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SUMMARY 

 

 

Lactobacilli belong to the commensal gastrointestinal and urogenital microbiota of 

man and animals and are proposed to endow the host with several beneficial 

health effects. Adhesion is considered important for bacterial colonization at the 

host mucosal surfaces as well as for bacteria-host interactions both in health and 

disease. In this thesis work, the in vitro tissue tropism in adhesiveness of 

lactobacilli to the mucosal structures of the alimentary tract of the host and the 

underlying molecular bases of the adhesion were studied. To characterize the 

potential health effects of the adhesion of lactobacilli, the ability of lactobacilli to 

prevent in vitro adhesion of bacterial pathogens was tested. In addition, the ability 

of lactobacilli to interact with the mammalian plasminogen system, known to be 

harnessed by several invasive bacterial pathogens, was demonstrated.  

 

Lactobacillus ssp. isolated from the avian alimentary tract exhibited strain-specific 

cell and tissue tropism in their in vitro adhesion to chicken intestinal tissue 

structures. In general, adhesion to crop epithelium was a common trait in well-

colonizing strains. Lactobacillus crispatus strain ST1, characterized as a potential 

colonizer, showed a strong adhesion to the epithelial areas of crop as well as small 

and large intestine. Notably, ST1 also adhered efficiently to the immunologically 

important follicle-associated epithelium in ileum.  

 

The avian pathogenic E. coli (APEC) and Salmonella strains adhered via their 

type-1 fimbriae essentially to the same tissue areas in the chicken intestinal 

mucosa as did the adhesive lactobacilli. The strongly adhesive L. crispatus ST1 

efficiently inhibited the adhesion of APEC at the crop and the follicle-associated 

epithelia, whereas the poorly adhesive L. crispatus 134mi inhibited the adhesion of 

pathogens only partially.  

 

Adhesive surface proteins from L. crispatus ST1 were isolated by mutanolysin 

treatment. A 39-kDa peptide bound to singular intraepithelial and lamina propria 

cells of chicken intestine and was identified as glyceraldehyde-3-phosphate 

dehydrogenase (GAPDH) by N-terminal amino acid sequenzing and protein 
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database analysis. The polypeptides with apparent molecular sizes of 50 and 55 

kDa bound to basement membrane areas in chicken tissue. Their N-terminal 

amino acid sequences showed no close similarity to those in databases. A high 

molecular weight protein (280 kDa) that efficiently bound to the stratum corneum of 

stratified squamous epithelium of chicken crop and to the epithelial cells of human 

vagina was named as Lactobacillus epithelium adhesin-1 (LEA-1). To our 

knowledge LEA-1 is the first stratified squamous epithelial adhesin identified on 

lactobacilli.  

 

Surface-expressed GAPDH is known as a plasmin(ogen)-binding protein on 

pathogenic streptococci. Intestinal, dairy and probiotic strains of Lactobacillus and 

Lactococcus enhanced the tissue-type plasminogen activator (tPA)-catalyzed 

plasminogen (Plg) activation. The activation was efficiently inhibited by a lysine 

analog, ε-aminocaproic acid, suggesting that lysine residues have a role in the 

interaction. The activation was also efficiently inhibited by the main plasmin 

inhibitor, α2-antiplasmin, as well as by serine protease inhibitor, aprotinin. Binding 

of Plg and plasmin on the surface of lactobacilli was low, and L. crispatus ST1 was 

not able to retain the bacterium-bound plasmin activity on cell surface. The Plg 

molecule was further modified in the presence of L. crispatus and Lactobacillus 

johnsonii cells into internal plasminogen fragments which included angiostatin 

known to suppress endothelial cell proliferation and tumor metastasis. The 

glycolytic enzymes, GAPDH and enolase, were indentified as plasminogen 

receptors on L. crispatus ST1. The genes encoding GAPDH and enolase were 

cloned and sequenzed and expressed in Escherichia coli. The purified 

recombinant proteins bound plasminogen and plasmin in a lysine inhibitable 

manner. This is the first report on active plasminogen receptors on commensal 

bacteria and indicates that bacteria-Plg interaction may have a function for 

indigenous microbiota of humans. 
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1. INTRODUCTION 

 

The members of the genus Lactobacillus are Gram-positive organisms that belong 

to the large and heterogenous group of aerotolerant anaerobic Lactic Acid Bacteria 

(LAB). They form lactic acid as the major end product of their carbohydrate 

fermentation and possess low DNA base composition (32-53% G+C) (Axelsson, 

1998). More than 50 species of Lactobacillus are recognized and divided into three 

metabolic groups: obligate homofermentative, facultative heterofermentative and 

obligate heterofermentative, based on differences in sugar metabolism caused by 

the presence or absence of fructose-1,6-diphosphate aldolase and 

phosphoketolase (Axelsson, 1998). Homofermentative bacteria produce lactic 

acid, and heterofermentative ones produce lactic acid, CO2 and ethanol and/or 

acetic acid, as main fermentation end products. Based on DNA-DNA-hybridization 

studies, the large Lactobacillus acidophilus group is divided into six homology 

groups, A1-B2, that correspond to previously assigned species, Lactobacillus 

acidophilus (A1), Lactobacillus crispatus (A2), Lactobacillus amylovorus (A3), 

Lactobacillus gallinarum (A4), Lactobacillus gasseri (B1) and Lactobacillus 

johnsonii (B2) (Johnson et al., 1980; Lauer et al., 1980; Fujisawa et al., 1992). 

Recent EcoRI ribotyping data further suggests that the group should be devided 

into 14 genotypes, A1-A11, B1-B3, and gives evidence that some of the previously 

identified Lactobacillus strains would require reclassification as different species 

(Ryo et al., 2001). LAB are frequent in the intestinal and urogenital tracts of man 

and animals and are also widely distributed in nature, in plant materials and in 

sewage. The interaction of LAB with food stuffs caught the enthusiastic attention of 

early bacteriologists and led to identification of lactic acid fermentation by Louis 

Pasteur in 1857 and isolation of Bacterium lactis by Lister in 1873. The use of 

starter cultures for cheese and sour milk production was introduced at those days 

by Weigmann in Kiel and by Stoch in Copenhagen. Fermentative LAB have been 

used in food products for centuries, well before the scientific basis of the bacterial 

fermentation processes became established. The importance of LAB as industrial 

microbes today is next only to that of the common baker´s yeast, Saccharomyces 

cerevisiae. The interest in LAB as health-promoting organisms dates back to the 

early 20th-century, when Elie Metchnikoff suggested that consumption of LAB 
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contributes to the prolonging of life by modifying the intestinal microbiota. The 

production and consumption of health-promoting probiotics for human and animal 

use have widely increased during the last decades, and the molecular 

mechanisms of LAB interactions with the host both in health and disease represent 

a growing field in bacterial research today. 

 

1.1. LACTOBACILLI IN THE NORMAL MICROBIOTA 

 

Lactobacilli constitute an important part of the normal indigenous alimentary and 

urogenital tract microbiota of man and animals. The indigenous microbiota is a 

natural resistance factor against potential pathogenic microorganisms and 

provides colonization resistance by promoting gut maturation and integrity, 

occupying available niches, producing autogenic regulation factors (e.g. organic 

acids, hydrogen peroxide and bacteriocins), and modulating non-specific immune 

systems of the host to maintain intestinal immune homeostasis (Havenaar and 

Huis in´t Veld, 1992; Schiffrin and Blum, 2002). Several reports indicate that 

imbalanced normal microbiota (e.g. due to disease or use of broad spectrum 

antibiotics) is associated with an abnormally high presence of microbial species, 

such as Escherichia coli, Salmonella, streptococci, Bacteroides, Gardnerella and 

yeasts, often associated with infective diseases, as well as with reduced levels of 

lactobacilli (Mitsuoka, 1992; Sarra et al., 1992; Hay, 2004; Reid and Bocking, 

2003). 

 

 Former methods to identify bacterial species in the normal microbiota were based 

on bacterial cultivation, and it has been suggested that only 20-40 % of the 

bacteria from intestinal samples have been characterized, due to lack of 

knowledge of proper culture conditions (Suau et al., 1999). Indeed, the diversity of 

intestinal microbiota is tremendous, and 1013-1014 bacteria of different species and 

subspecies are estimated to colonize the human alimentary canal (Hao and Lee, 

2004). The new culture-independent techniques, such as pulse field gel 

electrophoresis (PFGE), ribotyping, 16S rDNA restriction fragment length 

polymorphism (RFLP), multiplex polymerase chain reaction (PCR), arbitrary 

primed (AP) PCR or triplet arbitrary primed (TAP) PCR (O’Sullivan, 2000), provide 
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more specific methods for detailed investigations at the species and the strain 

levels and are valuable tools for ecological Lactobacillus studies as well.   

 

1.1.1. ALIMENTARY TRACT AS AN ECOLOGICAL NICHE FOR 

LACTOBACILLI 

 

Lactobacilli belong to the normal microbiota of human oral cavity and human 

gastrointestinal (GI) tract (Mitsuoka, 1992; Lidbeck and Nord, 1993; Vaughan et 

al., 2002). The most frequent Lactobacillus species colonizing the human 

alimentary canal are L. acidophilus, L. crispatus, L. brevis, L. casei, L. delbrueckii, 

L. fermentum, L. gasseri, L. johnsonii, L. paracasei, L. plantarum, L. rhamnosus, L. 

reuteri, L. ruminis, L. sakei, L salivarius, L. vaginalis, L. curvatus and L. 

fructovorans (Mitsuoka, 1999; Vaughan et al., 2002). Several factors, such as pH, 

peristalsis, redox potential, bacterial adhesion, bacteria-bacteria interactions, 

mucus and bile secretion, immunoglobulins, intestinal enzymes, exfoliated 

epithelial cells, nutrient availability, diet, as well as bacterial antagonism, affect the 

prevalence of bacteria in different parts of the GI tract (Holzapfer et al., 1998; 

Tannock, 1999; Hao and Lee, 2004). In general, the alimentary bacterial numbers 

are highly dependent on intestinal pH and peristalsis. In the neutral pH of oral 

cavity, bacteria reach high numbers (up to 109 per ml of fluids). In the stomach and 

the upper two-thirds of the small intestine (e.g. duodenum and jejunum) only 103-

105 bacteria per g of contents are present, probably because of the acidic 

conditions of stomach and the fast peristaltic movement in the upper parts of the 

alimentary canal. In the distal small intestine, ileum and the large intestine, the pH 

rises and the peristaltic movement decreases, and the bacterial numbers are 

higher again. The colon is the largest bacterial reservoir in the body and contains 

up to 1012 bacteria per g of contents (Mitsuoka, 1992; Hao and Lee, 2004). The 

acid-tolerant lactobacilli are one of the dominating species in the oral cavity, 

stomach and duodenum and jejunum, with 103-107 bacteria per g of contents 

(Mitsuoka, 1992; Lidbeck and Nord, 1993). In the colon, lactobacilli are frequent 

(107 bacteria per g of contests) but not the major bacterial species (Mitsuoka, 

1992).   
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The presence and composition lactobacilli in the microbiota of the GI tract of 

mammalian animals closely resemble those found in humans, although some 

variations at the species level occur depending on the host (Mitsuoka, 1992; 

Tannock, 1992). Also, the anatomical differences of the alimentary canals 

influence the microbiota: the non-secreting stratified squamous epithelia in the 

fore-stomach of pigs, mice, rats and horses are efficiently colonized by lactobacilli 

(Tannock, 1992; Yuki et al., 2000). In the fowl intestinal tract, the dominating 

Lactobacillus species are L. crispatus, L. gallinarum, L. johnsonii, L. salivarius and 

L. reuteri (Fuller and Turvey, 1971; Mitsuoka, 1992; Sarra et al., 1992; Guan et al., 

2003; Lan et al., 2002). Lactobacilli efficiently colonize the stratified squamous 

epithelium lining the crop, which functions as a food storage pouch in the middle of 

esophagus. Due to their fermentation, the colonizing lactobacilli secrete acid and 

lower the pH of crop to 4.5-6 (Sarra et al., 1992). 

 

For successful colonization, intestinal bacteria, including lactobacilli, have been 

suggested to resist the peristaltic movement by adhering to intestinal epithelia 

and/or mucus, particularly in the upper parts of the alimentary canal (Fuller, 1989; 

Tannock, 1992, Rojas and Conway, 1996). The topic has remained controversial 

since there is also evidence that in vitro adhesion ability of lactobacilli to epithelia 

is not a prerequisite for in vivo colonization in an animal model (Pedersen and 

Tannock, 1989). Most probably, successful colonization by intestinal bacteria is 

dependent on several bacterial factors, and adhesiveness can be one of them.  

 

1.1.2. LACTOBACILLI IN UROGENITAL TRACT  

 

Lactobacilli are the dominating bacteria (107 to 108 cells per g of fluids) in vagina of 

healthy premenopausal females (Redondo-Lopez et al., 1990; Paavonen, 1983). 

The most prevalent species in vagina are L. crispatus, L. gasseri, L. acidophilus, L. 

jensenii, and L. iners (Song et al., 1999; Vásquez et al., 2002; Silvester and Dicks, 

2003; Zhou et al., 2004). Microbial colonization is affected by glycogen content, pH 

and hormone levels and/or treatments (Galask, 1988). The antagonism of 

lactobacilli against urogenital infections, e.g. yeast vaginitis, bacterial vaginosis or 

urinary tract infections, has been demonstrated to depend on production of 

antimicrobial compounds such as H2O2 and bacteriocins, on low pH and on high 
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redox potential. Also, adherence of lactobacilli to and colonization at the stratified 

squamous epithelium of vagina has a protective role against pathogens (McLean 

and Rosenstein, 2000; Barbés and Boris, 1999; Pabich et al., 2003; St. Amant et 

al., 2002; Marelli et al., 2004).  

