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4 1 Introduction 

1 INTRODUCTION 

1.1 General characteristics of bifidobacteria 

Bifidobacteria are Gram-positive bacteria that represent one of the major genera of 

the intestinal tract of humans and animals (Kurokawa et al., 2007). They are strictly 

anaerobic, although some species tolerate low oxygen concentrations (Scardovi, 

1986). They do not form spores, have an irregular rod-shaped form and were 

initially described as Bacillus bifidus communis (Tissier, 1900) due to the typical Y-

forms (lat. bifidus: split in two) some species form under specific culture conditions. 

They are classified within the phylum Actinobacteria, which is one of the largest 

taxonomic units of bacteria (Stackebrandt et al., 1997). According to DSMZ Bacterial 

Nomenclature, 36 different Bifidobacterium species, with various subspecies, are 

described (http://old.dsmz.de/microorganisms/bacterial_nomenclature.php). All 

species described so far are derived from a limited number of habitats, including 

food, the oral cavity and gastrointestinal tract (GIT) of humans and animals, and 

sewage (Ventura et al., 2004).  

Members of the genus Bifidobacterium are characterized by a high GC-content of 

55-67 % (Lee and O’Sullivan, 2010). Furthermore, bifidobacteria are characterized 

by a special metabolic pathway for the conversion of hexose sugars, the so called 

‘bifidus shunt’ (de Vries and Stouthamer, 1967), with the key enzyme fructose-6-

phosphate phosphoketolase (Scardovi, 1986). In this pathway two molecules 

glucose are converted to three molecules acetate and two molecules lactate. The 

enzyme fructose-6-phosphate phosphoketolase was purified by Sgorbati et al. 

(1976) and used for identification of bifidobacteria. This enzyme is exclusively found 

in bifidobacteria with only three exceptions: Acetobacter xylinium (Schramm et al., 

1958), Leuconostoc oenos (Veiga-da Cunha et al., 1993) and the closely related 

Gardnerella vaginalis (Gavini et al., 1996).  
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1.2 Bifidobacteria and the microbiota of the gastrointestinal 

tract 

The human gastrointestinal tract consists of different compartments from the 

mouth to the rectum: oesophagus, stomach, small intestine and large intestine. 

With a luminal surface of about 400 m2 the human GIT is the body's largest organ 

(Bengmark, 1998). The individual compartments perform different physiological 

functions reflected by differences in pH, oxygen level, enzymes and nutrients 

present. The composition of the gut flora varies with age, diet and location in the 

GIT (Schell et al., 2002) with up to 1014 bacterial cells residing in the gut lumen (Gill 

et al., 2006). The density of colonizing bacterial populations increases along the GIT, 

from the proximal to the distal part. The predominant bacterial groups in the large 

bowel are Bacteriodes sp., Faecalibacterium sp., Eubacterium sp., 

Enterobacteriaceae, Clostridium sp., Ruminococcus sp., Peptococcus sp., 

Peptostreptococcus sp., Lactobacillus sp. and Bifidobacterium sp. (Suau et al., 1999; 

Marteau et al., 2001a, Eckburg et al., 2005; Zoetendal et al., 2006; Rajilić-Stojanović 

et al., 2007). 

The composition of the intestinal microflora is characteristic for an individual and 

shows representative inter-individual differences (Turnbaugh et al., 2007; Ley et al., 

2006). The human intestinal microflora harbors 1013-1014 organisms and the 

collective genomic information (‘microbiome’) contains at least 100 times as many 

genes as the host genome (Gill et al., 2006). The relationship between host and 

microbiota in healthy individuals is a homeostatic symbiosis (Leser and Mølbak, 

2009). Germ-free (GF) animals have been used to study how the microbiota affects 

the host and how the host adapts to the microbiota. The gut microflora provides a 

basis for the main function of the GIT, food digestion and uptake of nutrients. The 

collective metabolic activity of the intestinal microflora helps to make otherwise 

indigestible food components accessible for the human host (Bernalier et al., 1999; 

Hooper et al., 2002).  

Conventional (CONV) animals exhibit differences in morphological and physiological 

characteristics in comparison to animals raised under GF conditions, commonly 
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known as microflora-associated characteristics (MACs; Norin et al., 1991). Extensive 

research of functional aspects of the microbiota has revealed that bacteria of the 

intestinal flora are able to modulate expression of genes involved in several 

different intestinal functions (Pai and Kang, 2007), including mucosal barrier 

function (Savage et al., 1981; Bry et al., 1996), renewal of epithelial layer (Savage et 

al., 1981), angiogenesis (Stappenbeck et al., 2002; Smith et al., 2007), gut motility 

(Iwai et al., 1973; Barbara et al., 2005) and maturation of the gut-associated 

lymphoid tissue (GALT; McPherson et al., 2001; Hooper et al., 2002; Pickard et al., 

2004; Peterson et al., 2007).  

Furthermore, the intestinal flora plays a role in the prevention of invasion of 

pathogens (Guarner, 2007; Fuller, 1991; Backhed et al., 2005; Lee and Mazmanian, 

2010), and seems to be involved in the onset of chronic intestinal disorders, such as 

inflammatory bowel disease (IBD; Bouma and Strober, 2003; Dianda et al., 1997; 

Sellon et al., 1998). Nevertheless, it is known that there are variations in the 

susceptibility to infectious substances or organisms within a population and host 

resistance is thought to be influenced by the host genotype (Willing et al., 2011).  

Before birth, the intestinal tract of infants is sterile but gets inoculated during 

delivery with bacteria of the maternal fecal and vaginal flora and the surrounding 

environment (Tannock et al., 1990; Mikami et al., 2009). Colonization of the 

intestine occurs in successive stages towards a dense, stable bacterial flora, which is 

usually established after weaning (Mitsuoka, 1992). Among the first colonizers are 

enterococci and streptococci (Favier et al., 2002), which through their metabolic 

activity create optimal growth conditions for obligat anaerobic species, such as 

Bifidobacterium sp. and Bacteroides sp. (Rotimi and Duerden, 1981; Stark and Lee, 

1982). The composition of the gut microbiota is heavily dependent on the diet of 

the infant. The microflora of breast-fed infants is dominated by Bifidobacterium sp. 

and a more complex flora develops successively with changes in diet, e.g. maternal 

milk, weaning, introduction of solid foods and finally meat (Harmsen et al., 2000; 

Kurokawa et al., 2007). By contrast, the intestine of formula-fed infants is colonized 

by a more complex flora, including enterobacteria, Streptococcus sp., Bacteroides 

sp. and Clostridium sp., besides different strains of Bifidobacterium (Favier et al., 
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2002). The adult microflora is mainly composed of Bacteroides sp., Eubacterium sp. 

and Bifidobacterium sp., but also enterobacteria, lactobacilli, enterococci and 

Clostridium sp. (Holzapfel et al., 1998; Mitsuoka, 1992, Kurokawa et al., 2007). 

Dominating Bifidobacterium species in healthy breast-fed neonates are B. bifidum, 

B. infantis and B. breve, whereas in adults the flora is predominantly composed of B. 

adolescentis, B. breve, B. longum and B. infantis (He et al., 2001a; He et al., 2001b). 

