Count 41 20 61 

% within Host 67,2% 32,8% 100,0% 

% within Haemagglutination 56,9% 45,5% 52,6% 

% of Total 35,3% 17,2% 52,6% 

Total  

Count 72 44 116 

% within Host 62,1% 37,9% 100,0% 

% within Haemagglutination 100,0% 100,0% 100,0% 

% of Total 62,1% 37,9% 100,0% 

[Cross tabulation prepared by performing chi-square test using Statistical Package for the Social 

Sciences (SPSS, version 10.0) for 55 strains isolated from humans and 61 strains from birds 

representing haemagglutination activity against chicken erythrocytes in absence of mannose]. 

Among the 55 strains isolated from humans, 56.4% were able to agglutinate chicken 

erythrocytes; among the 61 strains of birds 67.2% were positive for haemagglutination. In total, 

62.1% of all the strains tested were positive for haemagglutination (Table 13). When the 

positive strains were tested for haemagglutination assay with chicken erythrocytes in the 

presence of D-mannose, no agglutination was observed by any of the strains. This illustrates 

that ST95 strains do not represent mannose-resistant haemagglutination (MRHA). Our results 

did not reveal significant differences between the strains isolated from humans and the strains 

isolated from birds that were positive for haemagglutination χ(1) = 1.446, p = 0.229. Thus, it is 

illustrated that most of the strains from avian hosts also express type 1 fimbriae and show 

similar agglutination capability like those of the strains isolated from humans and do not serve 

to be a distinctive phenotype that separate ST95 strains with respect to their host.  

 

4.4.d. Serum assay (chicken and human serum) 

 

As the ST95 strains isolated from humans and birds represented similar phenotypes in the 

phenotypic assays studied earlier, we investigated their serum resistant phenotype to investigate 

if they are capable of surviving in the serum from different hosts. The strains that survived in 

the serum after four hours of incubation were termed as serum resistant strains and those that 
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did not survive in the serum were termed as serum negative strains. The results from chicken 

and human serum are shown in Figure 16. 

        

                   (A)                                                                            (B) 

Figure 16: Graph representing percentage resistivity and sensitivity of 55 strains isolated 

from humans and 61 strains of avian origin in (A) chicken serum and (B) human serum. 

The strains were incubated in chicken and human serum for four hrs and later diluted in 

1 x PBS. 50 µl of the dilution mixture was dropped in form of small drops on LB agar 

plates. The colonies were enumerated following day. Each strain was tested two times in 

triplicates. 

To our observation, we found that, out of 55 strains isolated from humans, 17 strains (30.9%) 

were sensitive to chicken serum and could not survive in chicken serum. Although, seven out of 

17 strains isolated from humans that illustrated sensitivity towards chicken serum were 

commensal strains, interestingly we found that four NMEC, five UPEC and one SePEC strains 

isolated from humans were sensitive to chicken serum. Another interesting observation was 

that, out of 38 strains of humans (69.1%) that were resistant to chicken serum, nine strains were 

commensal and non-pathogenic strains. Out of 61 strains isolated from birds that were 

investigated for their ability to survive within the chicken serum, 57 strains (93.4%) were 

resistant to chicken serum and only four strains (6.6%) were sensitive to the lethal effect of 

chicken serum (Table 14). Interestingly, out of 57 resistant strains, three were non-pathogenic 

commensal strains and all the four strains that were sensitive to chicken serum were pathogenic 

APEC strains. 
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Table 14: Host * Resistance Cross tabulation of chicken serum  

 Resistance Total 

Serum resistant Serum sensitive 

Host  Human 

Count 38 17 55 

% within Host 69,1% 30,9% 100,0% 

% within Resistance 40,0% 81,0% 47,4% 

% of Total 32,8% 14,7% 47,4% 

  Bird 

Count 57 4 61 

% within Host 93,4% 6,6% 100,0% 

% within Resistance 60,0% 19,0% 52,6% 

% of Total 49,1% 3,4% 52,6% 

Total  

Count 95 21 116 

% within Host 81,9% 18,1% 100,0% 

% within Resistance 100,0% 100,0% 100,0% 

% of Total 81,9% 18,1% 100,0% 

[Cross tabulation prepared by performing  chi-square test using Statistical Package for the 

Social Sciences (SPSS, version 10.0) for 55 strains isolated from humans and 61 strains 

from birds, representing serum resistivity and serum sensitivity towards chicken serum 

after four hrs of incubation]. 

Most of the strains isolated from humans and birds were found to be resistant to chicken serum. 

However, there was significant difference between the strains of isolated from humans and 

birds that were sensitive to chicken serum (χ(1) = 10.867, p = 0.001). Thus, it was illustrated 

that ST95 strains isolated from humans were more sensitive to chicken serum then the strains 

isolated from birds. 

In case of human serum, it was interesting to observe that all the strains from both the groups were 

resistant to human serum and illustrated considerable growth in human serum. The strains isolated from 

both the groups (human and avian host) that were sensitive to chicken serum, were also found to be 

resistant towards human serum. 
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5. Discussion 

 

Extraintestinal pathogenic E.coli (ExPEC) illustrate a wide range of genomic diversity and 

harbor a broad range of virulence associated genes, often located on pathogenicity islands and 

other mobile DNA elements (Johnson and Russo 2005, Rodriguez-Siek et al. 2005). The DNA 

based sequencing method Multilocus sequence typing (MLST) serves as an important tool to 

unambiguously type strains of a bacterial species in a larger context and can also be used to 

study the population genetics of microbes. MLST is based on sequence analysis of seven 

housekeeping genes thereby establishing an allelic profile. The allelic profile is then assigned as 

a sequence type (ST) (Lau et al. 2008). ExPEC isolates are grouped according to the sequence 

types based on the allelic profile they exhibit. As observed (Coque et al. 2008, Fam et al. 2011, 

Guenther et al. 2012, Wu et al. 2012, Habilitation-Ewers 2012) STs 95, 131, 10, 73, 70, 428, 

69, 568 and 127 are frequently identified among ExPEC. A previous screening of 1,030 ExPEC 

strains from various hosts and clinical sources via MLST by our group revealed that these 

pathogens present a highly diverse group of strains, while some STs appear to be over 

represented in the population (Habilitation-Ewers 2012). Of these STs, one of the prominent 

phylotype was ST95, which accumulates highly virulent strains having a wide spectrum of 

virulence-associated genes as determined by PCR (Ewers, Wieler et al., unpublished data). 