 

1.2 LACTOBACILLI AS PROBIOTICS 

 

The findings that colonization by lactobacilli and other lactic acid bacteria, e.g. 

bifidobacteria, improves infection resistance of the host, have let to the production 

and consumption of probiotics. Probiotics are live microbial cultures or cultured 

dairy products which beneficially influence the health and nutrition of the host 

(Salminen, 1996). To date, several health-promoting effects of probiotics have 

been proposed (Table 1, for reviews, see Reid and Burton, 2002; Sanders, 2003; 

Mercenier et al., 2003; Vaarala, 2003; Tuohy et al., 2003). However, the 

mechanisms underlying the health effects and the host-probiotic communication in 

prophylactic and/or therapeutic treatments have remained poorly characterized. 

The probiotic strains are expected to fulfil several health-promoting characteristics 

and safety criteria (Table 2).  

 

Table 1. Proposed beneficial effects of probiotics (Modified from Klaenhammer, 2001; Mercenier et 
al., 2003 and Sanders, 2003)  
Alleviation of lactose intolerance 

Prevention of gastric, intestinal and urogenital infections 

Modulation of intestinal immune system 

Reduction of inflammatory or allergenic reactions 

Anticarcinogenic effects 

Antihypertensive effects 

Reduction of serum cholesterol level 

Regulation of gut motility 
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Table 2. Expected characteristics and safety criteria of probiotics (Mercenier et al., 2003) 

Non toxic and non pathogenic 

Accurate taxonomic identification 

Normal inhabitant of the targeted species 

Capability to survive, proliferate and be metabolically active in the targeted site, which implies: 

resistance to gastric juice and bile 

ability to persist in the GI tract 

ability to adhere 

ability to compete with the resident microbiota 

Production of antimicrobial substances 

Antagonism towards pathogenic bacteria 

Ability to modulate immune responses 

Ability to exert at least one clinically documented health benefit 

Genetically stable 

Amenability of the strain and stability of the desired characteristics during processing, storage and 

delivery 

Viability at high populations 

Desirable organoleptic and technological properties when included in industrial prosesses 

 

 

1.3 LACTOBACILLI AS OPPORTUNISTIC PATHOGENS 

 

Lactobacilli are Generally Regarded As Safe (GRAS) and non-pathogenic (Adams 

and Marteau, 1995). Occasionally, isolates of Lactobacillus are associated with 

opportunistic infectious diseases in humans, such as infective endocarditis (IE), 

bacteremia, urinary tract infections, dental caries, chorioamnionitis, endometritis, 

meningitis, deep abscesses and empyema (Husni et al., 1997; Aguirre and Collins, 

1993; Brouqui and Raoult, 2001). The Lactobacillus-associated infections have 

often been polymicrobial, and no direct indication of a primary role for lactobacilli in 

the infection has been found. The portal of entry for lactobacilli into circulation has 

remained unresolved in most cases; it has been suggested that the bacteria from 

the microbiota of the oral cavity or the GI tract can be introduced into the blood 

circulation as a result of poor dental hygiene, dental manipulation, gastrointestinal 

lesions or surgery (Husni et al., 1997; Aguirre and Collins, 1993). Also, sepsis has 

been reported to induce translocation of indigenous intestinal bacteria from 

intestine to underlying host tissues in mouse model (Naaber et al., 2000). 

However, the molecular mechanisms that contribute to the opportunistic 
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pathogenicity of commensal lactobacilli have remained unknown. The wide-spread 

ability of lactobacilli to aggregate platelets coupled with their ability to bind 

fibrinogen, fibronectin and collagen, in particular type V collagen demonstrated at 

the sites of endothelial damage (Kerényi et al., 1985), as well as their proteolytic 

activities are so far the only suggested pathogenic factors of lactobacilli (Harty et 

al., 1993; Harty et al., 1994; Oakey et al., 1995). These characteristics are 

common in all Lactobacillus strains and their role in lactobacilli-associated 

infectious diseases remains unclear. In most cases the infections associated with 

lactobacilli have preceded predisposing microbial infections (Husni et al., 1997; 

Aguirre and Collins, 1993; Salminen et al., 2004), and the pathogenic potential of 

lactobacilli in a healthy host is considered very low, particularly in a view of the 

ubiquitous presence of these bacteria in the hosts and the environment (Adams 

and Marteau, 1995). 

 

 

2. ADHESION PROTEINS OF LACTOBACILLI 

 

2.1 ADHERENCE TO CELLS AND TISSUE COMPONENTS 

  

Lactobacilli have been frequently observed to bind to epithelial cells and dissected 

tissue samples of the alimentary canal from humans and animals (Conway and 

Adams, 1989; Henriksson et al., 1991; Yuki et al., 2000; Sarem-Damerdji et al., 

1995; Fuller, 1973 and 1978; Jin et al., 1996; Mäyra-Mäkinen et al., 1983; 

Kotarsky and Savage, 1979; Conway et al., 1987), to human vaginal epithelial 

cells (Andreu et al., 1995; Osset et al., 2001; McLean and Rosenstein, 2000; 

Redondo-Lopez et al., 1990), to intestinal mucus (Rojas and Conway, 1996; 

Matsumura et al., 1999; Kirjavainen et al., 1998 and 1999; Tuomola et al., 1999; 

Roos et al., 2000; Roos and Jonsson, 2002; Gusils et al., 2003), to cultured human 

carcinomal intestinal cell lines (Adlerberth et al., 1996; Kirjavainen et al., 1999; 

Granato et al., 1999; Todoroki et al., 2001) and to the components of the 

extracellular matrix (ECM) (Aleljung et al., 1991; Nagy et al., 1992, Harty et al., 

1994;  Toba et al., 1995; McGrady et al., 1995; Styriak et al., 2003). The reports on 

the adherence of lactobacilli are numerous, but detailed knowledge of the 

adhesion mechanisms is very limited. Species-specificity in the adherence of 
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lactobacilli has also been suggested (Fuller, 1973; Mäyrä-Mäkinen et al., 1983; 

Yuki et al., 2000), but the topic has remained controversial, since intestinal and 

environmental lactobacilli adhere to non-host tissue targets as well (Kotarsky and 

Savage, 1979; Lin and Savage, 1984; Conway et al., 1987; Jacobsen et al., 1999; 

Todoroki et al., 2001; Sarem-Damerdji et al., 1995).   

 

2.2 ADHESINS  

 

The reduced adhesiveness of lactobacilli treated with proteinases has led to the 

hypothesis that proteinaceous molecules mediate the adhesion of lactobacilli in the 

host intestine (Fuller, 1975; Henriksson et al., 1991; Reid et al., 1993; Greene and 

Klaenhammer, 1994). The involvement of carbohydrates and lipoteichoic acids in 

the adherence of lactobacilli to intestinal and genital epithelia has also been 

reported (Fuller, 1975; Adlerberth et al., 1996; Henriksson et al., 1991; Coconnier 

et al., 1992; Greene and Klaenhammer, 1994; Ahrné et al., 1998; Boris et al., 

1998; Granato et al., 1999; Neeser et al., 2000), but the adhesive structures have 

not been identified. Overall, the various results suggest that lactobacilli adhere to 

host tissues via mechanisms that vary in different species. 

 

Few adhesins of lactobacilli have been characterized at the molecular level. These 

include the collagen binding CnBP of L. reuteri (Aleljung et al., 1994; Roos et al., 

1996), the collagen and laminin-binding CbsA of L. crispatus (Sillanpää et al., 

2000; Antikainen et al., 2002), fibronectin binding SlpA of L. brevis (Hynönen et al., 

2002), and the pig and hen mucus-binding Mub of L. reuteri (Roos and Jonsson, 

2002). CnBP is a 29 kDa-sized surface protein that is encoded in an ABC 

transporter operon in L. reuteri. The native CnBP and recombinant CnBP 

produced in E. coli bind solubilized type I collagen (Roos et al., 1996). From L. 

reuteri, another collagen binding protein with 31 kDa molecular mass has been 

purified. The protein showed immunocrossreactivity with CnBP, but the N-terminal 

peptide sequences of these proteins were not related (Roos et al., 1996). CbsA is 

a 43-kDa S-layer protein, which constitutes the major cellular protein and consists 

of single subunit which forms a regular crystalline array surrounding the cell (Toba 

et al., 1995). CbsA carries adhesive sequences for collagen type I and IV as well 

as laminin in its N-terminal domain and binds to bacterial cell wall by its C-terminal 
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domain (Antikainen et al., 2002). SlpA is also a S-layer protein that binds via its N-

terminal domain to immobilized fibronectin and cultivated human intestinal cell 

lines possible via fibronectin bridging mechanism (Hynönen et al., 2002). Mub has 

a high molecular weigh (358 kDa) and contains 14 approximately 200 amino acid-

long sequences and regions typical for other cell surface proteins in Gram positive 

bacteria, such as an N-terminal secretion signal peptide, a cell wall anchoring motif 

(LPXTG), a putative membrane-spanning region and a cell-membrane anchor. It 

was also detected by immunogical methods in the growth medium, suggesting 

secretion and/or release of the protein from bacterial surface (Roos and Jonsson, 

2002).  

  

Further, a 29-kDa surface protein of L. fermentum that binds to pig small intestinal 

mucus and gastric mucins has been identified. The N-terminal amino acid 

sequence of this protein shows no similarity to peptide sequences in databases 

(Rojas et al., 2002) and further investigations are needed to characterize the 

adhesin. In preliminary studies, L. acidophilus was observed to express a 15-kDa 

protein that binds to fibronectin and 45-kDa and 58-kDa proteins that bind to 

collagen type I (Lorca et al., 2002).   

 

 

3. AVIAN PATHOGENIC E. coli (APEC) AND SALMONELLA 

 

Avian colisepticaemia caused by virulent strains of E. coli O1, O2 or O78 

serotypes, is an important cause of morbidity and mortality in poultry (Dho-Moulin 

and Fairbrother, 1999). Poultry is also a major source of food-born infections in 

humans, particularly in cases of enterocolitis caused by pathogenic salmonella 

(Humphries et al., 2001; Jordan Lin et al., 1997). E. coli and Salmonella ssp. are 

present in the normal microbiota of the lower intestinal tract of birds with 103-107 

bacteria per gram of contents (Dho-Moulin and Fairbrother, 1999; Fedorka-Cray et 

al., 2001).  

 

Adherence of pathogenic bacteria to host tissues has been considered to be a 

crucial first step in the infection process (Finlay and Cossard, 1997; Finlay and 

Falkow, 1997; Klemm and Schembri, 2000). The avian colisepticaemia begins by 
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bacterial adherence and invasion at the upper respiratory tract and later develops 

into systemic infection (Dho-Moulin and Fairbrother, 1999). Adherence and 

subsequent invasion through intestinal epithelium also play a critical role during 

diseases caused by Salmonella serovars (Humphries et al., 2001).  Overall, the 

bacterial adherence to and persistence on intestinal mucosa offers an intestinal 

reservoir for shedding and horizontal transmission of bacteria via environment. 

This may influence the frequency of infections in chickens (Cerquett and Gherardi, 

2000; Carlson and Whenham, 1968).  

 

3.1 FIMBRIAL ADHESINS  

 

E. coli and salmonella frequently express fimbriae, thin, proteinaceous, polymeric 

surface appendages that mediate binding to host tissues structures (Stordeur et 

al., 2002; Humphries et al., 2001). In APEC, the most frequent and important 

fimbria are type-1, AC/I and P fimbriae as well as curli (Janben et al., 2001; 

Stordeur et al., 2002; Yerushalmi et al., 1990). According to genome analysis, 

Salmonella enterica serovars have 14 putative fimbrial operons in their genome; 

only few of them have been characterized (Townsend et al., 2001). This indicates 

that our understanding of fimbrial functions in salmonellosis is inadequate at the 

present. Also, flagella, the bacterial motility elements, have shown to play a role in 

bacterial adhesion to mucus-protected epithelia in vitro and invasion in vivo (Allen-

Vercoe and Woodward, 1999a; La Ragione et al., 2000 and 2003). 

 

The type-1 fimbriae that binds to oligomannoside chains of glycoproteins (Neser et 

al., 1986), have been observed to be more often present on APEC than on non-

pathogenic strains isolated from chickens (Dozois et al., 1992; Wooley et al., 1992; 

Janben et al., 2001) In in vitro and in vivo studies, the type-1 fimbriae have been 

shown to mediate E. coli adherence to avian pharyngeal and tracheal enterocytes 

(Naveh et al., 1984; Dho and Lafont, 1984; Vidotto et al., 1997) and the fimbriated 

strains are also better colonizers of chicken trachea as well as intestine (Dho and 

Lafont, 1982; Marc et al., 1998). The adherence of E. coli to mucosal enterocytes 

of human oral cavity was also shown to be mannose sensitive (Ofek et al., 1977). 

In salmonella, the type-1 fimbriae have been observed to be important in adhesion 

to rat, mouse and pig small intestinal enterocytes as well as to HeLa and Hep-2 
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cell lines (Lindquist et al., 1987; Thankavel et al., 1999; Hancox et al., 1998; 

Althouse et al., 2003) In chickens, D-mannose abolished the adhesion of S. 

enterica serovar Typhimurium to intestinal enterocytes in vitro, and the mannose-

fed chickens were significantly less colonized by S. enterica serovar Typhimurium 

in vivo (Oyofo et al., 1989 a and b). These results indicate that type-1 fimbrial 

receptor epitopes most likely are present in the host intestinal mucosa and 

contribute to bacterial adhesion and colonization, however the role of type-1 

fimbriae in the infectious diseases is still unclear (Marc et al., 1998; Dho-Moulin 

and Fairbrother, 1999; La Ragione and Woodward, 2002). 

  

AC/I fimbriae are expressed on APEC O78 serotypes with prevalence of 50 % 

(Babai et al., 1997 and 2000) and belong to the S- fimbriae family, although they 

do not exhibit the sialyl oligosaccharide-sensitive hemagglutination mediated by S-

fimbriae (Yerushalmi et al., 1990). AC/I have been shown to mediate E. coli 

adhesion to chicken tracheal and intestinal epithelial cells (Yerushalmi et al., 

1990), but its role in the virulence is not known. The P fimbriae are expressed in 

vivo in the later stages of APEC infections (Pourbakhsh et al., 1997 a and b) and 

do not the mediate in vitro adhesion to primary infections sites, i.e. trachea or 

pharynx (van den Bosch et al., 1993; Vidotto et al., 1997; Dozois et al., 1994). 