Bifidobacteria are among the first colonizers of the sterile GIT of newborns (Favier 

et al., 2002) and are one of the predominant groups of the colonic microflora of 

breast-fed infants (Kurokawa et al., 2007). Although their numbers decrease after 

weaning they still represent an important group of intestinal bacteria. While 16S 

rDNA based studies suggest that the bifidobacteria represent only a minor 

population of the colonic and fecal microflora (Eckburg et al., 2005; Gill et al., 2006) 

a recent publication has revealed that the universal primers used in these studies 

have a mismatch of bases to the bifidobacterial 16S rDNA (Martínez et al., 2009). 

This probably leads to an underrepresentation of bifidobacteria in the 16S libraries 

due to less efficient amplification of their 16S genes. When looking at metagenomic 

libraries that take into account the entire genetic information rather than just 16S 

rDNA sequences, bifidobacteria become again the third most abundant group of 

colonic microorganisms only dominated by the Bacteroidetes and Firmicutes 

(Kurokawa et al., 2007) confirming earlier culture based studies (Wilson, 2008). 

  

1.3 Bifidobacteria as probiotics 

1.3.1 Definition of probiotics 

In 1907, Metchnikoff was the first who suggested positive effects of ingested 

bacteria on the normal microflora in the intestinal tract. Since then the concept of 

supplementing food with beneficial microbes has gained increasing attention and 

microorganisms with health-promoting effects have been termed probiotics. Over 

the last 30 years there has been an enormous amount of scientific work 

investigating probiotic microorganisms and their effects. As a result of this research 
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the definition of probiotics was redefined several times. Today, the most widely 

accepted definition by the Food and Agriculture Organization and World Health 

Organization (FAO/WHO) is focused on the beneficial effects by defining probiotics 

as ‘live microorganisms which when administered in adequate amounts confer a 

health benefit on the host’ (FAO/WHO, 2001; Reid et al., 2003).  

 

1.3.2 Effects and application of probiotics 

Several beneficial effects have been reported for bifidobacteria. The effects can be 

direct through displacement of pathogens or indirect through modulation of the 

intestinal flora or the immune system (Marteau et al., 2001b). To be able to exert 

their beneficial effects, it is essential that probiotics withstand the adverse 

conditions of the human GIT, e.g. gastric acid and digestive enzymes (Marteau et al., 

1997). Due to their beneficial effects, probiotic bacteria become increasingly 

interesting for their use in pharmaceutical applications and in dietary products.  

At present, a number of well-characterized strains of bifidobacteria are available as 

preparations for use in non-infected healthy humans with no or only minor 

gastrointestinal problems and no infectious or inflammatory conditions. Probiotics 

are in this case used to improve the well-being of the host, e.g. by reducing transit 

time, bloating and flatulence. The results of several studies have shown with a 

sufficient level of proof that probiotics can be used as treatment for gastrointestinal 

disorders including lactose intolerance, constipation, bacterial- or viral-induced 

gastroenteritis, allergic diseases, prevention of colonization by pathogens, 

prevention and treatment of antibiotic-associated diarrhea, and IBD (reviewed in 

Leahy et al., 2005 and Lee and O’Sullivan, 2010).  

So far, little is known about the molecular mechanisms by which probiotics achieve 

their effects (Boirivant and Strober, 2007; Hord, 2008). Experimental models have 

shown that probiotics differ greatly in their mechanism of action, and these 

differences do not only exist between species, but also between different strains of 

the same species (O’Hara and Shanahan, 2007). Probiotics can cause similar effects 
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by different mechanisms. For example, resistance against pathogens can be the 

result of an inhibition of adhesion and/or invasion of the GIT epithelium by the 

pathogen (Wold et al., 1988; Johnson, 1991; Adlerberth et al., 1996; Collado et al., 

2007). Another possibility is the inhibition of pathogens by the production of 

antimicrobial substances (Ljungh and Wadström, 2006; Moroni et al., 2006; Corr et 

al., 2007; van Nieuwenhove et al., 2007; Spinler et al., 2008). Probiotics are also 

known to alter the microecology and therefore enhance the intestinal barrier 

function (Rolfe, 2000; Kühbacher et al., 2006; Yamano et al., 2006; O’Hara and 

Shanahan, 2007; Avadhani and Miley, 2011) making it more difficult for the 

pathogens to penetrate.  

 

1.3.3 Selection of probiotics 

Understanding of the various mechanisms of action of probiotics is necessary to 

define selection criteria for probiotic strains (O’Hara and Shanahan, 2007). Probiotic 

bacteria have been identified within different genera including Enterococcus, 

Streptococcus, Propionibacterium, Bacillus, E. coli and several fungi, but the majority 

of probiotics in use belong to the genera Lactobacillus sp. and Bifidobacterium sp. 

(Rolfe, 2000; de Vrese and Schrezenmeir, 2008). Several criteria are used for the 

selection of probiotic strains. Besides manufacturing criteria and shelf life, species- 

and strain-specific criteria related to the probiotic effects are of major importance. 

One of the most commonly tested parameters is the ability of a probiotic to 

colonize the GIT of the host. This is associated with survival of conditions of the GIT 

(low pH, high concentrations of bile salts) and adhesion to mucus and/or intestinal 

epithelial cells (Bernet et al., 1993; Coconnier et al., 1997; Gopal et al., 2001).  
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1.4 Bacterial adhesion to host tissues 

In the recent years the importance of adhesion as a selection criterion for probiotics 

has been questioned mainly due to the lack of scientific evidence and appropriate in 

vivo studies showing a definite role of adhesion in host colonization and/or the 

beneficial effects of probiotic bacteria. 

One of the best studied examples of a bacterial adhesin is the translocated intimin 

receptor (Tir) of enteropathogenic E. coli strains and related organisms. These 

bacteria enter a habitat that is completely in balance and have to cope with all the 

barrier mechanisms of the GIT of the host in order to gain access to the epithelial 

layer where an intimate interaction takes place (Kenny et al., 1997; Liu et al., 1999). 

Commensal or probiotic bacteria have to face a similar situation in the normal GIT. 

Moreover, under some circumstances probiotics enter a GIT that is already 

dysbalanced with less mucus covering the epithelium, e.g. during treatment of 

diarrheal diseases or in IBD. Thus, there is no reason why the mechanisms of 

adhesion of probiotic bacteria are less important than those of other 

microorganisms of the GIT, namely pathogens. Adhesion is thought to help 

probiotic bacteria to transiently colonize or persist in the intestine for prolonged 

periods of time (Simmering and Blaut, 2001). Moreover, adhesion may be an 

important prerequisite for probiotics to exert their health-promoting effects. This is 

evident for probiotic bacteria that antagonize pathogens by competitive exclusion 

e.g. from the intestinal epithelium. Thus, adhesion is an important characteristic for 

the selection of probiotic strains. Since screening for probiotic effects in the human 

host in vivo is difficult from a methodological point of view and questionable for 

ethical reasons, cultured epithelial cell lines or isolated mucus are used to study 

adhesion in vitro.  

 

1.4.1 Adhesion to mucus 

In healthy individuals, the luminal surface of the small and large intestinal 

epithelium is largely covered with a thick layer of secreted mucus serving as a 
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mechanical barrier that separates luminal bacteria from the intestinal epithelium 

(Figure 1-1). As a consequence, under normal conditions, microorganisms only have 

limited access to intestinal epithelial cells (IECs, Corazziari, 2009). Thus, under these 

circumstances adhesion of probiotics to mucus might be more important to 

increase temporary colonization of the gut and to ensure prolonged effective 

performance (Huis In’t Veld and Shortt, 1996).  