ST95 comprised strains mainly of human and avian origin. Therefore this ST was designated as 

“Human-Avian” ST by our group based on previous results, where a large set of strains were 

determined as non-ST95 strains that were isolated from cattle, swine, dogs and cats, thereby 

representing limited host range of ST95 strains (Ewers et al unpublished data). As according to 

the publicly available database (http://mlst.ucc.ie/mlst/mlst/dbs/Ecoli/ as observed in April 

2013) ST95 mainly consists of strains isolated from humans and birds with one strain of canine 

origin. As most of the strains are from human and avian origin, it supports for the existence of 

some kind of host limitation of these strains. As E. coli is such a variable and heterogeneous 

bacterial species, both in terms of genomic contents as well as in terms of being commensal or 

pathogenic (Dobrindt et al. 2003, Ahmed et al. 2008, Tenaillon et al. 2010), this limitation of 

ST95 strains to humans and avian host only make it a remarkable ST interesting for further 

research. 

 

http://mlst.ucc.ie/mlst/mlst/dbs/Ecoli/
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5.1. Screening of available strains from different animal hosts for sequence type 95 

The ST95 consists of strains nearly only from human and avian origin. Thus, to support the host 

limited nature of ST95, E. coli strains from different hosts other than humans and avian sources 

were screened by PCR for a gene termed “specific for virulent subgroup (svg)” that has 

previously been suggested to specifically identify strains belonging to ST95 (Bidet et al. 2007). 

Basically, this method was chosen, as it promised to be a rapid and cheap way to screen high 

numbers of strains belonging to ST95 that would have been later verified by MLST in each case 

of a positive svg result. The screening results of E. coli strains from different host with different 

clinical implications were found to be negative for svg gene and could support the hypothesis that 

the ST95 strains are mostly restricted to human and avian host and only rarely are present in other 

host species. However, we were able to show that it is not 100% specific as the strain that was 

positive for this gene, on MLST analysis was assigned ST568 and not as expected to ST95. 

However, as ST568 belongs to the ST complex 95, at least this strain is highly related to ST95 

strains. 

 

A crucial step in understanding bacterial pathogenesis is to discriminate between pathogenic 

strains from different hosts. From an epidemiological point of view, molecular characterization 

and differentiation of microorganisms with respect to their pathogenesis and host contribute to 

the control of infectious diseases. In addition, molecular typing of the bacterial pathogens 

facilitates differentiation of pathogens in terms of their host specificity, virulence and 

transmissibility (Feil 2004, Comas et al. 2009). This is of utmost importance in terms of 

assessing the risk that a particular strain holds for human health. As poultry products serve as 

veritable food source for humans, contamination of poultry products or infections of humans 

based on contact with poultry needs to be assessed properly. 

 

In this thesis we hypothesized that the strains of human and avian origin belonging to ST95 could 

represent host-specific genetic variability and host specific phenotypes that can be applied to 

discern ST95 strains with their respective host thereby facilitating a sound risk assessment of this 

group of strains in future. The simple question was: are ST95 strains zoonotic or do they harbor 

host specific strains? 
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5.2. Identification of genetic markers, single nucleotide polymorphisms (SNPs) that 

discern ST95 strains with respect to their host origin 

Before the start of the thesis our group observed that the E. coli from humans and avian hosts 

assigned to ST95 were genetically similar (in terms of virulence gene profiles, phylogenetic 

backgrounds, and pulsed-field gel electrophoresis profiles). Therefore, the first aim of these thesis 

was to identify certain genetic markers, single nucleotide polymorphism (SNP) that discern ST95 

strains in a host specific manner, by analyzing the maximum common genome (MCG) and 

flexible or accessory gene pool to pinpoint certain candidate genes for SNP analysis. As the term 

“core genome” often is understood as that genome, that is biological important to enable 

reproduction of a particular bacterial species and discern it from another bacterial species (Sarkar 

and Guttman 2004), we discarded this term. Instead, we used a more descriptive but specific 

term, which specifically addresses those genes, that are common in regard to the genomes 

analyzed: The maximum common genome (MCG). By introducing this term, it is clear to the 

reader that based on the bioinformatic analyses, just those genes are listed, which are shared by a 

given number of genomes. It just is a description of the presence or absence of genes with no 

further functional meaning. 

 

Molecular genetic markers are considered to be the most powerful tool for analyzing genomes 

and investigating genomic variation (Chris Duran 2009). Different molecular marker 

technologies with their relevant advantages are known such as, restriction fragment length 

polymorphisms (RFLP), random amplified polymorphic DNA (RAPD), DNA amplification 

fingerprinting (DAF), Simple sequence repeat (SSR), sequence length polymorphism (SSLP), 

amplified fragment length polymorphism (AFLP), cleaved amplified polymorphic sequences 

(CAPS) and single nucleotide polymorphism (SNP) that help in mapping molecular coordinates 

within a genome(Sahu et al. 2012). 

 

RFLPs have been regarded as the most sensitive method of genotyping; however, it requires a 

large quantity of genomic DNA and radioactive probes (Jantausch and Hull 1996). In RAPD 

marker technology, a single ten nucleotide long primer having arbitrary sequence is used to 

amplify multiple random loci of the genomes (Williams et al. 1990). DNA amplification 

fingerprinting (DAF) method utilizes a single, short five nucleotide long primer to amplify 

many loci by PCR (Kolchinsky et al. 1993). Simple sequence repeat (SSR) markers which are 
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also known as microsatellite markers, make use of the variation for tandem repeats such as 

(CA)n repeats that are observed between genotypes (Weber and May 1989). Simple sequence 

length polymorphism (SSLP) marker uses a segment of genomic DNA sequence that 

accommodates a simple tandem repeat distinguishing the genotypes (Bell and Ecker 1994). 

Another type of marker is the cleaved amplified polymorphic sequences (CAPS) that are 

designed according to the RFLP of PCR amplified fragments, and is used when sequence 

information is not known for one of the haplotypes (Konieczny and Ausubel 1993). All these 

marker technologies are used to detect polymorphisms to produce molecular marker maps and 

physical maps for species that do not have any genome sequences (Sahu et al. 2012). 

 

Recently, large availability of assembled whole genome sequences and declining cost of 

sequencing has put forward another molecular marker method known as single nucleotide 

polymorphism (SNP) molecular marker (Davey et al. 2011, Nielsen et al. 2011, Barbazuk and 

Schnable 2011). Variation in the DNA sequences is used in molecular genetic marker system 

and its utilization in advance research is well established and accepted scientifically (Gupta PK 

2001). Molecular markers based on DNA have several advantages as they are highly heritable, 

easily accessible and hence Single Nucleotide Polymorphisms (SNPs) based markers are 

predominate recently. SNPs do not change more frequently and are considered to be stable 

through generations and thus low mutation rates make SNPs excellent markers for 

understanding genomic evolution and genetic traits (Syvanen 2001). 