These results suggest that P fimbriae do not have role in the early stages of APEC 

pathogenicity in chickens. The specific binding of curli to ECM and serum proteins 

(Olsen et al., 1989) may contribute to bacterial adherence and colonization in the 

initial stages of infection, and in bacterial internalization into human epithelial cells 

(Gophna et al., 2001) although, the overall role of curli in the pathogenesis of 

APEC has not yet been elucidated (La Ragione and Woodward, 2002). 

 

One of the characterized mucosal adhesins of salmonella associated with 

intestinal infections is the long polar fimbria (Lpf) which mediates specific 

adherence to murine intestinal membranous epithelial cells (M-cells) (Bäumler et 

al., 1996). The M-cells are specialized epithelial cells that occur in the lymphoid 

follicle associated epithelia (FAE) and by transepithelial transport deliver luminal 

samples to the underlying lymphoid tissues aggregated in ileum (Peyer´s patches) 

and scattered in other parts of small and large intestine (Sieber and Finlay, 1996; 

Gebert et al., 1996). Following transport through M cells, salmonella are 
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phagocytosed by resident macrophages in which they are able to multiply and are 

subsequently disseminated to secondary infection sites (Jepson and Clark, 2001; 

Santos and Bäumler, 2004). The specific receptor epitope for salmonella Lpf is not 

known and its role in the virulence has remained unclear since oral admistration of 

Lpf deficient salmonella show only limited reduction in their virulence in mice 

(Bäumler et al., 1996). 

 

3.2 EXCLUSION OF PATHOGENIC BACTERIA BY LACTOBACILLI 

 

One of the physiological effects of lactobacilli in the host has proposed to be the 

antagonism against pathogens. Lactobacilli have been shown to affect the 

prevalence of several intestinal and urogenital pathogens in vitro and in vivo (Reid 

et al., 1988; Coconnier et al., 1998; Boris et al., 1998; Jin et al., 1996; Pascual et 

al., 1999; Mack et al., 1999; McLean et al., 2000; Osset et al., 2001; La Ragione et 

al., 2004). The detailed molecular mechanisms underlying this phenomenon 

remain poorly characterized, and the reports vary in degrees of successful 

inhibition depending on the strains used as competitive exclusion agents, the 

pathogens as well as the methods of assessment.  

 

The importance of adhesion in pathogen exclusion at chicken ileal epithelia has 

been shown in vitro with L. acidophilus against Salmonella pullorum (Jin et al., 

1996) but L. acidophilus failed to exclude Salmonella enterica serovar Enteritidis 

and Salmonella enterica serovar Typhimurium and APEC (Jin et al., 1996 and 

1998). At human vaginal epithelia, adherent Lactobacillus ssp. diminished 

adhesion of Candida albicans, bacterial vaginosis associated species and 

uropathogens (Boris et al., 1998; McLean et al., 2000; Ossest et al., 2001). Also, 

exclusion of E. coli and salmonalla by lactobacilli in human and piglet mucus have 

been reported (Blomberg et al., 1993; Lee et al., 2003), but lactobacilli failed to 

inhibit the adhesion of Salmonella ssp. to chicken mucus (Gusils et al., 2003). L. 

crispatus and its collagen binding S-layer protein inhibit the adherence of E. coli to 

the components of basement membrane (Horie et al., 2002) and a 29-kDa surface 

protein from L. fermentum inhibited adhesion of uropathogenic Enterococcus 

faecalis to polystyrene (Heinemann et al., 2000).  
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4. BACTERIAL INTERACTION WITH THE PLASMINOGEN SYSTEM 

 

4.1 THE HUMAN PLASMINOGEN SYSTEM 

 

Plasminogen (Plg) is a proenzyme of the serine protease plasmin, which is 

involved in several physiological and pathological processes such as fibrinolysis, 

degradation of the extracellular matrix (ECM), eukaryotic cell migration, tissue 

remodelling, embryonic development, inflammation and tumor metastasis (Mignatti 

and Rifkin, 1993; Lijnen and Collen, 1995; Plow et al., 1999; Boyle and Lottenberg, 

1997; Berger, 2002; Oh et al., 2003, Myöhänen and Vaheri, 2004). Plg circulates 

at high concentrations in human blood and is abundant in other body fluids, such 

as saliva, urine and breast milk as well (Chen et al., 1980; Moody, 1982; Lijnen 

and Collen, 1995; Heegaard et al., 1997). Plasmin is important for cell migration as 

it directly degrades laminin, the major glycoprotein in basement membranes, and 

indirectly enhances tissue damage by activating latent matrix metalloproteases 

(MMPs) which are capable of degrading collagens and other constituents of ECM 

(Zucker and Vacirca, 2004). The basement membranes form important tissue 

barriers and also offer a milieu where components of the Plg system are present 

and can be activated (Lähteenmäki et al., 2001), thus the proteolytic activity of 

plasmin is efficiently targeted to these physiological barrier structures. Notably, the 

metastatic tumor cells have shown to adhere to the components of ECM as well as 

bind and activate Plg (Schwartz, 1996; Berger, 2002), which subsequently enables 

focal tissue degradation and remodelling.  

 

Plasmin(ogen) binds to fibrin, components of ECM and to lysine-containing 

receptors that are broadly distributed on mammalian cells. Plg receptors (PlgRs) 

include proteins with C-terminal lysines, e.g. α-enolase, proteins rich in internal 

lysines, e.g. amphoterin, and non-protein receptors, e.g. gangliosides and 

glycosaminoglycans (Plow et al., 1995). Binding of Plg to lysine-containing 

receptors leads to conformational changes which render it more susceptible to 

cleavage by Plg activators (PAs)(Mangel et al., 1990). Mammalians have two PAs, 

the tissue-type plasminogen activator (tPA) and urokinase (uPA) (Rijken, 1995), 

which cleave a peptide bond at Arg561-Val562 of the Plg molecule. The resulting 

heavy (65 kDa) and light (25 kDa) chains of plasmin are held together via two 
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disulphide bridges (Miyashita et al., 1988) (Fig. 1). The active site in the light chain 

of plasmin possesses typical characteristics of serine proteases, the catalytic triad 

of amino acids His603, Asp 646 and Ser741, while the heavy chain is composed of 

five kringle domains (K1-K5) that contain the lysine binding sites. The intact 90-

kDa Plg (Glu-Plg) contains an amino-terminal glutamic acid and is cleaved by 

serine proteases into an 82-kDa N-terminally truncated form of the zymogen Plg 

(Lys-Plg). The formation of Lys-Plg enables stronger interaction of Plg with its 

receptor molecules and enhances the activation of Plg into plasmin (Miyashita et 

al., 1988; Gong et al., 2001).  

 

 
Fig. 1. Schematic structure of human plaminogen. The five kringle domains that contain the lysine-
binding sites are marked as K1, K2, K3, K4, and K5. The molecule is stabilized by disulphide 
bridges (dashed lines). Arrows indicate the cleavage sites for plasminogen activators (tPA/uPA) 
and plasmin. The solid bars indicate the molecular domains that are present in Glu-Plg, Lys-Plg 
and in the catalytic chain. The striped bar indicates the kringle domains that consist of the varying 
combinations of the reported angiostatin molecules, i.e. K1, K4, K5, K2-K3, K1-K3, K1-K4, and K1-
K5. Modified from Miyashita et al., 1988; Cao and Xue, 2004. 
 

 

Due to the highly potent proteolytic activity of plasmin, the Plg system is tightly 

regulated at the levels of produced Plg activators and plasmin activity. The PAs 

and their inhibitors, plasminogen activator inhibitors (PAIs), are secreted by 

vascular endothelium and other cell types in response to various physiological and 

pathological stimuli (Lijnen and Collen, 1995; Mignatti and Rifkin, 1993; Berger, 

2002). α2-antiplasmin (α2AP) is the main physiological inhibitor of plasmin, and 

α2-macroglobulin inhibits plasmin along other proteases (Travis and Salvesen, 

1982). Since the α2AP binds to the same lysine-binding sites of Plg as do the 
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receptors, the receptor-bound Plg is protected from the inhibitor. On the contrary, 

free circulating plasmin is rapidly inactivated by the antiprotease. 

 

The proteolytic cleavage of Plg can further lead to formation of internal Plg 

fragments, collectively called as angiostatins, which lack the catalytic light chain 

and vary in the number of kringle domains (Cao, 1999; Cao and Xue, 2004) (Fig. 

1). The internal Plg fragments inhibit the endothelial cell proliferation and act as 

natural regulators of physiological and pathological angiogenesis (O´Reilly et al., 

1994; Cao, 1999; Cao and Xue 2004). The Plg proteolysis into internal fragments 

has been shown with variety of physiological proteases, such as members of the 

matrix metalloprotease (MMP) family and elastase (Dong et al., 1997; Patterson 

and Sang, 1997; Cao and Xue, 2004). Reductases secreted by tumor cells 

(Stathakis et al., 1997 and 1999; Lay et al., 2000) generate angiostatin from 

plasmin and also, tPA, uPA and the streptococcal PA streptokinase cleave Plg to 

angiostatin in the presence of free sulfhydryl donors (Gately et al., 1997). Also, 

autoproteolytic conversion of membrane-associated plasmin into angiostatin on 

tumor cells has been reported (Wang et al., 2004). Fragmentation of the Plg into 

angiostatin has been characterized with fungi-derived nonlysine triprenyl phenol 

metabolites (Ohyama et al., 2004), but bacterial cells have not been reported to 

modulate Plg fragmentation. 

 

4.2 BACTERIAL INTERVENTION WITH THE PLASMINOGEN SYSTEM 

 

Invasive bacterial pathogens intervene with the Plg system by expressing PAs 

and/or PlgRs (Fig. 2) which enables the pathogens to gain surface-bound 

proteolytic activity (Lähteenmäki et al., 2005). Also, the production levels of 

mammalian PAs, uPA-receptor (uPAR), PAIs and MMPs have been reported to be 

affected by bacteria and/or bacteria-derived components, such as endotoxin 

(Suffredini et al., 1989; Brandtzaeg et al., 1990; Behera et al., 2005). The central 

role of bacteria-Plg interaction in bacterial invasiveness has been so far 

documented in vivo in infections caused by Yersinia pestis, Borrelia species, 

Streptococcus pneumoniae and group A streptococci (GAS) (Sodeinde et al., 

1992; Gebbia et al., 1999; Nordstrand et al., 2001; Sun et al., 2004; Bergmann et 

al., 2003). These studies have highlighted the importance of synergistic action of 



 16 

PlgRs and PAs in bacterial invasion from intravenous primary infection site into 

circulation or secondary infection sites. A considerably higher number of 

pathogenic bacteria has been found to express PlgRs (Lähteenmäki et al., 2001 

and 2005). Many in vitro studies have demonstrated that the bacterial capture of 

the host-derived proteolytic plasmin activity enables bacterial invasiveness through 

tissue structures and cell layers (Coleman and Benach, 1999) indicating that 

utilization of the Plg system by bacteria can be more general. The combined 

attributes of bacterial adherence to components of the extracellular matrix 

(Westerlund and Korhonen, 1993) and engagement of the plasminogen system, 

mimic the mechanisms in metastasis of tumor cells (Mignatti and Rifkin, 1993; 

Schwartz, 1996; Berger, 2002).  

 

 
Fig. 2. Schematic overview of the bacterial intervenience with the plasminogen system. The 
proenzyme plasminogen (Plg) is activated by tissue-type plasminogen activator (tPA) or urokinase 
(uPA). The active plasmin degrades fibrin clots (fibrinolysis), laminin of basement membrane and 
activates precursors of matrix metalloproteases (Pro-MMPs) which in active form can further 
degrade components of basement membranes and extracellular matrix (ECM). Plasmin can be 
also proteolytically cleaved into angiostatin. Dashed lines indicate inhibition: plasminogen activator 
inhibitors (PAIs) inhibit the plasminogen activators, α2-antiplasmin and α2-macroglobulin inhibit 
plasmin and angiostatin inhibits endothelial cell proliferation and angiogenesis. Bacteria intervene 
(shown in italics) with the system by binding Plg, plasmin and tPA on their surface, which enhances 
the activation of Plg by tPA and protects plasmin from the main inhibitor, α2-antiplasmin. Few 
bacterial species are able to activate Plg or inactivate antiproteases. The host-derived proteolysis 
can be targeted on bacteria to degradation of fibrin clots and by bacterial adherence to basement 
membranes and ECM for focused invasion though tissue barriers. Modified from Lähteenmäki et 
al., 2005; Berger, 2002. 
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4.2.1. BACTERIAL PLASMINOGEN RECEPTORS 

 

The best characterized PlgRs in Gram-positive bacteria are the plasminogen-

binding group A streptococcal M protein (PAM) as well as streptococcal glycolytic 

enzymes, glyceraldehyde-3-phosphate dehydrogenase (GAPDH) and α-enolase 

(Wistedt et al., 1995; Winram and Lottenberg, 1998; Pancholi and Fischetti, 1998). 

In Gram negative bacterial species, such as E. coli and salmonella, the 

filamentous surface appendages, fimbriae and flagella, act as PlgR molecules 

(Parkkinen and Korhonen, 1989; Lähteenmäki et al, 1993; Kukkonen et al., 1998; 

Sjöbring et al., 1994). Also, aspartase in Haemophilus influenzae, outer surface 

protein A (OspA) and a 70-kDa surface protein OppA in Borrelia burgdorferi as 

well as the surface proteins PgbA and PgbB in Helicobacter pylori have been 

characterized as PlgRs (Sjöström et al., 1997; Fuchs et al., 1994; Hu et al., 1997; 

Jönssön et al., 2004).  

 

PAM is associated with GAS strains that cause skin infections in humans 

(Svensson et al., 1999) and binds Plg via lysine residues present in two N-

terminally located repeat regions  of 13 amino acids. Inactivation of the PAM-

encoding emm53 gene abolishes the Plg binding in vitro and leads to attenuated 

infection in an experimental animal model of infection in vivo (Svensson et al., 

2002; Sun et al., 2004).  