Mucus is secreted by goblet cells and consists of two layers: an inner layer 

(approximately 50 µm thick) firmly attached to the epithelium and a more loosely 

attached outer layer (100-500 µm thick) facing the intestinal lumen (Corazziari, 

2009; Leser and Mølbak, 2009). Mucus is secreted at top of the crypts and then is 

pushed upwards along the crypt-villus axis by the newly secreted mucus 

underneath (Johansson et al., 2011). The tips of the villi are not always covered with 

mucus (Johansson et al., 2011). While some bacteria are able to colonize the outer 

layer, the inner firmly attached layer is devoid of bacteria (Atuma et al., 2001; 

Johansson et al., 2008). The main components of intestinal mucus are mucins, 

which are polymeric glycoproteins that are responsible for the gel-like structure 

(Hollingsworth and Swanson, 2004). Different mucins are expressed in an organ-

specific manner with MUC2 being the predominant intestinal mucin. Some mucins, 

in particular MUC1, do not form polymers and stay covalently attached to the 

epithelium where they form the glycocalyx (Wilson, 2008). Other components of 

mucus are lipid vesicles, antibodies, ions, dietary products, entrapped microbes and 

water (Ofek et al., 2003).  

It has been shown that in patients with ulcerative colitis (UC), an inflammatory 

disorder affecting mainly the colonic mucosa and submucosa, the mucus layer is 

significantly thinner than in healthy control individuals. In active disease the 

number of goblet cells is reduced and less mucin is secreted (Pullan et al., 1994). 

Moreover, mucin synthesis is altered resulting in a decreased number of sugar side-

chains (Corazziari, 2009; Kim and Ho, 2010).  
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Figure 1-1: The mucosal barrier at the intestinal epithelium. A single layer of intestinal 

epithelial cells is covered by two distinct layers of mucus (inner, firmly attached layer and 

outer loosely attached layer). Mucus consists of a network of mucin glycoproteins 

produced by goblet cells. The epithelial cell surface is covered by a glycocalyx. 

Furthermore, antimicrobial molecules are produced by goblet cells, Paneth cells and 

absorptive enterocytes. The inner mucus layer is devoid of bacteria, whereas different 

bacteria are associated with the outer mucus layer. 

 

Several studies deal with adhesion properties of probiotic bacteria to intestinal 

mucus. For example, B. infantis Bb-12 has been shown to adhere to human 

intestinal mucus isolated from adults and infants (Kirjavainen et al., 1998). In 

another study several strains of Bifidobacterium sp. were demonstrated to bind to 

immobilized human and bovine intestinal mucus glycoproteins (He et al., 2001c).  

 

1.4.2 Adhesion to intestinal epithelial cells 

The epithelium of the small intestine is folded to numerous villi to increase the 

surface area and therefore enhance digestion and absorption of molecules (Wilson, 

2008). By contrast, the large intestine (colon and cecum) does not display villus-like 

structures (Wilson, 2008). In both parts the epithelium consists of four major cell 

types: absorptive enterocytes, mucin-producing goblet cells, enteroendocrine cells 

and Paneth cells that produce antimicrobial compounds (Wright, 2000). These cells 

are thought to arise from pluripotent stem cells, which are located in the crypts, 
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between the bases of the villi (Figure 1-2). After proliferation, all cells migrate along 

the crypt-villus axis and finally undergo apoptosis at the tip of the villi (Ishizuya-Oka 

and Shi, 2011).  

 

Figure 1-2: (A) Mucosa of the small intestine. Stem cells are located near the crypt base 

and mixed with or above Paneth cells. Progenitor cells are above the stem cells. Post-

mitotic cells (absorptive cells, goblet cells, enteroendocrine cells) are located at the upper 

part of the crypt and on the villus. (B) Mucosa of the colon. Stem cells are located on the 

base of the crypts with overlying progenitor cells. Absorptive cells, goblet cells, and 

enteroendocrine cells are located in the upper part of the crypts. 

 

First reports on bacterial adhesion arise from the beginning of the 20th century with 

the discovery that E. coli causes hemagglutination (Guyot, 1908). Electron 

microscopy allowed the identification of pili as adhesive structures (Houwink and 

van Iterson, 1950; Brinton, 1959; Brinton, 1965). Several studies in the 1970s and 

1980s showed that there are specific structures, called adhesins, responsible for 

bacterial attachment (Ofek et al., 1975; Op den Camp et al., 1985). Furthermore, 

specific receptors on host cells and tissues were identified (Ofek et al., 1977; 

Beachey, 1981). The definition of the terms adhesin and receptor frequently 

changes in literature. In the present study, the following terms and definitions will 

be used. Adhesins bind to their specific receptor, regardless of the origin of the 

receptor (e.g. host tissue, abiotic surface) and chemical nature of both partners (e.g. 
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protein, sugar, and lipid). The term adhesin refers to structures of the bacterium, 

which mediates binding to the receptor. 

Most of the studies on adhesive interactions were performed for pathogens, e.g. 

enteropathogenic E. coli (EPEC), Salmonella sp., Yersinia sp. and different Gram-

positive cocci (Vallance and Finlay, 2000; Weinstein et al., 1998; Jenkinson and 

Lamont, 1997; Frick et al., 2007). Based on these results, different types of adhesin-

receptor interactions have been described: (i) the binding of bacterial lectins to 

carbohydrates on epithelial cells, (ii) protein-protein interaction between a bacterial 

surface protein and a protein on the mucosal surface and (iii) hydrophobic 

interactions (Ofek et al., 2003). 

Cell surface carbohydrates have been shown to play a role in adhesion of several 

human Lactobacillus isolates to Caco-2 cells (Coconnier et al., 1992, Greene and 

Klaenhammer, 1994). A mannose-specific adhesin involved in adhesion of 

Lactobacillus plantarum to HT29 cells has been identified (Adlerberth et al., 1996). 

Adhesion of Lactobacillus acidophilus NCFM to Caco-2 cells was shown to be 

significantly reduced after mutation of a fibronectin-binding protein as well as a 

mucin-binding protein (Buck et al., 2005), thus binding to Lb. acidophilus NCFM to 

mucin and fibronectin seems to be an important feature for colonization.   

Adhesion of B. breve strain 4 to IECs involves a proteinaceous component present 

on the cell surface and in spent culture supernatant (Bernet et al., 1993). Moreover, 

a cell surface lipoprotein of B. bifidum MIMBb75 was shown to be involved in 

adhesion to Caco-2 cells (Guglielmetti et al., 2008).  

The involvement of lipoteichoic acids in hydrophobic interactions was shown for 

Bifidobacterium bifidum (Op den Camp et al., 1985). Besides carbohydrates, 

proteins and lipoteichoic acids, some recent studies demonstrated that cell surface 

pilus-like structures of Bifidobacterium strains are an essential and conserved host-

colonization factor (Foroni et al., 2011; O’Connell-Motherway et al., 2011).   