 

SNP typing has been suggested as a promising approach for discriminating E. coli with respect 

to their host specific groups and for the identification of human specific E. coli isolates 

(Sheludchenko et al. 2010). SNP- based markers have been studied for the identification of 

markers that discriminate inter species and intra-species of obligate bacterial parasites 

(Pasteuria spp.) (Mauchline et al. 2011). Another study (Sheludchenko et al. 2011) has reported 

human-specific and animal-specific SNP profile, indicating that there exist host limited 

specificities in the SNP profile that could be used to differentiate a group of E.coli from the 

same sequence type with respect to their host. The availability of sequenced genomes has 

facilitated comparative genome analysis that has been used for the assessment of genetic 

diversity within strain types to identify DNA markers that are associated with severe disease. 

However, it is of utmost importance to know that due to the high diversity of E. coli genomes, it 

is simply impossible to discern specific E. coli genomes by SNP analysis. In contrast, SNP 
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analysis is envisioned to be able to discern E. coli genomes that are phylogenetically related 

into further subtypes. This is why we chose this method for the analysis of the 

epidemiologically important and related strains of ST95.  

 

Comparative studies of bacterial genomes have defined the bacterial genomes into two largely 

independent yet intimately intertwined genomes: the “core” and “flexible” genomes (Hacker 

and Carniel 2001). The core genome consists of genes that are present among all strains of a 

bacterial species and encode proteins that are essential for the survival of the organism. Core 

genome components are believed to be less prone to undergo horizontal gene transfer and can 

be considered as the clonal backbone of the species. The flexible genome on the other hand, 

consists of genes that vary among strains within a species and encode proteins that may provide 

survival advantage by mediating adaptation to specific niches, environments or certain hosts. 

The flexible genome includes different virulence-associated genes, genes associated with 

mobile elements and resistance genes (Sarkar and Guttman 2004, Ahmed et al. 2008). The 

flexible genome evolves largely through horizontal genetic exchange and regularly shuffles 

therefore cannot be targeted to identify candidate genes that can be used as a marker to define 

certain group of strains. Analysis of the core genome for identification of candidate genes for 

DNA markers have been reported by (Forgetta et al. 2011). In our approach for the 

identification of a genetic marker we therefore considered the genes that belong to the MCG 

shared by bacterial specie.  

 

Thus, we hypothesized that the ST95 E. coli strains of human and avian origin could represent 

host-specific genetic variability in terms of single nucleotide polymorphisms (SNPs) that 

differentiate the ST95 strains with respect to their hosts. Hence, we investigated genes from 

MCG for identifying genes that could be used for SNP analysis. With this regard, different 

bioinformatics approaches were put forward to identify certain candidate genes for SNP typing. 

 

The SNPs can only be investigated in genes that are common to each and every strain, the 

analyses has to be focused on core genes (Kaas et al. 2012) that had to first be identified by 

whole genome sequence analyses. In this concern, the core genomes of publicly available 46 E. 

coli genomes including strains of ST95 were procured from NCBI and all the genes that were 

shared by these 46 genomes were designated “maximum common genome (MCG)” that 

represented the maximum number of genes shared by all the strains investigated. 
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At the time of the initial analysis, a total of 46 E.coli genomes were available in public 

databases. Of these 46 genomes, four genomes (APEC_O1 (NC_008563.1), S88 

(NC_011742.1), IHE3034 (NC_017628.1) and UTI89 (NC_007946.1)) belonged to ST95. Once 

the genes from MCG were identified, a common approach as used by several groups (Ciccarelli 

et al. 2006, Daubin et al. 2002, Brown et al. 2001, Brochier et al. 2005, Devulder et al. 2005) 

was implemented that consist alignment and concatenation of orthologous core genes resulting 

in phylogenetic tree by using the principle of maximum likelihood (Olsen et al. 1994). Single 

trees for all the genes were obtained and analyzed using TREEVIEW software. We have 

described in our study a computational approach for screening 2,169 conserved MCG genes 

from E.coli genomes for identification of candidate genes for SNP typing. Similar approaches 

have been applied earlier for studying the evolutionary and functional microbial phylogenies 

(Segata and Huttenhower 2011). Strains differentiation based on host specific SNP marker was 

formulated to develop a DNA based diagnostic tool. Other groups (Sloan et al. 2008, Spigaglia 

et al. 2010, Wolff et al. 2009) have developed DNA marker based diagnostic tool and have 

relied on known genomic regions. In our study, we analyzed MCG genes for recruiting DNA 

based genetic marker with a view that it is more stable, less prone to recombination (Castillo-

Ramirez et al. 2011) and present ubiquitously in all the strains of a species. 

 

Since a large number of genes were identified taking into account the above computational 

analysis investigation of the MCG, an alternative approach was utilized based on mutation and 

recombination events within the 2,169 genes of MCG to reduce the number of genes to identify 

more specific candidate genes for SNP analysis. 

 

E. coli strains have higher rate of mutation and recombination events that contribute the genetic 

variation among these strains (Wirth et al. 2006, Corander et al. 2003). However, the 

recombination occurs at a higher rate than the mutation rate and is considered to be a prominent 

force leading to the clonal divergence in E. coli (Guttman DS 1994). Frequent recombination in 

E. coli obscure phylogenetic signals (Holmes et al. 1999), thereby reducing the degree of 

differentiation between groups and strains (Wirth et al. 2006). 

 

Feng et al. (2008) have suggested that those genes that undergo recombination are not 

congruent and not useful for analysis of strain relationships. Feng and their group in their study 

excluded regions that have undergone recombination, and considered only genes undergoing 
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mutational events for SNPs studies from the whole genome (Feng et al. 2008).The same 

concept of exclusion of regions from whole genome under recombination for SNP analysis has 

been used before for example for Y. pestis (Achtman et al. 2004, Chain et al. 2006).  

 

Hence, genes that undergo frequent recombination were considered to be an unfit candidate for 

SNP analysis and therefore, in our study we focused on the differentiation of genes based on the 

identification of recombination events or mutations within the genes. Therefore, genes that 

demonstrated recombination were rejected and only genes that have undergone some mutations 

were selected to be candidate genes for SNP analysis. 