 

Streptococcal GAPDH, also called as streptococcal surface hydrogenase (SDH), 

has been shown to be surface localized and to bind human Plg and plasmin 

(Pancholi and Fischetti, 1992; Lottenberg et al., 1992; Winram and Lottenberg, 

1998; Bergmann et al., 2004). The C-terminal lysine residue of GAPDH seems to 

be important in the Plg binding, since substitution of this amino acid to leucine 

abolished the binding (Winram and Lottenberg, 1998). However, finding that the 

recombinant bacteria with mutated GAPDH still retained the Plg-binding ability, 

emphasizes the importance of other PlgRs in streptococci (Winram and 

Lottenberg, 1998; Jobin et al., 2004). The GAPDH protein has also been observed 

to possess multifunctional activity, such as binding to fibronectin, lysozyme, 

cytoskeletal proteins as well as displaying auto-ribosylating and phosphorylating 
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activities (Pancholi and Fischetti, 1992 and 1993), but the in vivo role of these 

multiple characteristics are not known.  

 

The surface-localized α-enolase is reported to be the main PlgR in streptococci 

and binds Plg and plasmin in a lysine dependent manner (Pancholi and Fischetti, 

1998; Bergmann et al., 2001). Similar to GAPDH, α-enolase binds with greater 

affinity to Lys-Plg and plasmin than to Glu-Plg (Winram and Lottenberg, 1998; 

Derbise et al., 2004). The C-terminal lysine residues have been shown to be 

important in the PlgR function of GAS and pneumococci (Pancholi and Fischetti, 

1998; Bergmann et al., 2001; Derbise et al., 2004), although recent report of the 

3D structure of pneumococcal α-enolase suggests that the internal binding epitope 
248FYDKERKVY256 (Bergmann et al., 2003), provides the major binding site for Plg 

(Ehinger et al., 2004). Substituting of lysines at this sequence reduces Plg-binding 

and attenuates the bacterium in a mouse model of intranasal infection (Bergmann 

et al., 2003). The α-enolase performs also several other functions in addition to 

glycolytic activity and plasmin(ogen) binding, e.g. binding to laminin, salivary mucin 

and DNA. Enolase is also a heat-shock protein and a constructing component of 

turtle cellular lenses and playes a role in autoimmunity disorders (Williams et al., 

1985; Wistow et al., 1988; al-Giery and Brewe, 1992; Aaronson et al., 1995; 

Pancholi, 2001; Carneiro et al., 2004; Ge et al., 2004). 

 

The mechanisms that contribute to surface localization of GAPDH and α-enolase 

have remained unknown. These house-keeping molecules are traditionally 

considered as cytoplasmic enzymes and they do not possess known signal 

sequences, membrane-anchoring motifs or hydrophobic membrane-spanning 

regions; however, they have been reported to be surface-localized or secreted in 

several prokaryotic and eukaryotic organisms (Table 3).  
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Table 3.  Surface localization and/or secretion of GAPDH and α-enolase by prokaryotic and 
eukaryotic cells.  

Enzyme Bacteria Fungi Parasites Mammalian 

 

GAPDH 

Group A, B, C, E, G, H 

and L streptococci1 

Staphylococcus aureus2 

Staphylococcus 

epidermidis2 

Mycobacteria3 

Neisseria meningitidis4 

Neisseria lactimica4 

enteropathogenic E. coli5 

Candida 

albicans10 

Saccharomyces 

cerevisiae11  

Kluyveromyces  

marxianus12 

Schistosoma  

mansoni15 

Trypanosoma16 

Leishmania16 

Fasciola hepatica17 

erythroid19 

 

 

α-enolase 

Group A, B, C, D, E, F, G, 

H and L streptococci6 

Staphylococcus aureus7 

Aeromonas hydrophila8 

Actinobacillus 

actinomycetemcomitans9 

Candida 

albicans13, 

Pneumocystis 

carinii14 

Onchocerca 

volvulus18 

F. hepatica17 

hematopoietic20 

pharyngeal21 

carcinomal22 

endothelial23 

neuronal24 

muscular25 

(Pancholi and Fischetti, 19921; Modun and Williams, 19992; Bermudez et al., 19963; Grifanttini et al., 20024; 
Kenny and Finlay, 19955; Pancholi and Fischetti, 19986; Mölkänen et al., 20027; Sha et al., 20038; Hara et al., 
20009; Gil-Navarro et al., 199710; Crowe et al., 200310; Delgado et al., 200111; Fernandes et al., 199212; 
Angiolella et al., 199613; Fox and Smulian, 200114; Goudot-Crozel et al., 198915; Pancholi and Chhatwal, 
200316; Bernal et al., 200417; Jolodar et al., 200318; Allen et al., 198719; Miles et al., 199120; Redlitz et al., 
199520; Pancholi et al., 200321; López-Alemany et al., 199422; Dudani et al., 199323; Nakajima et al., 199424; 
Lopez-Alemany et al., 200325). 
 

4.2.2. BACTERIAL PLASMINOGEN ACTIVATORS 

 

Few invasive bacterial species (e.g. streptococci, staphylococci, Yersinia pestis 

and salmonella) have PAs that can be functionally divided into two groups: 

secreted non-enzymatic activators and surface localized protease activators. 

Streptokinase (SK) and staphylokinase (SAK) belong to the former group and form 

molecular complexes with Plg and plasmin which leads to changes in conformation 

and specificity of Plg (Rabijns et al., 1997; Wang et al., 1998). SK and SAK share 

little sequence homology but have a similar protein folding (Parry et al., 2000). The 

binary SAK-Plg complex remains proteolytically inactive and requires additional 

activation by PAs (Schlott et al., 1997). SK activates Plg by forming first a binary 

complex with Plg and subsequently ternary Plg-SK-Plg complex in which the 

catalytic triad of Plg is functional without cleavage at Arg561-Val562 (Young et al., 

1998). The SKs produced by strains of human and non-human origin differ 

structurally and form ternary complexes with Plg mainly in a host species-specific 
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manner (Caballero et al., 1999). Expression of ska gene encoding SK has been 

shown to be increased in GAS isolated from spleens of infected mice (Rezcallah et 

al., 2004). In a mouse model of human skin impetigo inactivation of ska reduced 

bacterial virulence after subcutaneous infection of conventional as well as 

transgenic mice expressing human Plg (Svensson et al., 2002; Khil et al., 2003; 

Sun et al., 2004); thus the synergistic action of bacterial PAs and PlgRs is 

important in the virulence of GAS (Sun et al., 2004). The protection of receptor–

associated plasmin from α2AP is observed also in vitro in SAK-promoted 

activation of staphylococci-immobilized Plg (Mölkänen et al., 2002). The PauA of 

Streptococcus uberis also is a secreted PA (Leigh, 1994; Leigh and Lincoln, 1997) 

that has a low sequence similarity but high predicted structural analogy with SK 

(Rosey, et al., 1999; Ward et al., 2004) and activates bovine, ovine and equine, 

but not human Plg via SK-like activation (Rosey, et al., 1999; Ward et al., 2004). A 

few Streptococcus uberis strains associated with clinical bovine mastitis are also 

found to secrete a novel broad host spectrum PA, PauB (Ward and Leigh, 2002 

and 2004), which activates Plg by unknown mechanism.  

 

The Pla of Y. pestis and PgtE of enteropathogenic salmonella belong to the beta-

barrel surface proteases of the omptin family (Sodeinde and Goguen, 1988). Pla 

activates Plg by cleaving at the same Arg561-Val562 site as do tPA and uPA, and 

thus resemble the mammalian PAs in function (Sodeinde et al., 1992). The Plg 

activation by PgtE seems similar in mechanisms to Pla, but is significantly less 

efficient (Kukkonen et al., 2004). Notably, both proteases are highly capable of 

inactivating α2AP and thus creating uncontrolled plasmin proteolysis (Kukkonen et 

al., 2001; Lähteenmäki et al, 2004). The functions of omptins are strongly 

influenced by lipopolysaccharide (LPS) on bacteria: the activities of Pla and PgtE 

are sterically inhibited by O-antigen repeats present in smooth LPS, whereas 

rough LPS allows full activity (Kukkonen et al., 2004). LPS in Y. pestis is rough 

whereas the clinical isolates of salmonella nearly constantly possess smooth LPS 

(Skurnik et al., 2000; Kukkonen et al., 2004). The importance of Pla for Y. pestis 

virulence is convincingly demonstrated in vivo (Sodeinde et al., 1992) and elevated 

expression of PgtE and alterations of LPS O-chain in salmonella cells from 

intracellular vacuoles of infected macrophages (Lähteenmäki et al., 2004) suggest 

that PgtE has a role in salmonellosis. 
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5. AIMS OF THE STUDY 

 

 

The bacterial adhesion to the epithelium is considered important for colonization 

as well as for bacteria-host crosstalk at host mucosal surfaces. While the 

molecular bases of adhesion of bacterial pathogens have been well characterized, 

much less is known about the surface proteins and adhesion mechanisms of 

commensal lactobacilli. These bacteria, however, form a major prokaryotic group 

colonizing the human and animal mucosa, and knowledge on their adhesion 

mechanisms is important both for basic bacterial ecology and for a more optimal 

use of lactobacilli as probiotics. Overall, the probiotic as well as opportunistic 

pathogenic mechanisms of intestinal lactobacilli have remained poorly understood. 

 

This study was initiated to characterize the adhesive properties of a chicken 

intestinal isolate of Lactobacillus crispatus within the alimentary tract of its host 

and to identify the molecules mediating the adhesion. The effects of lactobacilli on 

adhesiveness of avian pathogenic E. coli to chicken tissues were also studied. As 

it became evident that commensal lactobacilli possess a surface-expressed 

glycolytic enzyme, GAPDH, which is known to act as plasminogen receptor on 

pathogenic streptococci, hence we also studied the interaction of lactobacilli with 

the human plasminogen system.  
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6. MATERIALS AND METHODS 

 

Bacterial strains and plasmids used in this study are listed in Table 4. The 

methods are described in detail in the original published and manuscript articles 

and are listed in Table 5. 

 
Table 4. Bacterial strains and plasmids used in this study 

Bacterial strain or plasmid Origin / 
relevant property 

Article Reference 

Lactic acid bacteria 
Lactobacillus acidophilus E507 
Lactobacillus casei ATCC393 
Lactobacillus casei E506 
Lactobacillus crispatus A33 
Lactobacillus crispatus 

ATCC33820 
Lactobacillus crispatus ST1 
Lactobacillus crispatus 134mi 
Lactobacillus gasseri ATCC33323 
Lactobacillus gasseri CT5 
Lactobacillus johnsonii F133 
Lactobacillus reuteri ATCC53609 
Lactobacillus reuteri CT7 
Lactobacillus reuteri 1063 
Lactobacillus rhamnosus  
      ATCC53103 
Lactococcus lactis E523 

 

 
dairy strain 
cheese 
dairy strain 
chicken crop 
not known  
 
chicken crop 
chicken ileum 
not known 
chicken crop 
calf faeces 
not known 
chicken crop  
pig small intestine 
human faeces 
 
dairy strain 
 

 
IV 
I 

IV 
I, III 
I, III 

 
I-IV 

I, II, III 
I 
I 

IV 
I 
I 
I 

IV 
 

IV 
 

 
Miettinen et al., 1996 
Hansen and Lessel, 1971 
Miettinen et al., 1996 
This study 
Skerman et al., 1980 
 
This study 
This study 
Lauer and Kandler, 1980 
This study 
Fujisawa et al., 1992 
Kandler et al., 1980 
This study  
Roos and Jonsson, 2002 
Miettinen et al., 1996 
 
Miettinen et al., 1996 
 

Laboratory host strains 
E. coli 392 
 
 
E. coli M15(pREP4) 

 
Pathogenic bacteria 

E. coli 789 
 
 
E. coli IHE3034 
Haemophilus influenzae 23459 
Salmonella enterica serovar  
      Typhimurium IR715 
Salmonella enterica serovar  
      Enteritidis TN2 

(CDCSSU7998) 
Streptococcus anginosus 753 
Streptococcus mutans 7120 
Streptococcus pyogenes 

IHE30430 

 
ATCC 
      non-fimbriated  
      K-12 strain 
Qiagen GmbH 
 
 
chicken septicaemia 
      AC/I and  
      type 1-fimbriated 
newborn meningitis 
clinical isolate 
chicken heart and liver 
      type-1 -fimbriated 
not known 
      type-1 fimbria negative 
 
infective endocarditis 
infective endocarditis 
bacteremia 

 
II 
 
 

IV 
 

 
II 
 
 

IV 
IV 
II 
 

II 
 
 

IV 
IV 
IV 

 
Sambrook et al., 1989 
 
 
 
 
 
Babai et al., 1997 and 
      2000 
 
Selander et al., 1986 
Ullberg et al., 1990 
Stojiljkovic et al., 1995 
 
Norris and Bäumler, 1999 
Boyd et al., 1993 
 
Allen et al., 2002 
Allen et al., 2002 
Miettinen et al., 1998 

Plasmids 
pBR322 
 
pMK25 
 
pPKL4 
 
pUC19 
 
pQE30 
 
pRAC221 

 

 
Fermentas Life Sciences 
      cloning vector 
fim genes from  
      S. enterica in pUC19 
fim genes from E. coli in  
      pBR322 
Fermentas Life Sciences 
      cloning vector  
Qiagen GmbH  

cloning vector 
fac genes from E. coli 789   

in pBR322 

 
II 
 

II 
 

II 
 

II 
 

IV 
 

II 

 
 
 
Kukkonen et al., 1998 
 
Klemm et al., 1985 
Pouttu et al., 1999 
 
 
 
 
Babai et al., 2000 
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Table 5. Methods used in this study 
Method  Described and used in 

Adhesion studies with bacteria and purified proteins 
Adhesion to chicken intestinal tissue sections 
Adhesion to vaginal epithelial cells 
Adhesion to ileal mucus 
Exclusion of adhesion of E. coli by lactobacilli 

 
Interaction studies of bacteria and purified proteins with the plasminogen 

Kinetic plasminogen activation assay 
Binding of 125I-labeled Plg, plasmin and tPA to bacteria 
Binding of Plg and plasmin on purified Plg-receptors 
Bacteria-bound plasmin activity measurement 

 
Genetic methods 

Sequencing of chromosomal DNA 
Cloning and sequencing the Plg-receptors from lactobacilli 

 
Protein work 

Extraction of surface proteins from lactobacilli 
Expression and purification of the Plg-receptors of L. crispatus ST1 in 
      E. coli 
N-terminal sequencing 
MALDI-TOF analysis 
 

Immunological methods 
Production of antisera 
Western-blotting 
Indirect immunofluorescence 
Immuno-EM 

 
I, II, III 

III 
I, II 
II 
 
 

IV 
IV 
IV 
IV 
 
 

IV 
IV 
 
 

III 
IV 
 

III, IV 
IV 
 
 

III, IV 
III, IV 
I, II, III 

IV 
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7. RESULTS AND DISCUSSION 

 

This study was initiated to characterize molecular mechanisms important for 

adhesion and colonization of lactobacilli at host intestinal tissues. We used the 

chicken as a host model since lactobacilli are frequent and adhesive in their 

alimentary canal (Fuller and Turvey, 1971; Fuller, 1973; Brooker and Fuller, 1975; 

Mitsuoka, 1992; Sarra et al., 1992; Guan et al., 2003; Lan et al., 2002) and as 

tissue samples from the animals are easily available. 