While adhesion might play an important role in establishing administered probiotic 

bacteria in the intestinal tract of the host, to date no direct correlation between the 
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health-promoting properties of probiotics and their adhesion to IECs and/or mucus 

could be shown. Recently, our group could describe for the first time a 

mathematical correlation between adhesion of bifidobacteria to IECs and their anti-

inflammatory capacity in vitro (Preising et al., 2010). Bifidobacteria showed strain- 

and species-specific adhesion to Caco-2 and T84 cells (Preising et al., 2010; Riedel et 

al., 2006a). Furthermore, the inhibition of LPS-induced NF-κB activation, pro-

inflammatory gene expression and IL-8 secretion in IECs by bifidobacteria in vitro is 

strain- and dose-dependent (Preising et al., 2010; Riedel et al., 2006b). Interestingly, 

those strains that showed the highest levels of adhesion were also those that 

performed best in inhibiting LPS-induced NF-κB activation (Preising et al., 2010). Of 

the strains tested, B. bifidum S17 was the one that showed strongest adhesion to 

Caco-2, T84 and HT29 cells and performed better than all other strains tested in 

inhibition of LPS-induced NF-κB activation (Preising et al., 2010). At the other end of 

the spectrum, B. longum/infantis E18 was the strain with the least promising 

characteristics. These two strains were thus tested in different murine models of 

intestinal inflammation (T-cell transfer in Rag-/- mice, DSS- and TNBS-induced 

colitis). In all models, animals treated with B. bifidum S17 were protected from 

weight loss, had a normalized colonic weight to length ratio and showed improved 

histological scores (Preising et al., 2010; Philippe et al., 2011; unpublished data). 

Based on these results, the strain B. bifidum S17 was selected to further analyze its 

adhesive properties in detail. 

 

1.5 The aim of this study   

The aim of this study was to investigate adhesive properties of the strain B. bifidum 

S17. The overall goal was to identify and characterize factors involved in adhesion of 

B. bifidum S17 to IECs. This is achieved by (i) the identification of bacterial fractions 

that contain potential adhesin(s), (ii) the characterization of the chemical nature of 

the adhesin(s), (iii) the identification and purification of the adhesin(s) and (iv) the 

analysis of recombinant strains to verify the role of the identified factor(s) as 

adhesin.    
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2 MATERIAL AND METHODS 

2.1 Bacterial cultures  

All bacterial strains and plasmids used in this study are listed in Table 2-1. For all 

strains, glycerol stocks were prepared by centrifugation of 5 ml of an overnight 

(o/N) culture (10 min, 5,000 ×g). The bacterial pellet was resuspended in fresh 

medium containing 30 % (v/v) glycerol and kept at -80 °C. 

 

2.1.1 Bifidobacteria 

For standard culture, bifidobacteria were inoculated from glycerol stocks into 

Lactobacilli MRS medium (BD Difco Laboratories, Detroit, USA) supplemented with 

0.5 g/l cysteine (MRSC) and grown for 16 h to stationary phase at 37 °C under 

anaerobic conditions (using Anaerocult®, Merck KGaA, Darmstadt, Germany). The 

Anaerocult® system from Merck KGaA contains a chemical mixture of Kieselguhr, 

iron powder, citric acid and sodium carbonate. These components catalyze the 

complete chemical removal of oxygen from the gas phase and simultaneously 

production of carbon dioxide to concentrations up to 18 % (v/v) thereby creating an 

anaerobic atmosphere in the closed jars. For cultivation of strains harboring 

plasmids, the medium was supplemented with the appropriate antibiotic at the 

following concentrations: spectinomycin 100 µg/ml, ampicillin 1 µg/ml, 

chloramphenicol 5 µg/ml and erythromycin 1 µg/ml unless stated otherwise.  

 

2.1.2 E. coli 

For cultivation, a single colony from a fresh agar plate was inoculated into 10 ml 2x 

TY medium (16 g/l tryptone, 10 g/l yeast extract, 5 g/l sodium chloride) and grown 

o/N to stationary phase at 37 °C with agitation. Medium was supplemented with 

antibiotics if necessary. Spectinomycin and ampicillin were used at a concentration 
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of 100 µg/ml, chloramphenicol at a concentration of 15 µg/ml, whereas 

erythromycin was used at a concentration of 300 µg/ml.  

 

Table 2-1: Bacterial strains and plasmids used for experiments 

Strain Characteristics Source 

E. coli 

DH10B 

F- endA1 recA1 galE15 galK16 nupG rpsL 
ΔlacX74 Φ80lacZΔM15 araD139 

Δ(ara,leu)7697 mcrA Δ(mrr-hsdRMS-mcrBC) 
λ- 

Invitrogen™, 
Darmstadt, 
Germany 

BL21 (DE3) 
F- ompT hsdSB (rB-mB-) gal dcm 
with DE3, a λ prophage carrying the T7 RNA 
polymerase gene and lacI 

Invitrogen™, 
Darmstadt, 
Germany 

Bifidobacterium 

B. bifidum S17 intestinal isolate from a breast-fed infant C. Staudt1 

B. bifidum S16 intestinal isolate from a breast-fed infant C. Staudt1 

B. bifidum NCC189  NCC2 

B. bifidum NCIMB41171  NCIMB3 

B. breve S27 intestinal isolate from a breast-fed infant C. Staudt1 

B. breve DSM20213 type strain, intestinal isolate from an infant DSMZ4 

B. longum/infantis E18 intestinal isolate from an adult C. Staudt1 

B. longum/infantis NCC200  NCC2 

B. longum NCC2705 type strain NCC2 

B. longum DSM20219 type strain, intestinal isolate from an adult DSMZ4 

B. adolescentis NCC251 type strain NCC2 

B. adolescentis DSM20083 type strain, intestinal isolate from an adult DSMZ4 

B. lactis NCC362 type strain NCC2 

B. lactis L15 isolate from Nestlé 'Neslac' milk drink C. Staudt1 

B. animalis MB254 type strain D. Matteuzzi5 
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Table 2-1: Bacterial strains and plasmids used for experiments (continued) 

Plasmids 

pBluescript plasmid for DNA cloning, Ampr  
Fermentas 
GmbH, St. Leon-
Rot, Germany 

pGh9::ISS1 
plasmid for insertional mutagenesis in 

Gram-positive bacteria, Emr 
C.U. Riedel 

pPL2luxPCP25 

site-specific, integrative vector for Listeria 

monocytogenes, Luciferase-reporter under 

the control of promoter PCP25, Cmr 

Riedel et al., 
2007 

pIMC 
site-specific, integrative vector for L. 

monocytogenes, Cmr 

Monk et al., 
2008a 

pIMK2 

site-specific, integrative vector for L. 

monocytogenes for overexpression from 

the Phelp promoter, Kanr 

Monk et al., 
2008b 

pMDY23 
E. coli-Bifidobacterium  shuttle vector 

harboring the gusA reporter gene, Spcr 
Klijn et al., 2006 

pMGS E. coli-Bifidobacterium  shuttle vector, Spcr  this work 

pMGE E. coli-Bifidobacterium shuttle vector,  Emr this work 

pMGC E. coli-Bifidobacterium shuttle vector,  Cmr this work 

pMGA 
E. coli-Bifidobacterium shuttle vector,  

Ampr 
this work 

pMGS_PBAD_bopAHis6 
pMGS containing bopA  under control of 

arabinose-inducible PBAD promoter 
this work 

pMGS_Pgap_bopAHis6 
pMGS containing bopA under control of 

constitutive Pgap promoter 
this work 

pMDY23_Phelp 
pMDY23, expression of gusA driven by the 

synthetic Phelp promoter 
this work 

pMDY23_PCP25 
pMDY23, expression of gusA driven by the 

synthetic PCP25 promoter 
this work 

pMDY23_P16SBl 

pMDY23, expression of gusA driven by the 
promoter of 16S rRNA gene of B. longum 
NCC2705 

this work 

pMDY23_Pgap 

pMDY23, expression of gusA driven by the 
promoter of glyceraldehyde-3-phosphate 
dehydrogenase gene of B. bifidum S17 

this work 

pMDY23_Ppk 

pMDY23, expression of gusA driven by the 
promoter of xylulose-5-
phosphate/fructose-6-phosphate 
phosphoketolase gene of B. bifidum S17 

this work 

1 
Institute of Microbiology and Biotechnology, University of Ulm, Germany 

2 
Nestlé Culture Collection 

 

3 
National Collection of Industrial, Food and Marine Bacteria 

4
 German Collection of Microorganisms and Cell Cultures  

5 
Department of Pharmaceutical Science, University of Bologna, Italy 
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2.2 Eukaryotic cell lines  

2.2.1 Thawing eukaryotic cell lines 

Eukaryotic cell lines used in this study are listed in Table 2-2. Cell lines were 

obtained from the American Type Culture Collection (ATCC) or the German 

Collection of Microorganisms and Cell Cultures (DSMZ) as frozen stocks on dry ice. 