 

We used the phylogenetic approach that is considered to be a powerful mechanism for detection 

of recombination events (Feil 2004) within the MCG genes. The phylogenetic maximum 

likelihood tree constructed by concatenated alignments of 2,169 genes of MCG of 46 E. coli 

genomes was used as a reference against which each single tree of all the 2169 genes was 

compared and the same approach has been earlier used by (Touchon et al. 2009). 

  

The likelihood values for the trees were used as input for CONSEL (Shimodaira and Hasegawa 

2001) to perform the AU test (Shimodaira 2002) to obtain p values for the trees and later the 

maximum chi-squared test (Smith 1992) was used to detect the recombination within the genes 

as it is considered to be a powerful tool for the detection of recombination within the genes. 

Using this approach, we could distinguish between the recombination and mutation events 

among the MCG genes. Therefore, genes were selected that illustrated mutation events and did 

not show recombination. However, these genes did not represent any genetic variability within 

the APEC_O1strain and the three strains isolated from humans of ST95. As reported, consistent 

genetic variations that appear in members of a single group are considered as potential 

candidate DNA markers of diagnostic value. (Forgetta et al. 2011). Hence, these genes did not 

serve to be useful candidate genes for SNP analysis. 

Since the earlier approaches could not point out candidate genes for SNP analysis, another 

alternative method was put forward to identify candidate genes for SNP typing by comparative 

genome analysis of 1,300 genes from the MCG of nine strains which belong to ST95. Among 

these nine strains, the sequences of four ST95 strains (APEC_O1, S88, IHE3034 and UTI89) 

were available at NCBI and the other additional five strains (two strains isolated from humans, 
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two strains isolated from birds and one strain of dog origin) that belong to ST95 were 

sequenced by our institute.  

 

We used comparative genome analysis of MCG genes and a similar approach has been earlier 

reported by Vincenzo Forgetta and group (Forgetta et al. 2011). As a result, we identified 

twelve candidate genes that separated the nine genomes with respect to their host and were used 

for further SNP analysis in ST95 strains. However, these genes also failed to differentiate ST95 

strains with respect to their host as no host specific genetic variation was observed. Thus, 

illustrating that there exist a close similarity in the sequences of the genes of strains from 

human and avian host of ST95 and same SNPs appeared in both the group of strains. 

Supporting the fact that the APEC strains belong to the same highly pathogenic clonal group as 

human E. coli strains constituting potential zoonotic risk from APEC strains as observed by 

(Schouleur et al. 2007). 

Mora A. and group (Mora et al. 2009) revealed that ST95 was detected in strains of animal (all 

bird strains) and human origin and some APEC isolates may act as potential pathogens for 

humans and suggested no host specificity for this type of isolates. Our SNP analyses also 

revealed that the ST95 strains isolated from humans and avian hosts possessed same 

polymorphisms in their genetic makeup and were indistinguishable with respect to their host 

based on SNP analysis of the MCG genes. Thus, similar genetic makeup suggests that the ST95 

strains isolated from avian host are closely related to the strains isolated from humans and 

therefore, strains of avian origin may act as a reservoir for the virulence properties of human 

ExPEC strains (Rodriguez-Siek et al. 2005).  

 

The ExPEC strains of ST95 mostly belong to the human and avian host and appeared to be 

genetically similar (in terms of virulence gene profiles, phylogenetic backgrounds, and pulsed-

field gel electrophoresis profiles). However, ExPEC strains differentiation with respect to their 

host is important so as to identify their origins, reservoirs and mode of transmission. Thus, we 

hypothesized that the ST95 strains isolated from humans and birds could represent host-specific 

genetic variability that can discern ST95 strains with their respective host. We recruited 

comparative genomic analysis approach to identify certain DNA based SNP markers to 

differentiate ST95 strains. Similar approach of comparative genomics has been utilized by 
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Vincenzo Forgetta and group for the discovery of diagnostic DNA-based targets that are species 

specific or associated with multiple severe disease associated trains (Forgetta et al. 2011).  

 

E. coli are diverse organisms, a clear definition is therefore required to group E. coli according 

to their host within a sequence type as same sequence type is shared by the strains from 

different host. DNA based diagnostic tool can thereby differentiate strains according to their 

host of origin and facilitate a sound risk assessment of these ST95 strains in future. Host 

specific SNP could help in understanding the role of genetic variability and specific 

polymorphism that facilitates bacterial adaptation towards host environment and survival 

strategies implicated by bacteria thereby leading to infection. 

 

However, our results falsifies our hypothesis and do not indicate any host specific SNP among 

ST95 strains. Therefore, it can be concluded that the ST95 strains from different host may have 

similar genetic makeup and may be the descendent of common ancestors. Similar genetic and 

ancestral credential may support the fact that the ST95 strains of avian origin can have zoonotic 

potential. The avian ExPEC strains have also been suggested to have zoonotic potential by other 

investigators (Schouleur et al. 2006, Schouleur et al. 2007, Ewers et al. 2007, Johnson et al. 

2008d, Ewers et al. 2009). 

 

As the MCG did not demonstrate any host specific SNP, we also assessed the gene that has 

been used earlier to discern ExPEC groups. The fimH gene was chosen because of the following 

reasons: (i) the typeability of this gene is easy as it is present in both commensal and pathogenic 

strains of E. coli (ii) fimH gene has been studied among ExPEC strains, in particular of human 

urinary pathogenic E. coli, and sequence variations in fimH gene have been determined as 

pathoadaptive mutations conferring differing adhesion capabilities according to various host 

(Tartof et al. 2007). 

 

Previous studies showed, fimH SNP analysis as a possible screening tool to type UPEC (Tartof 

et al. 2007) thereby making it a simple, sequence-based screening method for differentiating 

strains of different host. The fimH gene genotyping along with internal fragments of fumC gene 

that is used in MLST have been studied to have higher clonal discrimination power (Weissman 

et al. 2012). However, our findings suggest that the fimH SNP typing could not be used to 

differentiate strains of ST95 with respect to their human and avian hosts, as the major allelic 
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groups that were identified, contained a mixed group of strains from different hosts in same 

allelic group. No host specific pathoadaptive mutations were observed. Therefore, fimH SNP 

typing proved to be an inappropriate tool for distinguishing strains of ST95. 