 

7.1. Identification of Lactobacillus crispatus strains with colonization 

potential (unpublished) 

 

Our first aim was to isolate a Lactobacillus stain with colonization and adhesion 

potential, and we used a chicken colonization trial for this task. The Lactobacillus 

strains A33 and 134mi were isolated from chicken crop and ileum, respectively, 

and identified as L. crispatus by their 16S rRNA-gene sequences. The PCR 

amplification of genomic DNA with primers designed for Enterobacterial Repetitive 

Intergenic Consensus (ERIC) sequences that have been used in analysis of 

various bacterial genera and species (Sharples et al., 1990; Versalovic et al., 

1991; de Bruijn, 1992), gave different patterns for both strains (data not shown) 

verifying identification of separate strains. In primary adhesion tests, the strain A33 

was found highly adhesive to frozen tissue sections of chicken intestinal tract, 

whereas the strain 134mi was less efficient in adhesion (see 7.2.). As a 

comparison, the type strain of L. crispatus from culture collection, ATCC33820, 

was also tested for its adherence and found to be poorly adhesive. For 

colonization trials, we inoculated newly hatched ross 208 chickens orally with 

6x107 bacteria per strains in two pairs of lactobacilli, A33 + ATCC33820 or 134mi + 

ATCC33820, to compare colonization of adhesive and poorly-adhesive strains. 

Lactobacilli at days 2, 5 and 12 postinoculum were isolated by cultivating on 

Lactobacillus selection (LBS) agar from crop and ileum of inoculated chickens as 

well as from chickens that received no exogenous bacteria. Within two days after 

hatching, the total number of lactobacilli isolates reached similar high levels both in 

crop (mean  4.1x108 cells per crop) and ileum (2.6x108 cells per ileum) with no 

significant difference between the three test groups. The cut-off level of detection 
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was 105 bacteria per intestinal sample. Genomic DNA of 120 randomly chosen 

Lactobacillus colonies from each time point were subjected to PCR amplification 

with ERIC primers, and 67 isolates representing the most frequent PCR fingerprint 

patterns as well as isolates yielding patterns indistinguishable from those obtained 

with A33 and 134mi, were subjected to 16S rRNA-gene sequencing. Based on the 

16S rRNA-gene sequences, the isolates belonged to the species L. crispatus, L. 

gasseri and L. reuteri. Based on PRC profiling, both A33 and 134mi also persisted 

in the chicken intestine. A bacterial colony representing the most commonly 

detected PCR profile within an identified species was chosen for the adherence 

tests. This selection gave the strains L. crispatus ST1, L. gasseri CT5, and L. 

reuteri CT7, which were considered capable of colonizing young chickens as they 

outgrow the challenge lactobacilli in the host intestine. Lactobacilli with the same 

PCR profiles were not detected among bacteria isolated from chicken egg shells, 

and it seems probable that ST1, CT5 and CT7 originated from the air of the 

brooder room or the diet of chickens similar to observations by Fuller (1973). 

 

7.2. Tissue tropisms of indigenous lactobacilli in the avian intestinal tract (I) 

 

Histological analysis of bacterial colonization in the chicken intestine has revealed 

that the major sites of bacterial colonization are crop, ileum and caecum (Fuller 

and Turvey, 1971). The alimentary canal consists of multiple tissue structures that 

vary in physiological functions. Therefore tissue sections rather than isolated 

epithelial cells or tissue homogenates were used in this PhD work to reveal 

possible tissue tropism in the adherence of lactobacilli. We used frozen sections 

from crop, duodenum, jejunum, ileum, caecum and colon to cover the whole 

alimentary canal.  

 

The adherence of lactobacilli to the tissue domains in the avian alimentary canal is 

summarized in Table 1; I. L. crispatus ST1 adhered efficiently to the non-secreting 

stratified squamous epithelium of chicken crop, to the apical poles of mature 

enterocytes at tip of villi, to basolateral poles of enterocytes along the villus-crypt 

axis as well as to FAE and underlying lymphoid follicles. Also, efficient adherence 

to lamina propria composed of connective tissue, blood vessels and lymphoid cells 

was observed. (Fig. 1 and 2; I). The strain A33 showed similar and strong 
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adhesion profile as did the strain ST1. Instead, the strain 134mi adhered only 

poorly to the epithelium of crop and to FAE. The adhesiveness of L. gasseri CT5 

was targeted to the same tissue structures as the strains ST1 and A33, but CT5 

showed lower adhesion efficiency to apical surfaces of enterocytes and, 

importantly, to FAE. The L. reuteri CT7 adhered only to the epithelium of crop, and 

the type culture collection strains L. crispatus ATCC33820, L. gasseri ATCC33323, 

L. reuteri ATCC53609 L. casei ATCC393, showed no adhesion to chicken tissues. 

These results demonstrate that fresh isolates of lactobacilli exhibit considerable 

cell and tissue tropism in their adherence to the tissue domains in chicken 

intestine. 

 

None of the Lactobacillus strains adhered to mucus-producing goblet cells on 

tissue sections, and only A33 and ATCC 53609 showed adherence to secreted 

ileal mucus; this, however, was low when compared to that of L. reuteri strain 1063 

reported to bind to hen mucus (Roos and Jonsson, 2002) (Fig. 3; I). To estimate 

the role of abundant intestinal mucus layer as a colonization niche for lactobacilli, 

we tested the ability of L. crispatus strains ST1, A33, 134mi and ATCC33820, L. 

reuteri CT7, L. gasseri CT5 and L. casei 393 to grow in a minimal M9 salt medium 

supplemented with ileal mucus as a carbon source (data not shown). For 

comparison, the growth of lactobacilli in MRS medium was also tested. Bacteria 

(1x105 cfu) were inoculated to 1 ml of the media. After 16-hours cultivation, 

lactobacilli reached average numbers of 2x105 cells per ml in mucus medium and 

1x109 cells per ml in MRS medium. 

 

Our results on the in vitro cell specificity of the adherence of lactobacilli are in 

agreement with the findings of Fuller and Turvey (1971) and Brooker and Fuller 

(1975) on bacterial colonization and in vivo adhesion. Thus there appears to be a 

similar tissue distribution of the in vitro adhesion and the in vivo colonization by 

lactobacilli in the chicken intestine. Furthermore, our adhesion and colonization 

data support the idea that adhesion to the stratified squamous epithelium of crop is 

an important factor in successful colonization of lactobacilli to chicken intestine 

(Fuller, 1973). This idea is highlighted by the fact that strain CT7 adhered in vitro 

only to crop epithelium and was found to be persistent in vivo in the intestine 

during the colonization trial.  
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In the small and large intestine, the epithelium is simple columnar and serves the 

functions of secretion and absorption, and undergoes continuous and rapid 

renewal. The epithelial stem cells are located at the crypts of villi and give rise to 

mature enterocytes, mucus-producing goblet cells, paneth cells and entero 

endocrine cells (Huet et al., 1987; McCracken and Lorenz, 2001). Our finding that 

lactobacilli preferentially adhere to the apical poles of mature enterocytes at villus 

tips is in line with the observation of Fuller and Turvey (1971) that colonizing 

bacteria were only rarely detected below the top third of the villi. The crypt-villus 

migration of intestinal enterocytes involves changes in expression of ECM 

receptors (Louvard et al., 1992) but much less is known about the distribution of 

surface antigens in the polarized epithelium. The mature enterocytes possess 

apical brush border with well organized microvilli and underlying terminal web, 

while the immature enterocytes contain only few surface microvilli and lack well-

formed terminal web. The maturating process is known to involve changes in the 

levels of luminal membrane proteins (Burgess et al., 1989; Fath et al., 1990; 

Shibayama et al., 1987; Weiser et al., 1986). Also, the intestinal brush-border 

associated enzymes as well as laminin expression and basement membrane (BM) 

organizations are known to differ in healthy vs. colorectal conditions (Real et al., 

1992; Rémy et al., 1992). The enterocyte receptors for adhering lactobacilli remain 

to be elucidated.    

 

The frozen tissue sections fixed with paraformaldehyde have been successfully 

used to determine tissue tropism of variety of bacterial adhesins (Korhonen et al., 

1990; Sillanpää et al., 2000). The intact protective mucus layer, however, may be 

lost under these experimental procedures (Deplancke and Gaskins, 2001). We did 

not detect bacterial adherence to mucus-producing goblet cells in the tissue 

sections and hence wanted to confirm the adherence with freshly isolated 

intestinal mucus. Isolates of Lactobacillus have been reported to bind to pig and 

hen intestinal mucus and human faecal mucus (Rojas and Conway, 1996; Roos et 

al., 2000; Roos and Jonsson, 2002; Tuomola et al., 1999; Gusils et al., 2003). No 

adhesion to secreted mucus was observed with Lactobacillus strain tested in this 

study, expect for the strains A33 and ATCC53609 that showed poor adhesion. 

Further, in contrast to pathogenic E. coli that are able to grow in intestinal mucus 



 28 

(Rang et al., 1999; Wadolkowski et al., 1988), the lactobacilli tested in this study 

were not able to grow efficiently in a minimal medium supplemented with salts and 

mucus. However, Rojas and Conway (1996) reported that Lactobacillus ssp. were 

able to grow in pig ileal mucus suggesting that some lactobacilli are able to occupy 

the mucus-layer niche in the intestine. The mucus is observed to prevent bacterial 

adhesion onto epithelial cells in vitro (Jin et al., 1996; Todoroki et al., 2001) and 

hence promote removal of bacteria from the intestine (Weiser et al., 1986). 

Lactobacilli have also been observed to inhibit adhesion of enteropathogenic E. 

coli to cultured intestinal cell line by inducing mucin gene expression (Mack et al., 

1999). On the other hand, commensal bacteria alter surface mucus and diminish 

its deposition in caecum (McCracken and Lorenz, 2001) and enhanced adherence 

to intestinal mucus in vitro has been reported by L. reuteri strains grown in the 

presence of intestinal mucus (Jonsson et al., 2001). Overall, the role of mucus in 

bacterial and in particular Lactobacillus colonization in the GI remains controversial 

(Deplancke and Gaskins, 2001). However, our results suggest that in chicken 

intestine, the adherence to stratified squamous epithelium of crop which is not 

secreting mucus (Hodges, 1974) may be important for colonization by lactobacilli. 

In the colonization trial, the outgrowth of L. crispatus strain ST1 over the strain 

A33, which both adhered to crop epithelium, might be explained by the difference 

of the strains to adhere to the mucus layer.  

 

Lymphoid follicles are scattered throughout the intestinal mucosa and form 

lymphatic aggregates i.e. Peyer=s patches in the distal small intestine (Ross and 

Romrell, 1989). We found that the L. crispatus strains were adherent to FAE and 

over the entire area of the lymphoid follicles, including the B-cell-rich germinal 

centers and the surrounding T-cell-rich dome area. Notably, a sharp contrast was 

seen in the adherence of ST1 cells onto the FAE and onto the apical enterocyte 

surface of the same ileal region, where bacteria selectively bound to the FAE. FAE 

contains M cells that are important for pathogen invasion into the circulation and 

for presentation of antigens to the immune system (Neutra et al., 1999). Our 

findings are in line with the reports of association of certain lactobacilli with Peyer=s 

patches of the mouse (Ma et al., 1990; Perdigón et al., 2000). The light 

microscopic techniques do not allow identification of individual M cells in the 

chicken ileum (Clark et al., 1993; Kitagawa et al., 2000; Buda et al., 2005), and the 
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possible interaction of lactobacilli with M cells requires more detailed studies. 

Interaction of lactic acid bacteria with M cells in vivo in the mouse intestine was 

recently reported on the basis of immune reactions against orally inoculated lactic 

acid bacteria (Perdigón et al., 1999). It was also proposed that lactobacilli are 

selectively internalized in vivo into Peyer=s patches or lamina propria of the mouse 

intestine and that these interactions may be involved in different secretory 

immunoglobulin A and CD4+ T-cell responses induced by the lactic acid bacteria 

(Ma et al., 1990; Perdigón et al., 1999, 2000 and 2001; Plant and Conway, 2001). 

Our in vitro adhesion studies suggest that adherent lactobacilli may indeed make 

contact with M cells and the underlying Peyer=s patches, and the adherence of 

lactobacilli to FAE observed in this study may denote to presentation of lactobacilli 

to the immune cells.  

 

7.3. Adhesion of APEC and salmonella in avian intestinal tract (II) 

 

The shedding and horizontal transmission of APEC and salmonella between avian 

hosts and subsequently to humans causes annually considerable health problems 

and economical losses both in animal production and public health (Gross, 1994; 

Gomez et al., 1997; Cerquetti and Gherardi, 2000). Not much is known about the 

role of fimbrial expression on the tissue tropism of APEC and salmonella in 

chicken intestine. We utilized the tissue sections to screen tissue specificity in 

fimbriae-mediated adhesion of APEC and salmonella along the host intestinal 

mucosa. This was done as the first step in evaluating the use of adhesive 

lactobacilli in exclusion of pathogens in the chicken intestine. 