Cells were thawed in ice and transferred to a falcon tube (Sarstedt AG & Co., 

Nümbrecht, Germany) containing 20 ml of the respective culture medium. To 

remove DMSO, cells were centrifuged at room temperature for 2 min at 300 ×g. 

Supernatant was removed; cells were resuspended in 6 ml culture medium and 

transferred to tissue culture flasks (25 cm2, Falcon® Becton Dickinson Labware 

Europe, Le Pont de Claix, France, tissue culture treated). After two to three days 

cells were transferred to 75 cm2 tissue culture flasks (Falcon® Becton Dickinson 

Labware Europe, Le Pont de Claix, France, tissue culture treated).  

Table 2-2: Cell lines used for experiments 

Cell line Characteristics Source 

Caco-2 human colon adenocarcinoma cell line ATCC1
 

T84 human colon carcinoma cell line (lung metastasis) ATCC1
 

HT29 human colon adenocarcinoma cell line DSMZ2 
1
American Type Culture Collection 

2
German Collection of Microorganisms and Cell Cultures 

 

 

2.2.2 Caco-2 cells 

Caco-2 cells were maintained in DMEM medium supplemented with 10 % (v/v) fetal 

calf serum (FCS), 1 % (v/v) non-essential amino acids (NEAA), and 1% (v/v) penicillin-

streptomycin solution and were incubated in cell culture incubators (CB 150, Binder 

GmbH, Tuttlingen, Germany) at 37 °C with 5 % CO2. FCS was heat-inactivated by 

incubation for 30 min at 56 °C. Medium was changed every two to three days and 

cells were grown for 18-21 days to fully differentiated monolayers. 
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2.2.3 T84 cells 

T84 cells were cultured in DMEM/Ham’s F12 medium with 10 % (v/v) heat-

inactivated FCS and 1 % (v/v) penicillin-streptomycin solution and were incubated in 

cell culture incubators (CB 150, Binder GmbH, Tuttlingen, Germany) at 37 °C with 5 

% CO2. Medium was changed every two to three days and cells were grown for 9-11 

days to fully differentiated monolayers. 

 

2.2.4 HT29 cells 

HT29 cells were cultured in DMEM medium supplemented with 5 % (v/v) heat-

inactivated FCS, 1 % (v/v) NEAAs, and 1 % (v/v) penicillin-streptomycin solution and 

were incubated in cell culture incubators (CB 150, Binder GmbH, Tuttlingen, 

Germany) at 37 °C with 5 % CO2. Medium was changed every two to three days and 

cells were used as undifferentiated monolayers at 90-95% confluence, i.e. 

approximately 5 days after seeding. 

 

2.2.5 Subculturing of eukaryotic cell lines 

Cells were subcultured according to the supplier’s guidelines, two or three times a 

week at a ratio of 1:5 (HT29 and Caco-2) or once a week at a ratio of 1:10 (T84) in 

new tissue culture flasks (75 cm2, Falcon® Becton Dickinson Labware Europe, Le 

Pont de Claix, France, tissue culture treated). For this purpose, medium was 

removed and the cells were washed once with sterile cell culture phosphate 

buffered saline (PBS). To detach the cells from the bottom of the flasks they were 

incubated with 3 ml trypsin/EDTA solution for 15 min at 37 °C with 5 % CO2. By 

adding 10 ml cell culture medium containing FCS the trypsin/ETDA solution was 

inactivated. The suspension was transferred to 50 ml falcon tubes (Sarstedt AG & 

Co., Nümbrecht, Germany) and centrifuged at room temperature (RT) for 2 min at 

300 ×g. The cell pellet was resuspended in DMEM or DMEM/F12, respectively. To 

seed the cells in 24-well plates (Falcon® Becton Dickinson Labware Europe, Le Pont 

de Claix, France) the cell count was determined by counting a 1:5 dilution in trypan 
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blue solution (0.5 % (w/v) trypan blue in 0.9 % (w/v) saline) using a Neubauer 

chamber. The cells were diluted to a concentration of 2×105 cells per ml and 1 ml 

was seeded in each well of a 24-well plate (Falcon® Becton Dickinson Labware 

Europe, Le Pont de Claix, France). 

 

2.2.6 Freezing eukaryotic cell lines 

Cells were detached by incubation with 3 ml trypsin/EDTA solution for 15 min at 37 

°C with 5 % CO2 to determine cell counts. About 2×106 cells/ml were resuspended in 

pre-cooled (4 °C) freezing medium (50 % (v/v) FCS, 10 % (v/v) DMSO, 1 % (v/v) 

NEAAs (if necessary) in appropriate medium) in cryo tubes on ice. To allow the 

temperature to ramp down slowly, cryo tubes were put at -80 °C in a polystyrene 

box with isopropanol for 24 h before storing the cells in liquid nitrogen (-196 °C).    

 

2.3 Adhesion assays 

2.3.1 Adhesion assay 

Adhesion of bifidobacteria was tested using fully differentiated monolayers of Caco-

2 and T84 cells. HT29 cells were used as undifferentiated monolayers. At this stage 

about 1×108 cells were counted per well for all cell lines. Prior to incubation with 

bacteria, 0.9 ml of cell culture medium without serum and antibiotics was added to 

the cells to prevent bacterial clumping or killing due to complement system and 

antibiotics during the adhesion assay. Bacteria were inoculated in MRS medium 

supplemented with 0.5 g/l cysteine and grown for 16 h under appropriate 

conditions. For adhesion assays bacteria were washed once in PBS and adjusted to 

OD600 2, which equals 1×109 colony forming units (cfu) per ml. Of this bacterial 

suspension 100 µl (=1×108) were added to each well. After incubation for 1 h at 37 

°C non-adherent bacteria were removed by washing the cells three times with PBS. 

The cell monolayers were then lyzed by the addition of ice cold ddH2O and serial 10-

fold dilutions in PBS were plated in spots of 10 µl on MRSC-agar plates to 
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enumerate cfu of adherent bacteria. Adhesion of the bacteria to the eukaryotic cells 

was then calculated as percentage of the number of bacteria added to the wells, 

which was determined by spot plating of the bacterial suspension used for adhesion 

experiments.  

 

2.3.2 Adhesion assay with treated B. bifidum S17 

To digest proteins, carbohydrates or lipids on the cell surface of B. bifidum S17, 

bacteria were treated with 1 mg/ml pronase, 1 mM sodium meta periodate or 1 

mg/ml lipase type II from porcine pancreas for 30 min at 37 °C or RT prior to 

adhesion, respectively. Adhesion of treated bifidobacteria was tested as described 

and calculated as percentage of adherent bacteria relative to the positive control 

(untreated bacteria), which was set to 100 %.  