 

Fourteen different fimH alleles were obtained as a result of fimH gene SNP analysis. The major 

allelic groups possessed ST95 strains of different host together. We were interested to 

investigate the phenotypic characters of some strains from predominant allelic variants with 

respect to the fimH gene as amino acid variation within the adhesin molecule that may 

contribute to the variation in receptor binding ability and receptor recognition and are 

considered as allelic variation or pathoadaptive mutations. Acquisition of mutations within 

fimH adhesin gene reflects the adaptation strategies of E. coli for its existence in alternative 

habitats during infection and colonization within a host (Weissman et al. 2006). It has been 

known that the phenotypic variants of FimH are predominantly the product of SNPs in fimH 

(Hommais et al. 2003) and some of the fimH gene sequence variations are responsible for the 

increased adhesiveness and binding of E. coli strains to monomannose residues, thus playing a 

role in extraintestinal infections (Bauchart et al. 2010). Also the genetic variation in the fimH 

gene of type 1 fimbriae mediates changes in the tropism of E. coli, shifting it towards a virulent 

phenotype (Sokurenko et al. 2004). Thus, FimH adhesin has turned out to be an important 

attribute mediating colonizing of E. coli in different niche and can prove to be a useful model to 

study single gene adaptations as it is known that different structural variants of FimH vary in 

the strength of their binding to uroepithelial cells (Sokurenko et al. 1997, Sokurenko et al. 

1995).  

 

In conclusion, our corroborative data did not give any evidence for specific genetic difference, 

able to discern ST95 ExPEC strains from human and avian hosts. Therefore, in a second step 

we performed functional assays of these same strains. This rational was based on the hypothesis 

that if the genetic makeup of the strains is not different, gene expression in functional assays 

might reveal host-specific features. 

 

5.3. Identification of certain phenotypic characteristics in ST95 strains that could 

segregate this group of strains according to their human/avian host respectively 

In this regard, different phenotypic characteristics like adhesion and invasion capabilities, 

biofilm forming capabilities, expression of curli and cellulose via long term biofilm colony 



Discussion 

 

94 

formation, haemagglutination assay and resistivity of ST95 strains towards chicken and human 

serum were accessed, so as to investigate if the avian strains demonstrate different phenotypic 

behavior from that of the human strains of ST95. 

 

Adherence to HEp-2 cells is considered to be the most useful phenotypic assay to diagnose 

diarrheagenic E. coli (Donnenberg and Nataro 1995) and remains a “gold standard” for the 

diagnosis of EAEC and diffusely adherent E. coli (DAEC) (Nataro and Kaper 1998). Adherent 

invasive E. coli (AIEC) identification is also based on their ability to adhere and invade 

intestinal epithelial cells (Darfeuille-Michaud et al. 2004, Martinez-Medina et al. 2011). Thus, 

adherence and the invasion assays were reported as phenotypic assays to identify different 

pathotypes of E. coli. Human ExPEC particularly, UPEC strains adhere human bladder 

epithelial cells (Eto et al. 2007) and ascend towards kidney (Chassin et al. 2011). Hence, we 

used the adhesion and the invasion assay to investigate if the ST95 strains from humans and 

avian host demonstrate differences in their adherence and invasion pattern. 

 

Biofilm formation is an important feature in the pathogenesis of human ExPEC strains 

particularly for the UPEC strains promoting their persistence in the bladder epithelial cells 

(Soto et al. 2007).  Several groups have reported biofilm formation by UPEC strains (Soto et al. 

2006, Ulett et al. 2007, Ong et al. 2008). Recently biofilm formation has been studied as a novel 

phenotypic character of AIEC strains (Margarita  et al. 2009). Thus, we studied the biofilm 

formation capabilities of ST95 strains under different media conditions. 

 

Curli fibres are involved in biofilm formation and mediate adhesion and invasion (Barnhart and 

Chapman 2006, Saldana et al. 2009). Curli production has been studied earlier in human and 

avian ExPEC strains (Provence and Curtiss 1992, Bian et al. 2000). However the expression of 

curli is cryptic at different temperature (Beloin et al. 2008). Hence, we studied the expression of 

curli and cellulose under different temperature and media conditions in ST95 strains of human 

and avian origin to investigate if these strains show differences in curli and cellulose expression 

under different conditions. 

We also assessed the expression of type 1 fimbriae among the strains of ST95 as it is an 

important virulence factor that is involved in the initial stage of biofilm formation and also 

promote bacterial adhesion to the host epithelial cells (Pruss et al. 2006). Biofilm forming E. 

coli strains show more expression of type 1 fimbriae than the non biofilm forming strains (Soto 
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et al. 2007). Since we investigated the biofilm forming capacity of ST95 strains we also 

checked the expression of type 1 fimbriae via haemagglutination assay in presence of mannose. 

 

Serum resistance is known to contribute to the pathogenicity of APEC strains (Mellata et al. 

2003). Ewers. C. and group have shown in their study that nearly 80-90% of outbreak and non 

outbreak avian strains represent serum resistant phenotype (Ewers et al. 2009). Therefore, we 

investigated the serum resistant phenotype among the ST95 strains of human and avian origin 

to determine if these strains can be differentiated based on their serum resistant phenotypic 

character.  

 

5.3.a. Adhesion and invasion capabilities of human and avian strains of ST95 

 

The adhesion and the invasion capabilities of thirteen strains isolated from humans (six NMEC, 

six UPEC strains and one commensal strain) and eight strains isolated from birds (six APEC 

strains and two commensal strains) out of 116 ST95 strains were investigated in HEK293-T 

(Human embryonic kidney) cell line and MDCK-1 (Madin-Darby Canine Kidney-1) cell line. 

The strain having similar virulence gene pattern and clonal nature as observed by their ST and 

similar macro-restriction pattern of the genome (Pulsed-field gel electrophoresis) that had been 

done before the start of this thesis by our groups were used for the infection experiment. Human 

and dog kidney cell line was used for infection experiments considering the background 

knowledge that UPEC strains adhere to bladder epithelial cells and ascend towards kidney 

(Chassin et al. 2011); hence we investigated if the ST95 strains of humans adhere to the kidney 

cells and if the same phenotype is also demonstrated by the ST95 strains isolated from birds. 

The dog cell line was also used so as to investigate if the ST95 strains can adhere to and invade 

kidney cells from host other than humans and birds as recently two ST95 strains were isolated 

from dog.  

 

UPEC have been extensively studied with respect to their adhesion and invasion mechanisms 

towards bladder epithelial cells and are known to adhere and invade kidney cells by ascending 

through the urinary tract causing pyelonephritis (Chassin et al. 2011). Stehling EG (Stehling EG 

2003) have studied APEC adhesion and invasion in Hep 2 cells and the APEC strains are also 

known to invade chicken embryo fibroblast (Wang et al. 2011). By observing the adhesion and 

invasion patterns of ST95 strains isolated from human and avian hosts in our study we could 
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conclude that the strains from birds can adhere and invade human cell line and were more 

invasive towards human kidney cells as compared to the strains isolated from humans. 