 

The wild type (wt) APEC and salmonella and the recombinant strains expressing 

mannose-binding type-1 fimbriae were observed to adhere to the stratified 

squamous epithelium of crop (Fig. 1; II) as well as to apical and basolateral poles 

of simple columnar epithelia of small and large intestine and ileal FAE (Fig. 2 and 

4; II). Also, adhesion to submucosal connective tissue areas was observed. 

Notably, poor adherence to the mucus-producing goblet cells but strong 

adherence to secreted ileal mucus was observed with type-1 fimbriated strains 

except for S. enterica serovar Typhimurium, which did not bind to either of these 

samples (Fig. 3 and 5; II). The adherence was efficiently inhibited by α-methyl-D-
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mannoside, in accordance with the role of type-1 fimbriae in the binding (Fig. 2; II). 

Adhesion to intestinal goblet cells was detected only with AC/I-fimbriated wt and 

recombinant strains (Fig. 3; II).  

 

The frequent expression of type-1 fimbriae by APEC and salmonella (Dozois et al., 

1994; Babai et al., 1997; Humphries et al., 2001) and the efficient type-1 fimbriae 

mediated adhesion to chicken intestinal epithelial surfaces observed in this study, 

support the previous findings (Oyofo et al., 1989 a and b; Marc et al., 1998) that 

type-1 fimbriae may have a role in the colonization of enteropathogens in chicken 

intestine. Prevention of this mannose-dependent adhesion of APEC and 

salmonella thus may interfere with the fecal-oral transmission and subsequently 

reduce the frequency of colibacillosis and salmonellosis in the avian and the 

human hosts.  

 

The type-1 fimbriae were observed to mediate the adherence of APEC and 

salmonella to the immunologically important FAE area in the chicken ileum. On the 

other hand, the specific adherence of salmonella to ileal FAE M-cells in the mouse 

was reported to be mediated by Lpf fimbriae (Bäumler et al., 1996). In lack of 

specific markers for chicken M-cells, these cells could not be identified on the 

sections used in the light microscopic analysis and the role of host specificity in the 

differences of results remains open. Lpf-deficient salmonella have shown only 

limited reduction in their virulence in mice (Bäumler et al., 1996) and translocation 

of unspecific luminal particles and microorganisms to underlying lymphoid areas 

by M-cells is also reported (Jepson et al., 1996; Owen, 1999), suggesting that 

close association of bacteria with M-cells might affect their translocation frequency. 

Hence, the type-1 fimbriae mediated adhesion of APEC and salmonella to chicken 

FAE may also contribute to their translocation to underlying tissues.   

 

The type-1 fimbriae were also observed to mediate adhesion of APEC and 

salmonella to ileal mucus but not to the goblet cells. The intestinal mucus layer is 

composed of secreted mucins mainly synthesized by intestinal goblet cells to form 

a protective barrier over the epithelium (Deplancke and Gaskins, 2001). The 

bacterial entrapment into the mucus is regarded as an antimicrobial and defensive 

function which removes luminal bacteria by peristalsis (Weiser et al., 1986). 
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Hence, it would not be beneficial for enteric bacteria to express type-1 fimbriae in 

vivo in the intestinal lumen. Bacterial motility is reported to be important in vitro 

and in vivo for colonization and invasion of the host intestinal mucosa by 

salmonella (Dibb-Fuller et al., 1999; Allen-Vercoe and Woodward, 1999 a and b; 

Allen-Vercoe et al., 1999). Penetration of mucus layer by E. coli strain with “on” 

phase-locked type-1 fimbrial expression was slower than that observed with the 

strain lacking type-1 fimbriae (McCormick et al., 1993), indicating that type-1 

fimbria may promote bacterial entrapment into intestinal mucus in mice. Also, the 

phase-locked mutant showed reduced colonization ability in mouse large intestine 

when compared to the strain lacking type-1 fimbriae (McCormick et al., 1993). On 

the other hand, mucus may serve as a nutrient source for the growth of enteric 

pathogens, and hence contribute to their colonization and virulence in mice (Rang 

et al., 1999; Wadolkowski et al., 1988). The efficient growth of both APEC and 

salmonella in chicken ileal mucus supplemented with salts was also observed in 

this study (Table 1; II), whereas intestinal isolates of L. crispatus, L. gasseri, and L. 

reuteri did not multiply under the same experimental conditions (see 7.2). The 

ability of motile enteropathogens to grow in the mucus may resist peristaltic 

exhaustion and increase bacterial persistence within the host intestine. For non-

motile lactobacilli, on the other hand, the adhesion to mucus might on the contrary 

be unfavourable.  

 

Opposite to type-1 fimbriae, the AC/I fimbria preferentially bound to goblet cell-

associated mucus rather than to the secreted mucus. The difference may be due 

to variation in the molecular composition of the mucins in the secreted or the cell-

associated forms (Deplancke and Gaskins, 2001), to bacterial modification of the 

mucins (McCracken and Lorenz, 2001) or to different technical conditions in the 

two experiments (McCracken and Lorenz, 2001). Our results disagree with 

previously reported AC/I fimbriae-mediated adhesion of APEC to isolated avian 

intestinal epithelia cells (Yerushalmi et al., 1990) in that we did not observe AC/I-

mediated bacterial adherence to the intestinal enterocytes of tissues sections. The 

reasons for the differences remain open, however, our results do not support a 

role for AC/I fimbriae in colonization of chicken intestine.  
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7.4. Exclusion of pathogens by lactobacilli (II) 

 

The prevention of intestinal tract infections is one of the health benefits attributed 

to lactobacilli. The adherence of lactobacilli to intestinal epithelium could prevent 

pathogen colonization by steric hindrance or competition for epithelial receptors 

(McGroarty, 1993). The colocalization of the type-1 fimbriae-mediated adhesion of 

pathogenic E. coli and salmonella to the same epithelial areas that were 

recognized by adhering lactobacilli, encouraged us to test the potential of 

lactobacilli to exclude the pathogens at sites important for colonization and 

invasion, i.e. crop and FAE.  The strongly adhering L. crispatus strain ST1 

inhibited the adhesion of APEC strain 789 to the epithelium of crop and FAE, while 

the poorly adhesive L. crispatus strain 134mi inhibited the pathogen adhesion only 

partially (Fig. 4; II). These results demonstrate that adhesion may be a factor 

contributing to exclusion of pathogens from intestinal surfaces.  

 

Adhesion is considered to be an important step for pathogens in their invasion 

(Finlay and Cossard, 1997; Finlay and Falkow, 1997; Dho-Moulin and Fairbrother, 

1999; Neutra et al., 1999; Klemm and Schembi, 2000), and hence the adhesion-

based exclusion of pathogens by commensal bacteria might be important in 

prevention of bacterial invasion particularly at the area of FAE. In many in vivo 

animal feeding experiments, the supplementation of hosts with Lactobacillus ssp. 

has decreased the colonization and infection ability of enteric pathogens (Cole and 

Fuller, 1984; Hudault et al., 1997; Pascual et al., 1999; Zhao et al., 1998; Perdigón 

et al., 2001; Sgouras et al., 2004), although results with no significant effects have 

also been reported (Adler and DaMassa, 1980; Hinton and Mead, 1991; Stavric et 

al., 1992). In human trials, the most promising results have been obtained with 

Lactobacillus treatments to decrease rotavirus infections and prevention of 

pathogen overgrowth during antibiotic therapy (Hilton et al., 1997; Isolauri et al., 

1991 and 1994; Kaila et al., 1992; Majamaa et al., 1995; Biller et al., 1995; 

Gorbach et al., 1987; Siitonen et al., 1990; Arvola et al., 1999). These studies, 

however, did not address the mechanisms of exclusion of pathogens by 

lactobacilli. In the chicken crop, lactobacilli reduce the luminal pH to 4,5-6 (Sarra et 

al., 1992), which most probably affects the viability of enteric pathogens. This has 

been seen in vitro with Lactobacillus salivarius strains against E. coli and S. 
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enterica serovar Enteritidis (Garriga et al., 1998). However, Fuller (1977) reported 

that the bacteriostatic property of lactobacilli in crop is due to low pH, but the 

bactericidal activity could not be accounted by pH alone. In human vagina, the 

production of H2O2 rather than alteration of pH by Lactobacillus isolates has been 

observed to decrease gonococcal growth (St. Amant et al., 2002), while low pH 

alone acts against uropathogenic E. coli (Juárez Tomás et al., 2003). 

Coaggregation of lactobacilli with type-1 fimbriated uropathogenic E. coli has also 

been demonstrated, and unlike the bacterial coaggregation in oral cavity leading to 

formation of dental plague, the finding was not related to onset of urogenital 

disease but rather to prevention of infections (Reid et al., 1988). Since we did not 

observe coaggragation of L. crispatus isolates with type-1 fimbriated APEC strain, 

the mechanisms of inhibition of pathogen adhesion in crop and FAE was most 

likely due to unspecific steric hindrance of adhesion to tissue receptors and to the 

strong affinity of the adhesion of lactobacilli. The idea of steric hindrance is in line 

with the report of mannose sensitive adhesion of L. plantarum and type-1 

fimbriated E. coli to the human colonic cell line HT-29. Due to different reactivity to 

periodate treatment, the prefered receptor epitopes on HT-29 cells were however, 

suggested not to be identical for lactobacilli and E. coli (Adlerberth et al., 1996).  

 

7.5. Isolation of L. crispatus adhesins (III) 

 

L. crispatus ST1 was chosen for the isolation and characterization of adhesins due 

to its strong adhesion ability to several tissue domains in chicken intestine. The 

strain A33 was also included as an adhesive strain and strains 134mi and 

ATCC33820 as poorly adhesive comparative strains. The removal of S-layer-

protein from the surface of ST1 cells by chaotropic treatment with guanidine 

hydrochloride (GnHCl) did not affect the adherence of ST1 cells to chicken 

intestinal tissues (Fig 1; III) and we could not detect adherence with the extracted 

S-layer proteins released from ST1 (data not shown). By treating the bacteria with 

peptidoglycan-cleaving bacterial autolysin, mutanolysin, the adhesion was 

abolished, yielding detached proteins that retained their binding ability (Fig. 1; III). 

Extracts from the adhesive and poorly-adhesive strains differed only with two 

protein bands in SDS-PAGE (Fig. 2; III). After fractionating the released surface 

proteins of STI, three different protein fractions with binding affinity to the stratum 
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corneum of stratified squamous epithelium of crop, basement membrane areas or 

singular intraepithelial and lamina propria cells were isolated (Fig. 3; III).   

 

The Lactobacillus surface protein that binds to stratum corneum layer of stratified 

squamous epithelium of crop was named as Lactobacillus epithelium adhesin-1 

(LEA-1). To our knowledge, this is the first stratified squamous epithelial adhesin 

isolated form lactobacilli. Lactobacillus strains also show adhesion to other 

epithelial surfaces, indicating a likely existence of other epithelial adhesins. LEA-1 

is a high molecular weight protein with an apparent molecular size of approx. 280 

kDa and may be a glycoprotein since it bound the conacavalin A lectin. The N-

terminal sequencing of LEA-1 was not successful. The finding that LEA-1 and a 

related proteins could be detected on the surface of the adhesive L. crispatus 

stains ST1 and A33, but not on the poorly adhering strains 134mi and ATCC33820 

(Fig. 2; III), also suggest a role in adhesion of lactobacilli to crop epithelium. 

Different ability of the strains ST1 and 134mi to inhibit pathogen adhesion onto the 

outermost surface of crop epithelium may also involve different expression of LEA-

1 by the strains. Since lactobacilli are also frequent and dominating in human oral 

cavity and vagina which are lined with stratified squamous epithelia (Mitsuoka, 

1992; Redondo-Lopez et al., 1990; Paavonen, 1983), we tested whether LEA-1 

could mediate adhesion to these tissue structures as well. ST1 cells were found to 

be adhesive to buccal and vaginal cells freshly isolated from a healthy host, 

whereas the purified LEA-1 adhered to ca. half of the isolated vaginal cells (Fig. 4; 

III) but not at all to the buccal cells. The cells isolated from vagina probably contain 

epithelial cells from stratum corneum as well as from underlying epithelial layers, 

which might explain the selective binding of LEA-1 to only a fraction of the cell 

population. However, ST1 cells were observed to bind throughout the stratified 

squamous epithelium of crop in tissue sections and to all isolated vaginal and 

buccal cells, suggesting that other adhesins, not identified in this study, also 

participate in the epithelial adhesion.  

 

Binding to the basement membrane was observed with the protein fraction 

containing peptides with apparent molecular sizes of 50 and 55 kDa (50/55 kDa) 

that could not be separated from each other by gel filtration or ion exchange 

chromatography. N-terminal sequencing of these proteins gave amino acid 
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sequences that showed no close similarity to those in databases, including the 

previously characterized collagen and laminin-binding proteins of lactobacilli, 

CnBP or CbsA (Aleljung et al., 1994; Roos et al., 1996; Sillanpää et al., 2000). 

Hence, our results give evidence that L. crispatus possessess yet a novel 

basement membrane-binding adhesin(s). The 50/55 kDa adhesins or their 

receptor proteins were not determined in this study and further investigations are 

required to fully characterize these adhesins. Adhesion of several pathogenic 

bacteria to ECM proteins is thought to contribute to bacterial invasiveness 

(Westerlund and Korhonen, 1993). Lactobacilli commonly adhere to the 

components of ECM and BM (Aleljung et al., 1991; Nagy et al., 1992; Harty et al., 

1994; Toba et al., 1995; McGrady et al., 1995; Styriak et al., 2003), and the activity 

has been proposed to have both protective (Horie et al., 2002) and pathogenic 

functions (Harty et al., 1993 and 1994), but overall, the biological functions of the 

adhesiveness of lactobacilli to ECM remain open.  