 

2.3.3 Competitive adhesion assay  

Adhesion of bifidobacteria in competition to bacterial fractions was performed 

using the cell lines T84, Caco-2 and HT29. IECs were covered with 0.8 ml of cell 

culture medium without serum and antibiotics prior to addition of 100 µl bacterial 

fractions, containing 50 µg total protein in their respective buffers or 100 µl purified 

BopA protein containing either 100 µg, 10 µg or 1 µg total protein. Cells were then 

incubated for 1 h at 37 °C. Then 1×108 cfu of B. bifidum S17 from a PBS washed o/N 

culture in 100 µl of PBS were added to each well. After further incubation for 1 h at 

37 °C non-adherent bacteria were removed by washing the cells three times with 

PBS and adherent bacteria were quantified by spot plating as described above. 

Adhesion of the bacteria to the eukaryotic cells was calculated as percentage of 

adherent bacteria relative to the positive control (no bacterial fractions or purified 

BopA protein, respectively).  
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2.4 β-glucuronidase assay 

The β-glucuronidase assay is a widely used reporter system to study promoter 

activity in bacteria. In the present study, the reporter plasmid pMDY23 (Klijn et al., 

2006) harboring the β-glucuronidase gene gusA from E. coli (Jefferson et al., 1986) 

was used. Different promoters were cloned upstream of the reporter gene with a 

constant six base pair spacer between ribosomal binding site and start codon. 

Oligonucleotides used for cloning are listed in Table 7-2 in the Addendum. E. coli 

DH10B or B. bifidum S17 were transformed with the obtained plasmids to test the 

activity of the promoters. For this purpose, bacterial strains harboring the plasmid 

with the promoters to test were inoculated and grown o/N to stationary phase in 2× 

TY or MRSC medium as described above. Bacteria were harvested by centrifugation 

(4 °C, 5,000 ×g, 10 min) and washed once with 1 ml ddH2O and once with GUS assay 

buffer (50 mM Na2HPO4 (pH 7), 1 mM EDTA, 0.1 % Triton X-100, 5 mM DTT). Cells 

were disrupted in cryo tubes with glass beads (0.1 mm diameter, Carl Roth GmbH & 

Co., Karlsruhe, Germany) using a RiboLyser (Hybaid, Kalletal, Germany) during 3 

cycles of 30 seconds each at full speed and 4 °C. Between cycles the tubes were put 

on ice for 1 min. The samples were transferred to a new tube and, after 

centrifugation of disrupted cells for 15 min at 14,000 ×g at 4 °C, the supernatant 

was collected to assay GusA activity. Protein concentration was measured using 

BCA protein assay kit (see 2.7.3). For each assay, 200 µg of protein were used in a 

final volume of 100 µl in GUS assay buffer. The reaction mix was prepared on ice by 

adding 25 µl of 5 mM 4-methylumbelliferyl-β-D-glucuronide (MUG). Then tubes 

were incubated at 37 °C for 30 min to hydrolyze MUG by the β-glucuronidase 

activity to 4-methylumbelliferone (MU), which is highly fluorescent (Figure 2-1). 

After 30 min 10 µl of sample were mixed with 170 µl stop buffer (0.2 M NaCO3, pH 

9.5) in a 96-well-plate (Sarstedt AG & Co., Nümbrecht, Germany). Fluorescence of 

MU was detected using Infinite® M200 multimode reader (Tecan Group Ltd., 

Männedorf, Switzerland) with excitation at 388 nm and measuring fluorescence 

(emission) at 480 nm. The fluorescence intensity of MU is a direct measure of β-

glucuronidase activity, which in turn correlates with the activity of the promoter. As 
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negative control, B. bifidum S17 harboring the promoterless pMDY23 plasmid was 

used.  

 

 

Figure 2-1: Detection of β-glucuronidase activity. The substrate 4-methylumbelliferyl-β-D-

glucuronide (MUG) is hydrolyzed by β-glucuronidase to 4-methylumbelliferone (MU). 

After excitation at 388 nm MU can be quantified by measuring relative light units (RLU) of 

fluorescence at 480 nm.  

 

2.5 Determination of minimal inhibitory concentration 

Minimal inhibitory concentration (MIC) is defined as the lowest concentration of an 

antibiotic that completely inhibits the growth of a bacterial species under normal 

culture conditions. MICs of the antibiotics chloramphenicol, erythromycin, 

ampicillin and spectinomycin for bifidobacteria were determined in a microtiter 

plate assay (Sarstedt AG & Co., Nümbrecht, Germany). Chloramphenicol and 

erythromycin interfere with bacterial protein synthesis by binding to the 50S 

ribosomal subunit. Spectinomycin binds the 30S subunit of the bacterial ribosome 

and interrupts protein synthesis, whereas ampicillin interferes with bacterial cell-

wall synthesis. For determination of MICs, the wells of the microtiter plate were 

pre-filled with MRSC medium and decreasing concentrations of the respective 

antibiotic were added (8 wells per concentration). All wells were then inoculated 

with bacterial cell suspension, adjusted to OD600 of 0.1, to obtain a final volume of 

180 µl per well and the plate was incubated for 24 h at 37 °C under anaerobic 
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conditions. After incubation, growth was monitored by measuring OD600 using an 

Infinite® M200 multimode reader (Tecan Group Ltd., Männedorf, Switzerland).  

 

2.6 Plasmid stability assay  

Plasmid stability in bifidobacteria was tested according to a previously published 

protocol (Cronin et al., 2007). The strain containing the plasmid to test was grown 

o/N in MRSC medium supplemented with the respective antibiotic at 37 °C under 

anaerobic conditions. Cells were then subcultured in fresh MRSC medium without 

antibiotic selection every 12 hours for a total of 100 generations. Every 25 

generations serial 10-fold dilutions ranging from 10-1 to 10-5 were plated on MRSC 

agar plates without antibiotic selection and incubated for 2 days at 37 °C under 

anaerobic conditions. To monitor plasmid stability, 100 colonies from a suitable 

dilution were picked and spotted on MRSC agar plates with and without antibiotic 

selection. These plates were incubated for 48 hours at 37 °C under anaerobic 

conditions. The number of antibiotic-resistant and -sensitive colonies was counted 

and plasmid stability was calculated as percentage of resistant colonies. 

 

2.7 Working with proteins 

2.7.1 Preparation of bacterial cell fractions 

For the preparation of cell fractions, B. bifidum S17 was grown o/N in 100 ml of 

MRSC medium under anaerobic conditions at 37 °C. Bacteria were harvested by 

centrifugation (10 min, 5,000 ×g). The pellet was washed twice in 50 mM Tris-HCl 

(pH 7.6) and split into two aliquots. 

One aliquot was used to prepare the cell wall fraction. For this purpose the pellet 

was resuspended in 4 ml lysis buffer (50 mM Tris-HCl (pH 7.6), 1 M sucrose, 1.4 mM 

phenylmethylsulfonyl fluoride (PMSF), and 15 mg/ml lysozyme) and incubated at 37 

°C for 90 min. The lysis buffer contains lysozyme, which hydrolyzes the β-1,4-
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glycosidic linkages between N-acteylmuramic acid and N-acetyl-D-glucosamine of 

bacterial peptidoglycan. Another component is PMSF, which inhibits proteases to 

prevent degradation of proteins. The resulting protoplasts were pelleted by three 

centrifugation steps at 1,500 ×g for 1 min and the supernatant was retained 

representing the cell wall fraction. 