However, no significant difference was observed in the adhesion pattern of strains from birds 

when tested against strains isolated from humans.   

 

Therefore, it can be concluded that the ST95 strains isolated from birds were indistinguishable 

from strains isolated from humans phenotypically in terms of their adherence and invasive 

properties. As mentioned in previous studies, certain APEC strains were found to be highly 

similar to human ExPEC (Ewers et al. 2009) and poultry was considered to be a reservoir of 

ExPEC with zoonotic potential (Belanger et al. 2011). The higher invasion phenotypes of 

strains of avian origin towards human cell line also support their potential zoonotic nature 

making these strains more successful pathogens. The adherence characteristic of strains isolated 

from avian and human hosts towards MDCK-1 cells indicates the fact that the ExPEC strains of 

ST95 can cross the host species barrier and colonize and infect host other than human and avian 

group and therefore broadening their host spectrum. 

 

5.3.b. Human and avian strains of ST95 represent similar biofilm forming capabilities 

 

Biofilm was defined by Costerton (Costerton 1999) as a structured community of bacterial cells 

that is enclosed in a self-produced polymeric matrix adhering an inert or living surface. Biofilm 

formation is an important feature of UPEC strains and has been studied extensively for their 

ability to form biofilm. Biofilm promotes persistence of UPEC strains in the urinary tract 

protecting bacteria from the cleansing out effect of hydrodynamic forces and escaping the 

killing activity of host defence mechanisms and protection against antibiotics (Hanna et al. 

2003). In total, 116 ST95 strains (used in all further experiments) including 61 strains isolated 

from birds (58 APEC strains and 3 commensal strains) and 55 strains isolated from humans (24 

UPEC, 15 NMEC, 4 SePEC and 15 commensal strains) available at our institute were 

investigated for biofilm formation capabilities under different media (LB media and M63 

media) conditions. Strains isolated from humans more specifically strains belonging to UPEC 

pathotype are known to form biofilm (Mulvey et al. 2001, Eto et al. 2007). We investigated, if 

the biofilm forming phenotype could be implemented for the differentiation of strains isolated 

from birds and humans in accordance with their host. Our results suggest that there was no 

significant difference in the biofilm formation capabilities of strains of birds when compared to 
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that of the strains of humans. Thus, it can be concluded that the strains isolated from birds and 

humans demonstrated similar phenotypes in terms of their biofilm formation capabilities. 

 

We also observed that both the groups of strains produced more biofilm in nutrient depleted 

media like M63 as compared to the nutrient rich media like LB media and the same tendency of 

strains producing more biofilm in nutrient depleted media was observed in previous studies by 

Skyberg (Skyberg et al. 2007). Our results revealed varying abilities of strains of human and 

avian origin to form biofilm in vitro. As documented in earlier studies, the growth medium 

plays a significant role in the biofilm formation capabilities (Sheikh et al. 2001, Reisner et al. 

2006).The biofilm formation in nutrient depleted media was higher than nutrient rich media 

suggesting that the biofilm formation capacity increases in media with low nutrient and lower 

osmolarity. APEC strains also form biofilm and it has been studied that there occurs the transfer 

of genetic elements in the biofilm (Davey and O'Toole G 2000). This transfer of genetic 

material can also lead to the exchange of antibiotic resistant and virulence plasmids. Previous 

studies with animal experiments suggested that the APEC plasmids were capable of 

contributing to the urovirulence in mammalian hosts, further suggesting that the APEC 

plasmids could be reservoirs of virulence genes for UTI causing E. coli in human (Skyberg et 

al. 2006). 

  

Thus, the biofilm formation capacity of bacteria turned out to be media dependent and the ST95 

strains isolated from humans and birds are indistinguishable in terms of their biofilm formation 

in the media tested. Hence, this phenotype of biofilm formation does not serve as a candidate 

phenotype to discern strains of ST95.The exchange of antibiotic genes and virulence genes 

among APEC strains during the course of biofilm formation and their dissemination into the 

environment could lead to the emergence of more successful pathogens that could even develop 

zoonotic potential causing infection in humans. 

 

5.3.c. Curli and cellulose expression (Long term biofilm formation) 

The expression of curli and cellulose was also accessed via long term biofilm formation by the 

ST95 strains of human and avian origin to investigate if the differential expression of curli and 

cellulose could be utilized as a phenotypic marker to discern strains of ST95. 
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Curli fimbriae have been demonstrated to play an important role in adhesion to the host cells 

and abiotic surfaces and are also involved in biofilm formation by many Enterobacteria 

(Cookson et al. 2002, Brombacher et al. 2006). Curli have been studied to attach to the proteins 

of extracellular matrix such as plasminogen, fibronectin and laminin thereby promoting 

adhesion of the bacteria to different human cells (Olsen et al. 1989, Ben Nasr et al. 1996). 

Expression of curli is also linked to cellulose biosynthesis, leading to the production of 

extracellular matrix resulting in tight, cell to cell and cell to surface interactions and producing 

a colony morphotype called rdar (red, dry and rough) (Brombacher et al. 2006). Earlier studies 

have revealed that the cellulose production in bacteria is mainly associated with the ability to 

form a rigid biofilm however, these phenomenon vary from strain to strain and different 

serovars and is highly influenced by environmental conditions (Beloin et al. 2008). 

 

Colony morphotypes were studied to determine the expression of curli and cellulose (Zogaj et 

al. 2001, Romling 2005). The red, dry and rough morphotype abbreviated as Rdar was 

demonstrated when cellulose and curli are expressed together. The expression of only cellulose 

by bacteria was represented by pink, dry and rough (pdar) colony morphotype whereas, 

expression of only curli was represented by brown, dry and rough (bdar) morphotype. When 

neither curli nor cellulose was expressed the colony appeared to be smooth and white and this 

phenotypic morphotype is named as saw. Different colony morphotypes were represented by 

ST95 strains on agar plates supplemented with Congo red dye during the expression of curli and 

cellulose. 

 

Bian et al in their studies have shown that during urinary tract infection curli appears in large 

aggregates in uropathogenic E. coli and promote bacterial adherence within urinary tract (Bian 

et al. 2000). Another study has shown that curli promotes adherence of avian pathogenic E. coli 

isolates to avian intestinal cells and internalization and persistence in the caecum of chickens 

(Saldana et al. 2009). Cellulose along with curli, form special structures that enable biofilm 

development through bacterial  interactions and adhesion to biotic and abiotic surfaces, 

providing protection against environmental stress thus, characterizing curli as  a virulence 

attribute (Bian et al. 2000, Saldana et al. 2009). 