 

The protein binding to singular intraepithelial and lamina propria cells was 

putatively identified by N-terminal sequencing and peptide database analysis as 

GAPDH. The 20 amino acid long N-terminal sequence of the protein shows 100% 

identity with L. delbrueckii and L. johnsonii GAPDH sequences (Pridmore et al., 

2004; Branny et al., 1998). The gene encoding GAPDH was cloned into an 

expression vector and the recombinant GAPDH protein was expressed and 

purified from E. coli (see 7.7). The extracted and the purified recombinant GAPDH 

were found to bind with similar characteristics to chicken tissues. Histologically the 

cells recognized by GAPDH resembled lymphoid cells that are numerous in lamina 

propria and scattered in intraepithelial regions (Ross and Romrell, 1989; 

McCracken and Lorenz, 2001). Double staining of tissue sections with specific 

anti-chicken T-cell receptor 2 antibodies (Chen et al., 1988) showed a partial 

colocalization with GAPDH-binding. However, due to lack of specific markers for 

chicken lymphoid cells, the receptor cells for GAPDH could not be identified. The 

surface-localization of the glycolytic enzyme GAPDH is well characterized in 

several prokaryotic and eukaryotic species (Pancholi and Chhatwal, 2003) (Table 

3.), and our results indicate that this is valid for lactobacilli also. The sequence of 

GAPDH from L. crispatus ST1 contains no features associated with secretion of 

proteins from Gram positive bacteria, and its secretion mechanisms remain open. 
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GAPDH has a variety of functions seemingly unrelated to glycolysis (Pancholi and 

Fischetti, 1992 and 1993) and it has been observed to bind Plg (Pancholi and 

Fischetti, 1992; Lottenberg et al., 1992). Binding of the GAPDH of lactobacilli to 

intraepithelial and lamina propria cells in chicken intestine may represent a novel 

function for bacterial GAPDHs.  

 

The results described above indicate that a single strain of Lactobacillus 

possesses several adhesins with affinity to distinct tissue domains in the host 

intestine. However, as ST1 bacteria exhibited even broader tissue tropisms than 

the adhesins identified here, more adhesion factors are likely to have a role in the 

adhesiveness of ST1. The detailed knowledge of lactobacilli-host interaction at 

molecular level could be important for developing efficiently targeted probiotic 

products or efficient oral vaccine carriers. The results from lactobacilli as oral 

tetanus toxin carriers have shown that the immunization efficiency is dependent on 

the expression levels of the antigens, the Lactobacillus strain used as carrier, and 

the viability and persistence of the carrier strain in the host GI tract (Grangette et 

al., 2002; Seegers, 2002).  

 

7.6. Interaction of commensal lactobacilli with the plasminogen system (IV) 

 

Several pathogenic bacterial species intervene with the human proteolytic 

plasminogen system to enhance their invasion and migration through tissue 

barriers within the human host (Lähteenmäki et al., 2005). The Plg-binding has so 

far been linked to bacterial pathogenesis in invasive infections (Coleman and 

Benach, 1999; Lähteenmäki et al., 2001). Our results indicated that GAPDH, which 

is a well characterized PlgR on pathogenic streptococci (Pancholi and Fischetti, 

1992; Seifert et al., 2003; Jobin et al., 2004; Bergmann et al., 2004), is surface-

exposed also on lactobacilli. Lactobacilli are GRAS microbes (Adams and 

Marteau, 1995) and have been associated only with sporadic cases of infective 

diseases (Husni et al., 1997; Aguirre and Collins, 1993; Brouqui and Raoult, 2001; 

Salminen et al., 2004). We begun to study the possible interaction of lactobacilli 

with Plg as a possible mechanism contributing to the opportunistic pathogenesis of 

lactobacilli; however, in view of the range of physiological functions of plasmin, this 
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interaction might have non-pathogenic functions as well. The methods we first 

used have successfully been applied in studies of bacterial pathogens. 

 

7.6.1. Plasminogen receptor function in lactobacilli (IV) 

 

The ability of lactobacilli and lactococci to enhance Plg activation was tested in a 

kinetic assay by incubating the bacteria with human Plg in the presence or 

absence of the physiological PA, tPA, and the formed plasmin activity was 

measured as the breakdown of a choromogenic substrate of plasmin. In inhibition 

tests, the lysine analog ε-aminocaproic acid, EACA, the plasmin inhibitor α2-

antiplasmin (α2AP), and the serine protease inhibitor aprotinin, were included to 

evaluate the role of lysine residues in bacteria-Plg interaction and the level of 

bacteria-bound plasmin. The bacteria were highly efficient in enhancing the tPA-

catalyzed Plg-activation (Fig. 1; IV). The strains represented different species and 

origins of isolation or use: intestinal, dairy and probiotic. Hence the interaction with 

Plg-system seems to be a common characteristic for lactobacilli and lactococci. 

For comparison, pathogenic bacteria isolated from systemic infections, i.e. GAS, 

Streptococcus anginosus, Streptococcus mutans, E. coli and Haemophilus 

influenzae, and earlier found to express PlgR activity (Pancholi and Fischetti, 1992 

and 1998; Urdaneta et al., 2004; Lähteenmäki et al., 1993; Virkola et al., 1996) 

were tested under the same conditions. These bacteria exhibited a significantly 

less efficient enhancement of Plg activation that did the lactic acid bacteria (Fig. 1; 

IV). Comparison of these results with previous reports on enhancement of Plg 

activation by pathogenic bacteria e.g. E. coli (Lähteenmäki et al., 1993; Kukkonen 

et al., 1998) is complicated due to different experimental conditions, such as the 

ratio of the concentrations of Plg and tPA. The Plg activation on lactic acid bacteria 

was strongly inhibited by EACA suggesting lysine-dependent interaction of 

bacteria with the Plg. Also, α2AP efficiently inhibited the activation, indicating that 

only a small proportion of the formed plasmin activity was bacterium-bound. 

Aprotinin consistently inhibited the plasmin activity formed in the experiment (Fig. 

1; IV). No plasmin activity could be measured in the absence of tPA, suggesting no 

release of PAs from lactobacilli under these experimental conditions (data not 

shown). 
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We next tested the binding of Plg, plasmin and tPA, onto the bacteria. The strains 

L. crispatus ST1, L. rhamnosus GG were chosen to represent non-pathogenic 

bacteria, and the strains S. anginosus 753 and S. mutans 7120 were chosen to 

represent pathogenic species. Bacteria were first incubated with excess of 125I-

labeled proteins to allow binding, and after washing, the radioactivity remaining 

bacteria-bound was measured (Fig. 2; IV). The binding of Plg and plasmin to 

bacteria was poor (0,7-4,3%) when compared to the values reported in binding of 

Plg and plasmin onto pathogenic GAS, S. aureus, Neisseria meningitidis, 

Neisseria gonorrhoeae, H. influenzae, E. coli, Branhamella catarrhalis and strains 

of Proteus species (Broeseker et al., 1988; Ullberg et al., 1990 and 1992; Kuusela 

and Saksela, 1990). The binding was inhibited by EACA, which is in line with the 

role of lysine residues in the binding. No binding of tPA to bacterial strains tested 

here was observed. Previously tPA has been reported to bind only to curli and 

fimbriae of E. coli and S. enterica (Sjöbring et al., 1994). 

 

To further investigate the binding of plasmin(ogen) to lactobacilli, we analysed the 

ability of these bacteria to obtain and retain plasmin activity on their surface. 

Plasminogen was allowed to bind to L. crispatus ST1 cells and after washing the 

excess Plg, tPA was added to catalyze the activation. After incubation for 1, 2 and 

3 hours, the cells and the supernatants were separated, and the plasmin activity 

was measured with the chromogenic substrate of plasmin. The plasmin activity on 

the surface of L. crispatus ST1 was low and rapidly lost into the incubation 

supernatant (Fig. 5; IV). The subsequent increase of plasmin activity in the 

supernatant suggests cleavage of plasmin from bacterial surface or low affinity in 

the binding. Release of plasmin from bacterial surface of group A, C and G 

streptococci has also been suggested (Kuusela et al., 1992), but the importance of 

this phenomenon in bacteria-host interaction has remained unknown.   

 

Our results show that the bacterial interaction with the Plg is not restricted to 

pathogenic bacteria but also commensal, dairy and probiotic lactobacilli and 

lactococci express Plg receptors. The data from our and previous studies 

demonstrate that lactobacilli are able to both adhere to components of ECM 

(Aleljung et al., 1991; Nagy et al., 1992; Harty et al., 1994; Toba et al., 1995; 

McGrady et al., 1995; Styriak et al., 2003) and bind Plg. These are common 
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characteristics for metastatic cancer cells and for several invasive bacterial 

pathogens (Mignatti and Rifkin, 1993; Myöhänen and Vaheri, 2004; Westerlund 

and Korhonen, 1993; Lähteenmäki et al., 2005) and might hence also enhance the 

opportunistic pathogenic potential of lactobacilli. However, lactobacilli have been 

associated with only sporadic cases of infective diseases in humans (Husni et al., 

1997; Aguirre and Collins, 1993; Brouqui and Raoult, 2001), and these cases have 

usually preceded other severe predisposing diseases (Husni et al., 1997; 

Salminen et al., 2004). Healthy persons get exceedingly rarely infectious diseases 

associated with lactobacilli even though these bacteria are highly ubiquitous in the 

indigenous microbiota of the hosts and in the environment. The risks of lactobacilli 

to cause septicaemia and endocarditis have so far been evaluated by their ability 

to trigger platelet aggregation, to participate in the platelet-fibrin-clot formation on 

endothelial surface and to bind collagens in vitro, as well as by their proteolytic 

activities (Harty et al., 1993 and 1994; Oakey et al., 1995). None of these 

characteristics are restricted to strains associated with infective diseases and thus 

their role in the virulence of lactobacilli remains open. Our data show that although 

lactobacilli and lactococci were highly efficient in enhancing the tPA-catalyzed Plg 

activation, the binding of Plg and plasmin onto the bacterial cells was poor. 

Further, lactobacilli were not able to retain the cell-bound plasmin activity which 

was further susceptible to physiological antiproteases, suggesting that they might 

not be able to take advantage of the Plg system for proteolysis in a manner similar 

to what pathogenic bacteria and tumor cells do (Lähteenmäki et al., 2005; Berger, 

2002). In a view of our results the expression of PlgRs alone seems not to be 

sufficient for bacterial virulence but might rather be a general property utilized for 

bacteria-host interactions and in predisposing conditions for opportunistic 

pathogenicity. The PlgR function of lactobacilli may also be utilized for nutritional 

demands and persistence in the host e.g. oral cavity and intestine or the 

environment e.g. milk.  

 

7.6.2. Modulation of the plasminogen molecule by lactobacilli (IV) 

 

It is known that in presence of tumor cells, Plg is cleaved into a small internal Plg 

fragment, angiostatin, which is known to suppress endothelial proliferation and 

tumor metastasis (O’Reilly et al., 1994; Cao and Xue, 2004). We allowed L. 



 40 

crispatus ST1 bacteria to interact with Plg in PBS in the presence or absence of 

tPA for 6, 12 and 24 hours and analysed the proteolytic cleavage of the Plg 

molecule into smaller fragments by Western-blotting, N-terminal sequencing and 

MALDI-TOF.  

 

In the presence of tPA, ST1 enhanced the fragmentation of Plg to molecules 

corresponding in size to plasmin and angiostatin (Fig. 6; IV). Plasmin has been 

reported to possess autoproteolytic nature (Gately et al., 1997) which was also 

observed here when incubating Plg in presence of tPA in plain PBS for 24 h. 

However, the presence of L. crispatus ST1 significantly enhanced the Plg 

fragmentation. N-terminal sequencing and MALDI-TOF analysis showed that in 24-

h incubation of ST1 with Plg and tPA, the main fragments modified from Plg were 

K78-W783, corresponding to Lys-plasmin, and K78-R474 and V79-R493, 

corresponding to angiostatin molecules (Fig. 6; IV)(Cao, 1999).  Also, fragments 

V79-W685 and K78-P670 lacking the S741 of the catalytic triad of plasmin were 

generated. The fragments V79-W685 and K78-P670 had also been hydrolysed at 

the position R474-A475 but the resulting molecules were still held together via the 

disulphide bond C462-C541.  

 

In the 24-h incubation in the absence of tPA, the L. crispatus ST1 and L. johnsonii 

F133 were the only strains able to promote generation of internal Plg fragments. 

The formed molecules resembled plasmin and angiostatin in molecular size (Fig. 

6; IV). Based on N-terminal sequencing and MALDI-TOF data, the proteolytic 

processing of Glu-Plg in the presence of L. crispatus ST1 yielded the internal 

fragments of Plg, V79-W685 and K78-P670, as well as angiostatins, K78-R474 

and V79-R493. Fragment corresponding to the Lys-plasmin was not detected from 

the sample lacking tPA. We did not detect plasmin activity in the 24-h samples in 

the kinetic plasminogen activation assay. The generated internal Plg fragments 

were however, N-terminally cleaved at K77-K78 or K78-V79 sites, known to be 

recognized by plasmin and other serine proteases as well as other 

trypsin/chymotrypsin enzymes. Also, the fragmentation was efficiently inhibited 

with α2AP and aprotinin, further suggesting trypsin-like cleavage of Plg. The 

interaction of lactobacilli with Plg might involve bacterial cell envelope-associated 

serine proteases (Kunji et al., 1996; Fira et al., 2001) that could initiate the N-
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terminal cleavage of Plg at K77-K78 or K78-V79 and subsequently promote 

fragmentation of Plg. The mechanimsm of Plg fragmentation by lactobacilli might 

also involve action of surface exposed of secreted reductases similar to those in 

tumor cells (Stathakis et al., 1997 and 1999; Lay et al., 2000), or autoproteolysis 

catalyzed by free sulfhydryl donors or cell surface receptors (Gately et al., 1997; 

Wang et al., 2004). Finally, secreted bacterial PAs such as streptokinase and 

staphylokinase (Wang et al., 1998; Rabijns et al., 1997) have been shown to alter 

the conformation of Plg to make it more susceptible for cleavage. We did not find 

any indication of secreted PAs in the kinetic activation assays performed with the 

bacteria or their supernatants containing secreted PlgRs under the experimental 

conditions and the potential expression of PAs by lactobacilli need to be studied in 

the future.  