The second aliquot of the pellet, which was used to prepare membrane and 

cytoplasmic fraction, was resuspended in 4 ml Tris-HCl (pH 7.6) and transferred to 

cryo tubes containing glass beads (0.1 mm diameter, Carl Roth GmbH & Co., 

Karlsruhe, Germany). Cells were disrupted at 4 °C during 5 cycles of 30 seconds in a 

RiboLyser (Hybaid, Kalletal, Germany) set to full speed. Between cycles the tubes 

were cooled on ice for 1 min. The lysate was transferred to a new tube and cell 

debris was pelleted by centrifugation for 30 min at 14,000 ×g at 4 °C. The 

supernatant containing membranes and the cytosolic fraction was centrifuged at 

250,000 ×g for 1 h at 4 °C in an Ultracentrifuge (Beckman® Coulter GmbH, CU-L8-

60M, TFT 65.13) and the supernatant was collected representing the cytoplasmic 

fraction. The pellet was washed once with 50 mM Tris-HCl (pH 7.6) and, after 

another ultracentrifugation (250,000 ×g, 1 h, 4 °C) the supernatant was carefully 

removed and discarded. The pellet containing the membrane fraction was 

resuspended in 50 mM Tris-HCl (pH 7.6) and membranes were solubilized by 

ultrasound (Sonorex Super RK 255, Bandelin electronic, Berlin, Germany). Protein 

concentration in all fractions was measured using BCA protein assay kit (see 2.7.3). 

 

2.7.2 Treatment of the cell surface of B. bifidum S17  

To digest proteins, carbohydrates or lipids on the cell surface of B. bifidum S17, cells 

were grown o/N in 10 ml MRSC medium under anaerobic conditions at 37 °C. 

Bacteria were harvested by centrifugation (10 min, 5,000 ×g) and washed once with 

PBS (pH 7.4). Afterwards, OD600 was adjusted to obtain 1×109 cfu/ml and the 

suspension was split into four tubes containing 1 ml each. Bacteria were pelleted by 

centrifugation (10 min, 14,000 ×g), the supernatants discarded and each pellet 

resuspended in 1 ml of one of the buffers listed in Table 2-3. Untreated and 
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periodate-treated bacteria were incubated in the dark at RT with agitation whereas 

pronase- and lipase-treated bacteria were incubated at 37 °C in the water bath. 

Treatments were maintained for up to 60 min as indicated in the Results section. To 

check viability of bacteria during and after the treatment, samples were taken after 

0, 15, 30, 45 and 60 minutes. Serial dilutions were plated on MRSC agar plates and 

cfu counts determined after growth. 

Table 2-3: Surface treatments of B. bifidum S17 

Treatment with Concentration Buffer 

untreated - PBS 

pronase 1 mg/ml 
pronase buffer ( 10 mM sodium acetate, 5 mM 

potassium acetate, pH 7.5). 

periodate 1 mM 1 M glycine 

lipase 1 mg/ml PBS 

 

For adhesion experiments cells were treated for 30 min, then centrifuged (10 min, 

14,000 ×g) and washed once with PBS. To apply treated bacteria to adhesion assays 

OD600 was re-adjusted after the treatments to obtain 1×108 cfu/ml. Furthermore, 

cell wall fractions of bacteria were prepared of samples at different time points 

during the treatments as described above.     

 

2.7.3 BCA protein assay (Pierce) 

For quantification of the protein content of cell extracts the BCA (bicinchoninic acid) 

Protein Assay Kit (Thermo Scientific, Rockford, USA) was used according to 

manufacturer’s instructions. The assay is a colorimetric detection method for 

quantification of total protein. The BCA assay combines the biuret assay with BCA as 

detection system. In a two-step reaction a BCA/copper complex is formed, which 

has a characteristic absorption maximum at 562 nm. Protein concentrations are 

determined using a standard curve with bovine serum albumin (BSA) solutions of 

concentrations from 0.0625 µg/ml to 1 µg/ml. Samples are measured in duplicate 
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using an Infinite® M200 multimode reader (Tecan Group Ltd., Männedorf, 

Switzerland).  

 

2.7.4 Denaturing polyacrylamide gel electrophoresis 

Sodium dodecylsulfate polyacrylamide gel electrophoresis (SDS-PAGE) is used to 

separate proteins of the bacterial fractions according to their electrophoretic 

mobility. The gel consists of a separating gel with small pores and a stacking gel with 

large pores. The pH 6.8 of the stacking gel is two orders of magnitude lower than 

that of electrophoresis buffer (Table 2-4). This leads to the concentration of 

proteins and a thin starting line prior to separation of the proteins according to 

their size in the separating gel (pH 8.8). SDS is an anionic detergent, which binds in a 

ratio of about 1.4 g SDS per g protein. It denatures secondary and tertiary structures 

and covers the innate charge of proteins, resulting in a negative net charge, which 

correlates with the mass of the protein. To prepare a SDS polyacrylamide gel the 

components listed in Table 2-4 were used.   

Table 2-4: Components for SDS-PAGE 

Components Amount 

10x SDS electrophoresis buffer 

glycine 2.5 M 

Tris 250 mM 

SDS 1 % (w/v) 

 Separating gel (10 %) Stacking gel (5 %) 

ddH2O 4 ml 2.1 ml 

30 % acryl amide mix 3.3 ml 0.5 ml 

1.5 M Tris  2.5 ml (pH 8.8) 0.38 ml (pH 6.8) 

10 % (w/v) SDS 0.1 ml 0.03 ml 

10 % (w/v) APS 0.1 ml 0.03 ml 

TEMED 0.004 ml 0.003 ml 
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After polymerization, the gel was placed in an electrophoresis apparatus (Mini-

PROTEAN® Tetra System, Bio-Rad Laboratories GmbH, Munich, Germany) and 800 

ml of 1× SDS electrophoresis buffer were added and the comb was removed. To be 

able to properly load samples onto the gel and to visualize the running front, 

samples were mixed 5:1 with Laemmli buffer (250 mM Tris-HCl (pH 6.8), 500 mM 

DTT, 50 % (v/v) glycerol, 10 % (w/v) SDS, bromphenol blue (tip of spatula)) and 

proteins were denatured by incubation at 95 °C for 5 min. During the incubation 

hydrogen bonds, secondary and tertiary structures are broken and the protein gains 

a linear structure. The reducing agent DTT (dithiothreitol) further denatures the 

protein by reducing the disulfide linkages between cysteine residues, and thus 

breaking up tertiary and quaternary structures. For optimal separation a current of 

25 mA per gel was applied until the running front of bromphenol blue reached the 

end of the gel. To determine the molecular weight of proteins a PageRulerTM 

Prestained Protein Ladder (Fermentas, St. Leon-Rot, Germany, see Addendum) was 

run in a separate lane of the gel.   