 

Curli synthesis in clinical isolates of E. coli is under complex regulation promoting curli 

production notably at 37°C and/or 28°C depending on the isolates, although curli expression is 
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cryptic in most E. coli (Beloin et al. 2008). In our study, we found that both the group of strains 

isolated from humans and avian hosts illustrated expression of curli and cellulose. However, the 

expression of curli and cellulose together was observed only at lower temperature of 28
o
C and 

only on plates without salt, thus suggesting that the expression of curli and cellulose together in 

ST95 strains, occurred at lower temperature as observed by Gualdi and group (Gualdi et al. 

2008) and at lower osmotic conditions.  

We also observed only curli expression by strains of humans and avian origin at 28
o
C on plates 

with salt and without salt, but at 37
o
C the expression of curli was observed only on plates 

without salt and not on the plates with salt incubated at 37
o
C. This corroborates with the 

previous studies that suggest that most of the pathogenic E. coli strains do not express curli at 

higher temperature of 37
o
C but at temperatures below 30

o
C and under low nutrients and low 

media osmolarity, during the stationary growth phase (Olsen et al. 1993, Uhlich et al. 2001). 

 

Though, most of the E. coli strains carry genes for curli expression, only a subset of them can 

transcribe the gene that is often suppressed when the E. coli is grown at 37
o
C (Olsen et al. 1993, 

Uhlich et al. 2001). Saldana and group (Saldana et al. 2009) have described in their studies that 

heterologous serotypes of pathogenic E. coli were able to assemble curli fibers while growing 

on salt-less media plates at 37°C supporting our results of curli expression at 37
o
C on plates 

without salt and not on plates with salt Though it has been documented that the curli and 

cellulose expression at 28
o
C is predominant in UTI isolates (Bokranz et al. 2005) the avian 

strains of ST95 also illustrated similar phenotypic expression as that of human strains. 

 

As the ST95 strains isolated from birds demonstrated similar expression patterns as that of the 

strains of humans in terms of their curli and cellulose expression, under different sets of 

conditions tested, it can be concluded that both the groups of strains are indistinguishable and 

different morphotypes observed during curli and cellulose expression did not prove to be a 

distinctive feature separating ST95 strains.  

 

5.3.d. Haemagglutination assay among ST95 strains 

Characterization of bacterial adhesins is done according to the agglutination patterns as a result 

of bacteria binding to the erythrocytes from various species. Bacteria that agglutinate 

erythrocytes and do not show this phenomenon in the presence of D-mannose were defined as 

http://www.ncbi.nlm.nih.gov/pubmed?term=Salda%C3%B1a%20Z%5BAuthor%5D&cauthor=true&cauthor_uid=19187284
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carriers of type 1 pili (Hagberg et al. 1981). Type 1 fimbriae are a crucial factor for the 

virulence of uropathogenic E. coli mediating adhesion to epithelial cells and colonization of the 

tissues and for invasion of the uroepithelium (Muller et al. 2009) and thus, assigning it as an 

important virulence attribute. Haemagglutination assay was performed with chicken 

erythrocytes in presence and absence of D-mannose for the strains of ST95 in order to 

investigate if these strains show haemagglutination defined as Mannose Sensitive 

Haemagglutination (MSHA) or Mannose Resistant Haemagglutination (MRHA). 

 

Both the groups of strains isolated from humans and birds did not represent mannose resistant 

haemagglutination (MRHA).  Earlier studies have also demonstrated that the APEC strains 

causing colibacillosis employ type 1 fimbriae for adherence and tracheal colonization 

(Pourbakhsh et al. 1997, Edelman et al. 2003) and this supports our result as all the avian strains 

that demonstrated agglutination were pathogenic strains that were associated with colibacillosis. 

Therefore, the strains of human and avian origin demonstrated similar agglutination pattern and 

there was no difference in the haemagglutination properties. Thus, it can be concluded that the 

mannose specific haemagglutination could not serve to discern ST95 strains.  

 

5.3.e. Serum resistance of ST95 strains in chicken and human serum 

 

The serum resistant phenotype of ST95 strains in chicken and human serum was also 

investigated. Serum has a lethal effect on Gram negative bacteria and the bactericidal activity of 

serum is due to the complement system of serum that plays an important role in the host defense 

mechanism against foreign invasion. Bacterial resistance to the bactericidal effect of serum was 

shown by many pathogenic strains and particularly by invasive strains and those causing UTIs 

(Burke et al. 1990). Human ExPEC and avian E. coli strains possess several virulence factors 

that facilitate bacterial resistance against the complement system of the host (Wooley et al. 

1993). 

 

Resistance of E. coli to human serum is regarded as an important virulence attribute and is 

mediated by O-antigen polysaccharide side chains (Stawski et al. 1990), capsular 

polysaccharides (Leying et al. 1990) and outer membrane lipoproteins (Siegfried et al. 1995). 

Serum resistance was also observed in APEC strains as an important virulence determinant that 
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plays a major role in the pathogenesis of avian colibacillosis (Mellata et al. 2003) and was used 

to make distinction between virulent strains and non virulent strains (Nolan et al. 2003). 

 

In the present study we investigated serum resistance of ST95 strains isolated from humans and 

birds (strains from different pathotypes) in chicken and human serum. To our observation, we 

found that most of the strains of human and avian origin demonstrated resistant phenotype 

towards the bactericidal effect of chicken serum. Ewers C. and group have also shown in their 

study that nearly 80-90% of outbreak and non outbreak avian strains represented serum resistant 

phenotype (Ewers et al. 2009).  

 

The higher percentage of strains representing resistant phenotype to the serum complement 

system can be explained by the fact that these strains possess the ability to adapt themselves 

rapidly to the stress that is encountered during the incubation of strains in serum. Ganwu Li and 

their group (Li et al. 2011) have shown in their study that the strains adapt themselves in 

response to serum and several genes involved in stress resistance like acid, oxidative stress 

resistance genes were upregulated to counter act oxidative stress during growth in chicken 

serum. Li G. and group (Li et al. 2012) have also shown that the avian pathogenic E. coli strain 

and the neonatal meningitis E. coli used similar mechanisms to overcome the antibacterial 

effects of sera, when grown in human and avian serum and notably, several proteins involved in 

synthesis of sulfur-containing amino acids and fatty acids, nucleic acids, were expressed 

differentially in response to the sera from different hosts. And this could be the possible reason 

of differential resistant phenotype of ST95 strains in chicken and human serum. 