 

These results demonstrate that Lactobacillus cells promote modulation of Plg to 

potential antitumorigenic angiostatin molecules both in the presence or absence of 

tPA. The formation of internal Plg fragments and angiostatin could suppress tumor 

growth or inhibit pathological plasmin-mediated cell invasion (Ji et al., 1998; Stack 

et al., 1999; Gonzalez-Gronow et al., 2005). Commensal and probiotic lactobacilli 

have been proposed to have an anti-colon cancer effect (Mercenier et al., 2003), 

but the mechanisms of the tumor suppression have remained poorly known. In 

acute toxoplasmosis, the infection-induced resistance to tumors has been shown 

to result from suppression of tumor neovascularization rather than antitumor 

cytotoxic signalling (Hunter et al., 2001). Characterization of Lactobacillus factor(s) 

responsible for modulating Plg into angiostatin and their potential to suppress 

intestinal tumor neovascularization or plasmin mediated tumor metastasis would 

be of great importance for understanding the influence of indigenous microbiota on 

the host in health and disease as well as for efficient targeting of health-promoting 

probiotics. 

 

7.7. Identification of GAPDH and enolase as plasminogen receptors in 

lactobacilli (IV) 

 

We found that GAPDH was surface-localized on lactobacilli (III). GAPDH and 

another glycolytic enzyme, α-enolase, have been characterized as PlgRs on 
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pathogenic streptococci (Pancholi and Fischetti, 1992; Seifert et al., 2003; Jobin et 

al., 2004; Bergmann et al., 2004; Pancholi and Fischetti, 1998; Bergmann et al., 

2001), and we tested the possible role of both of these proteins in the Plg-binding 

of lactobacilli. The open reading frames of gap encoding the 338 amino acid 

GAPDH and eno1 encoding the 428 amino acid enolase-1 were cloned from the L. 

crispatus ST1 genome. Unlike pathogenic GAS and pneumococci which possess 

only single genes coding for α-enolase in their genomes (Hoskins et al., 2001; 

Ferretti et al., 2001),  three enolase genes are present in L. johnsonii genome and 

two in L. plantarum and L. lactis (Pridmore et al., 2004; Kleerebezem et al., 2003; 

Bolotin et al., 2001). The GAPDH encoding gene exists as one copy both in 

streptococci and lactobacilli and lactococci (Hoskins et al., 2001; Ferretti et al., 

2001; Pridmore et al., 2004; Kleerebezem et al., 2003; Bolotin et al., 2001). 

Expression of other possible α-enolases in L. crispatus and their potential 

interactions with Plg remain to be characterized in the future. 

 

The recombinant GAPDH and enolase-1 were expressed and purified from E. coli 

as N-terminal His6-tag fusion proteins under nonreducing conditions. To identify 

their function as PlgRs, the proteins were tested in the kinetic plasminogen 

activation assay at same molar concentrations. GAPDH was slightly more efficient 

than enolase-1 in enhancing the tPA-catalyzed activation (Fig. 3; IV). The reaction 

was inhibited by EACA, suggesting that lysine residues have a role in the 

interaction. Also, α2AP and aprotinin inhibited the reactions. Next, the binding of 

GAPDH and enolase-1 to Plg and plasmin were tested. Both GAPDH and enolase-

1 were observed to bind Plg (Fig. 3; IV) and plasmin in a lysine dependent 

manner, GAPDH being slightly more efficient in binding than enolase-1. L. 

crispatus ST1 GAPDH shows 57% and enolase-1 51% sequence identity to 

GAPDH and enolase of pneumococci and GAS. L. crispatus ST1 GAPDH and 

enolase-1 lack C-terminal lysines that are important in streptococcal Plg-binding, 

but carry internal lysines in areas that are hydrophilic and predictably exposed on 

protein surface. The 3D structure of the pneumococcal octameric enolase show 

that the internal Plg-binding regions of the subunits are well exposed on protein 

surface while the C-terminal lysine residues are only poorly displayed, suggesting 

that the internal binding-regions are more important in the interaction with Plg 

(Ehinger et al., 2004). The enolase-1 of L. crispatus ST1 possesses two lysines, 
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K251 and K255, at internal region which in sequence is highly similar to the 

internal Plg-binding epitope of pneumococcal enolase (Bergmann et al., 2003).  

 

The GAPDH and α-enolase are traditionally classified as cytoplasmic enzymes 

and their predicted sequences possess no putative signal sequences, anchoring 

motifs or membrane-spanning regions (Pancholi and Chhatwal, 2003). The 

secretion mechanisms are thus undefined. Proteins with these characteristics have 

been postulated to be present on the cell surface of pathogens which possess 

either only an outer cell membrane such as parasites, or a membrane and a wall 

such as Gram positive bacteria, but only rarely on the surface of organisms with 

two cell membrane layers such as Gram negative bacteria (Pancholi and 

Chhatwal, 2003). Secretion of GAPDH and α-enolase from Gram positive as well 

as Gram negative bacteria (Nelson et al., 2001; Fluegge et al., 2004; Kenny and 

Finlay, 1995) and human parasites (Bernal et al., 2004) has been shown. To 

assess whether these proteins are surface located in L. crispatus, we used 

immunoelectron microscopy (IEM) to characterize their subcellular localization. In 

the postcutting IEM detection with antibodies raised against the GAPDH and 

enolase-1, both proteins were detected in bacterial cell wall and cell membrane as 

well as in cytoplasm (Fig. 4; IV). The porous nature of bacterial S-layers (Sleytr 

and Messner, 1988) may allow the PlgRs of lactobacilli to be well exposed on 

bacterial surface. We also tested possible secretion of GAPDH and enolase-1 from 

L. crispatus ST1. Bacteria were incubated in culture medium or in PBS for 5 and 

24 hours, cells were pelleted, and the spent culture media and the spent 

incubation buffers were analysed in SDS-PAGE and by Western-blotting with anti-

GAPDH and anti-enolase-1 antibodies. Both GAPDH and enolase-1 were 

observed to be secreted from lactobacilli (Fig. 4; IV), the spent incubation buffers 

enhanced also the tPA-catalyzed plasmin formation. No activation of Plg was 

observed in the absence of tPA, suggesting that lactobacilli did not secrete a PA 

under these experimental conditions.  

 

Plg-binding most likely is not the primary function of GAPDH and α-enolase, and 

we therefore also tested the glycolytic enzyme activities in Lactobacillus cells, in 

the GAPDH and the enolase-1 secreted from ST1 cells, and in the purified 

recombinant proteins. No GAPDH or α-enolase activities were found in native L. 
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crispatus ST1 cells, but when the S-layer was removed, strong GAPDH activity but 

no α-enolase activity could be detected. The spent incubation buffers of lactobacilli 

did not contain proteins with GAPDH or α-enolase activity, which might, however, 

result from low-level of secreted proteins available in the detection. The purified 

recombinant GAPDH and enolase-1 on the contrary were glycolytically active. 

GAPDH and enolase, either when purified as recombinants or located on 

streptococcal surface, have been reported to be enzymatically active (Pancholi 

and Fischetti, 1992 and 1998). Tetrameric and octameric structures are required 

for the enzyme activity of GAPDH and α-enolase (Roitel et al., 1999; Brown et al., 

1998) and at the present, we do not know the oligomerization state of the GAPDH 

and enolase-1 of lactobacilli.  

 

The results described above demontrate that lactobacilli are not only capable of 

expressing plasmin(ogen)-binding GAPDH and enolase, but also secreting PlgRs 

to their environment which could further lead to enhanced plasmin formation and 

offer proteolytic benefit of shared detached plasmin which is protected from α2AP. 

The same effect could result from the lactobacilli-released plasmin if still receptor-

bound after deassociation from bacterial surface and could hence enhance 

virulence of lactobacilli. However, these bacteria have not been observed to be 

invasive in healthy hosts. In our experiments, the plasmin activities were efficiently 

inhibited by α2AP, suggesting that the lactobacilli-promoted plasmin formation is 

susceptible to its physiological inhibitor and would not be able to counteract the 

host´s control mechanisms. The biological functions of the release of PlgRs and 

surface-bound plasmin by commensal lactobacilli remain open. In contrast to 

pathogenic bacteria, L. crispatus and L. johnsonii were also observed to promote 

modification of Plg into internal fragments, including angiostatin, indicating that the 

interaction of lactobacilli with Plg is not restricted to formation of highly proteolytic 

plasmin but instead, may also provide heath-promoting effects for the host.  
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8. CONCLUSIONS 

 

This work characterized adherence of lactobacilli in the avian alimentary canal and 

the interaction of lactobacilli with the mammalian proteolytic plasminogen system. 

The results of this study show that commensal lactobacilli and pathogenic bacterial 

species possess partially similar adhesion characteristics and express similar 

surface proteins. Lactobacilli, avian pathogenic E. coli and salmonella adhered to 

the same important tissue areas at the chicken intestine; i.e. to epithelial surface of 

crop, apical surfaces of enterocytes in small and large intestinal villi and follicle-

associated epithelium in ileum as well as to basement membranes along the 

intestine. The expression of plasminogen receptors, GAPDH and enolase, which 

are considered as virulence factors in pathogenic streptococci, was also described 

on lactobacilli.   

 

Our results suggest that the adherence of lactobacilli to crop epithelium may be 

important for successful colonization as well as for exclusion of pathogenic 

bacteria by steric hindrance. Hence, the adhesion of lactobacilli to the epithelial 

surfaces may play a role in the prevention of pathogen colonization and invasion in 

the host intestine. Indigenous microbiota has been proposed to provide the host 

with a colonization resistance. This idea is in line with our results and previous 

reports of successful suppression of intestinal and urogenital pathogens by 

lactobacilli (Jin et al., 1996; Boris et al., 1998; McLean et al., 2000; Ossest et al., 

2001) and highlights the importance of efficient adhesion of lactobacilli. We 

isolated the Lactobacillus epithelium adhesin (LEA-1) which was detected on the 

strongly adhesive strains of L. crispatus. Characterization of this adhesin and its 

receptor(s) remain to be completed; this would provide tools to better evaluate the 

adhesive characteristics in lactobacilli and to utilize these factors in lactobacilli-

host interactions. The adherence of commensal and pathogenic bacteria to 

mucosal surfaces may be explained by competition of an important colonization 

niche that may lead to commensal persistence in the intestine or, in the case of 

pathogenic bacteria, to enhanced virulence.  

 

Bacterial adhesion to the components of basement membrane and engagement of 

the proteolytic plasminogen system are important for bacterial invasiveness into 
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circulation or secondary infection sites (Westerlund and Korhonen, 1993; 

Lähteenmäki et al., 2005). The results of the present and previous studies show 

that the plasminogen receptor function and the adhesiveness to components of 

ECM are also frequent properties among commensal Lactobacillus isolates 

(Aleljung et al., 1991; Nagy et al., 1992; Harty et al., 1994; Toba et al., 1995; 

Mcgrady et al., 1995 and Styriak et al., 2003). Lactobacilli are regarded as low-

virulent microorganisms and are only sporadically associated with infectious 

diseases in human hosts. Their mechanisms as opportunistic pathogens have 

remained unknown. Our results offer a mechanism that may contribute to virulence 

of lactobacilli in opportunistic diseases such as infective endocarditis, intra-

abdominal abscesses and bacteremia. However, the lactobacilli-Plg interaction in 

vitro was susceptible to physiological antiproteases and we hence consider this 

finding as a low risk factor for healthy hosts. Lactobacilli are frequent in oral and 

intestinal cavities of the humans (Mitsuoka, 1992). The components of the Plg 

system are also present and tightly regulated in saliva and oral cavities of healthy 

hosts (Moody, 1982), whereas less is known about the availability of Plg to 

intestinal bacteria in the gut lumen under the normal physiological conditions. The 

predisposing pathological conditions related to lactobacilli-associated infectious 

diseases (Husni et al., 1997; Aguirre and Collins, 1993; Salminen et al., 2004) may 

render the Plg system for intervenience with commensal lactobacilli. The 

fragmentation of Plg promoted by lactobacilli also offers a potential non-pathogenic 

function in inhibition of plasmin-mediated invasion of pathogenic bacteria or 

metastatic tumor cells by internal Plg fragments (Stack et al., 1999; Gonzalez-

Gronow et al., 2005). Also, several endogenous inhibitors of angiogenesis and 

tumor neovascularization are shown to evolve from proteolytic prosessing of host’s 

large precursor proteins, such as Plg (Cao, 1999). Putative lactobacilli-derived 

compounds that reduce disulphide bridges in Plg may also inhibit the proteolytic 

action of plasmin as was reported with denatured β-lactoglobulin that inhibit 

plasmin-mediated proteolysis of milk casein (Grufferty and Fox, 1986). Overall, the 

in vivo importance of ECM adhesion as well as Plg receptor function in lactobacilli 

remains to be elucidated and offers an interesting field of research to compare the 

role of the plasminogen system in bacterial commensalism and pathogenicity.   
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Based on current results it seems that the more we learn about commensal 

bacteria the more attributes previously linked to pathogenic bacteria are found also 

in commensals. The non-pathogenic probiotic E. coli strain Nissle1917 has the 

overall genetic structure homologous to pathogenic strains and possesses also 

insertion (IS)-elements and transposons homologous to those of pathogenic E. coli 

strains (Grozdanov et al., 2004). The sequence similarity in the lysogenic 

conversion genes of prophages of commensal L. johnsonii strain NCC533 and 

pathogenic streptococci and staphylococci suggests that the genes previously 

linked to virulence also may be present in commensal bacteria (Ventura et al., 

2004). Sequence similarity between pneumococcal colonization and virulence 

factor PspC and a putative surface protein of Lactobacillus reuteri DSM20016T 

further support this idea (Wall et al., 2003). These findings together with the 

adhesion of lactobacilli to ECM and interaction with the plasminogen system 

reported here raise the possibility that at least part of the previously classified 

pathogenic characteristics are not virulence factors as such but rather common 

bacterial properties that may be utilized for competition for the available ecological 

niches.  
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