 

Therefore, the ST95 strains isolated from humans and birds were indistinguishable in terms of 

their serum resistant phenotype toward chicken and human serum and therefore, the serum 

complement resistant phenotype does not serve as a promising phenotypic characteristic to 

discern strains of ST95 with respect to their host and this corroborates with the earlier studies of 

(Ewers et al. 2009) revealing the fact that the serum resistance was not a useful marker to 

distinguish avian E coli from different source groups. And, as the strains of avian origin are 

competent to utilize the same strategies as that of the strains isolated from humans to overcome 

the bactericidal effect of serum from different hosts, it aids to the possible zoonotic nature of 

strains isolated from birds thereby potentially making avian strains capable of causing 

infections in other hosts. 
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6. Conclusion 

 

In conclusion, we were not able to discern any significant features of the 116 strains we 

analyzed in this promotion thesis, neither by genomic based in-silico nor by functional 

biological analysis, distinguishing avian from human E. coli strains of ExPEC ST95. Due to 

these data, ExPEC strains of ST95 have to be defined as zoonotic agents. To our knowledge, 

such a strong evidence for any ExPEC to be zoonotic has not been published before. As these 

strains investigated belong to 43 different serotypes, we consider the ST to be of more 

significance to judge on the biological features than the conventional typing methods.  

 

We thereby largely extended previous studies reporting on similar genetic makeup and 

indistinguishable phenotypic characters and commonality in serogroups, phylogenetic 

background, virulence genes profile and the ability to cause disease in certain animal models by 

human ExPEC and APEC isolates (Wirth et al. 2006, Johnson et al. 2007, Moulin-Schouleur M 

2007, Ewers et al. 2009) explains that the avian strains of ST95 are indistinguishable from 

human ExPEC strains and indicates the fact, that ExPEC strains of ST95 possess zoonotic 

potential. As in particular chickens are held in large populations and avian pathogenic E. coli is 

a prominent cause of disease in these animals, we consider in particular chickens as a relevant 

risk of human infections via food or direct contact. Furthermore, these APEC, UPEC and 

NMEC have common ancestors. 

 

Recently, two strains of ST95 were observed in dogs which belonged to the same phylogenetic 

group B2 and harbored similar sets of virulence genes as that of the other human and avian 

strains of ST95 (Ewers, Wieler et al., unpublished data). UPEC strains isolated from dogs have 

been observed earlier to be phylogenetically related to that of the humans (Johnson et al. 2001b, 

Johnson et al. 2008b). Such strains are thought to cross the host specificity barrier and colonize 

and infect humans and other companion animals such as cats as observed in the strains of other 

STs as ST131 (Johnson et al. 2009). Earlier reports have shown that a UPEC strain causing UTI 

in dog was also found to colonize humans in the same residence (Johnson et al. 2008a) 

illustrating animal-to-human transmission of ExPEC. Therefore, this is indicating the fact that 

companion animals could be potential reservoirs for the transmission of UPEC to humans. 
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7. Zusammenfassung 

 

Im Verlauf dieser Promotionsarbeit war es uns nicht möglich, signifikante Eigenschaften der 

116 analysierten Stämme durch Genom basierte in silico sowie funktionelle biologische 

Analysen zu ermitteln, die eine Unterscheidung von aviären zu humanen E.coli Isolaten von 

ExPEC ST95 ermöglichen. Auf Grund dieser Daten sollten ExPEC Stämme des ST95 als 

Zoonoseerreger definiert werden. Nach unserem Wissen wurde ein solch starker Beweis für das 

zoonotische Potential von ExPEC bisher noch nicht veröffentlicht. Da die untersuchten Stämme 

43 verschiedenen Serotypen zugeordnet sind, betrachten wir den Sequenztyp (ST) im Vergleich 

zu den herkömmlich verwendeten Typisierungsmethoden als genauer um biologische 

Eigenschaften beurteilen zu können. 

 

Dabei haben wir größtenteils auf Ergebnisse früherer Studien aufgebaut, die den ähnlichen 

genetischen Aufbau und die nicht zu unterscheidenden phänotypischen Eigenschaften und 

Gemeinsamkeiten in Serogruppen, den phylogenetischen Hintergrund, das Virulenzgen-Profil 

und die Fähigkeit von humanen ExPEC und APEC Krankheiten in bestimmten Tiermodellen zu 

verursachen, aufzeigen (Wirth et al. 2006, Johnson et al. 2007, Moulin-Schouleur M 2007, 

Ewers et al. 2009) und somit erklären, dass aviäre Stämme des ST95 nicht von humanen 

ExPEC zu unterscheiden sind und ExPEC des ST95 somit ein zoonotisches Potential besitzen. 

 

Da vor allem Hühner in großen Populationen gehalten werden und aviäre pathogene E.coli eine 

bedeutende Ursache für Krankheiten in diesen Tieren sind, betrachten wir besonders Hühner als 

relevanten Risikofaktor für die Infektion von Menschen durch Lebensmittel oder direkten 

Kontakt. Weiterhin haben APEC, UPEC und NMEC gemeinsame Vorgänger.  

Kürzlich wurden zwei Stämme des ST95 in Hunden entdeckt, die zur selben phylogenetischen 

Gruppe B2 gehören und beide die gleiche Zusammenstellung an Virulenzgenen aufweisen wie 

andere humane und aviäre Isolate des ST95 (Ewers, Wieler et al., unpublished data). UPEC 

Stämme, die von Hunden isoliert wurden, konnten schon früher in phylogenetischen 

Zusammenhang mit humanen Isolaten gebracht werden (Johnson et al. 2001b, Johnson et al. 

2008b). Von solchen Stämmen wird vermutet, dass sie die wirtsspezifische Grenze überqueren 

und so Menschen und andere Haustiere wie z.B. Katzen kolonisieren und infizieren können, 

wie es schon bei anderen STs wie ST131 beobachtet werden konnte (Johnson et al. 2009). 

Frühere Berichte haben gezeigt, dass UPEC Stämme die in Hunden UTI verursachen auch die 
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mit ihnen zusammenlebenden Menschen kolonisieren können (Johnson et al. 2008a), was die 

Tier-zu-Mensch Übertragung von ExPEC unterstreicht. Diese Fakten weisen darauf hin, dass 

Haustiere ein potentielles Reservoir für die Übertragung von UPEC auf den Menschen sind.  
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