 

2.7.5 Silver staining 

Silver staining of proteins is a sensitive staining method used to detect low amounts 

of protein (minimum 10 ng). The SDS polyacrylamide gel was incubated for at least 

1 h in fixing solution (30 % (v/v) ethanol, 12 % (v/v) acetic acid) followed by three 

washing steps with 50 % (v/v) ethanol, each for 10 min. Afterwards the gel was 

incubated for 1 min in the sensitizing solution (0.02 % (w/v) Na2S2O3×5 H20) and 

washed three times with ddH2O. The next step is the staining of proteins for 10 min 

in staining solution (0.2 % (w/v) AgNO3, 75 µl formaldehyde 37 % (v/v) per 100 ml 

staining solution) followed by two washing steps with ddH2O. The development of 

the bands occurs by incubation in development solution (6 % (w/v) Na2CO3, 0.0004 

% (w/v) Na2S2O3×5 H2O, 50 µl formaldehyde 37 % (v/v) per 100 ml development 

solution) until the bands showed desired intensity. To stop staining, the gel was 

washed once in ddH2O and incubated in stop solution (18.6 g/l EDTA in dH2O).  
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2.7.6 Coomassie staining 

To stain higher amounts of proteins with coomassie the polyacrylamide gel was 

incubated o/N at room temperature in colloidal coomassie (1.6 % (v/v) ortho-

phosphoric acid, 8 % (w/v) (NH4)2SO4, 0.08 % (w/v) Coomassie Brilliant Blue G250, 

33 % (v/v) ethanol). Coomassie is a triphenylmethane dye, which binds basic side 

chains of amino acids thereby unspecifically staining proteins with a detection limit 

of 0.5 µg of protein per band (Kang et. al., 2002). Decoloration of the gel to visualize 

the bands was performed with ddH2O.  

 

2.7.7 Western Blot 

Western Blot is a method for the detection of specific proteins in a sample. Samples 

are first separated by SDS-PAGE as described and are then transferred to a 

nitrocellulose membrane where they can be detected with specific antibodies.   

2.7.7.1 Transfer of proteins to nitrocellulose membrane 

Prior to transfer the SDS gel is incubated for 10 min in transfer buffer (25 mM Tris, 

0.2 M glycine, 20 % methanol, pH 8.5) then placed on top of a nitrocellulose 

membrane (Macherey-Nagel GmbH & Co. KG, Düren, Germany), which itself is 

placed on top of three layers of tissue paper (Figure 2-2). The gel is overlaid with 

another three layers of tissue papers (Figure 2-2). All tissue papers and membranes 

are soaked with transfer buffer and air bubbles are removed between the different 

layers using a glass pipette. Then everything is placed in an electro-blotter (Typ B33, 

Biometra GmbH, Göttingen, Germany) in which the proteins are transferred from 

the gel to the membrane by applying an electric current, depending on the size of 

the gel (x mA = cm2 of the gel × 3.5). Following blotting, the membrane is incubated 

for 1 h in blocking solution (5 % milk powder in PBS) to prevent unspecific protein 

binding by the antibody used for detection.  
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Figure 2-2: Setup of an electroblot. To transfer proteins from the polyacrylamide gel to 

the nitrocellulose membrane, the gel is put on top of the membrane between three 

layers of buffer soaked filter papers. The transfer of the proteins occurs after applying an 

electric current. 

  

2.7.7.2 Detection of transferred protein with specific antibodies 

The detection of the protein occurs in a two-step reaction after three washing steps 

for 5 min with PBS. Membrane is then incubated for 1 h with primary antibody 

specific for the protein of interest in an appropriate dilution in PBS. In our case, 

anti-His6 antibody was used in a 1:1,000 dilution. This antibody was raised by 

immunizing mice with a mixture of His-tagged proteins (Zentgraf et al., 1995) and 

specifically recognizes six consecutive histidine residues fused to the C-terminus of 

proteins. After three washing steps for 5 min with PBS the membrane is incubated 

with HRP-coupled secondary antibody (rabbit-anti-mouse) diluted 1:10,000 in 

blocking buffer for 1 h followed by three further washing steps with PBS for 5 min. 

30 mg 4-chlor-1-naphtol were solved in 5 ml methanol (100%), added to the 

membrane bathing in 15 ml PBS. 4-chlor-1-naphtol is oxidized by horseradish 

peroxidase and results, after starting the reaction with 20 µl of 30 % (v/v) H2O2, in a 

precipitate on the membrane (Figure 2-3). To stop the reaction the membrane was 

incubated in ddH2O. 
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Figure 2-3: Detection of Horseradish peroxidase with 4-chlor-1-naphtol. The detection of 

protein occurs in a two-step reaction using a primary antibody specific for the protein of 

interest and a HRP- coupled secondary antibody. The substrate 4 chlor-1-naphtol gets 

oxidized by horseradish peroxidase after addition of H2O2 and protein can be detected as 

precipitate on the nitrocellulose membrane.  

 

Alternatively, for detection of His-tagged protein in bifidobacteria Pierce ECL 

Western Blotting Substrate was used. HRP activity from secondary antibodies was 

induced after addition of a mixture of equivalent amounts of ECL reagent 1 and ECL 

reagent 2 to the membrane. Chemiluminescence was detected on X-ray films (Agfa 

HealthCare GmbH, Bonn, Germany).   

 

2.7.8 Ni-NTA-affinity chromatography 

Purification of recombinant proteins containing a polyhistidine (His6) sequence was 

performed by Ni-NTA affinity chromatography. This method uses the ability of 

histidine to bind nickel. Charged Ni
2+

 is bound to the chelating ligand nitrilotriacetic 

acid (NTA) coupled to an agarose resin. To get rid of low affinity bound proteins, low 

concentrations of imidazole (10 mM) are used. To elute to protein of interest from 

the NTA beads elution buffer (pH 7.9) with increasing imidazole concentrations up 

to 500 mM was used. The expression plasmid pMGS_PBAD was used to express 

protein in E. coli BL21 (DE3). This E. coli strain is deficient in the ATP-dependent 
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protease Lon and the outer membrane protease OmpT, supporting large-scale 

purification of proteins.  

Erlenmeyer flaks with 250 ml 2× TY medium were inoculated at OD600 of 0.1 with an 

o/N culture of E. coli BL21 (DE3) pMGS_PBAD containing the gene of interest and 

grown at 37 °C with agitation. When OD600 of 0.5 was reached, expression of the 

gene was induced by addition of 0.013 mM L-arabinose. After growth for further 3 h 

at 37 °C with agitation, bacteria were harvested by centrifugation (4 °C, 5,000 ×g, 10 

min). Cells were washed once with binding buffer (30 mM Tris, 500 mM NaCl, 5 mM 

imidazole, 30 % (v/v) glycerol, pH 7.9) and disrupted using a French Press (SLM 

Aminco®, SLM Instruments, Inc., Rochester, NY, USA) with a pressure of 850 PSI 

(pound-force per square inch). The cytoplasmic fraction was obtained from the 

lysate by centrifugation at 4 °C, 250,000 ×g for 1.5 h in an Ultracentrifuge 

(Beckman® Coulter GmbH, CU-L8-60M, TFT 65.13) and used for purification of His6-

tagged protein by affinity chromatography. Therefore, the cytoplasmic fraction was 

loaded on a 1 ml HisTrap FF column (GE Healthcare GE Healthcare Europe GmbH, 

Freiburg, Germany) fitted to an ÄKTA FPLC purifier system (Äkta P 900 purifier, GE 

Healthcare Europe GmbH, Freiburg, Germany), which was calibrated prior to 

loading with elution buffer (30 mM Tris, 500 mM NaCl, 500 mM imidazole, 30 % 

(v/v) glycerol, pH 7.9) and then with binding buffer (30 mM Tris, 500 mM NaCl, 5 

mM imidazole, 30 % (v/v) glycerol, pH 7.9). After loading, the column was washed 

with 15 ml of binding buffer to wash off unbound protein. Then bound protein was 

eluted by a linear imidazole gradient (5 mM to 500 mM). The eluate was collected in 

1 ml fractions, containing purified protein as indicated by absorbance at 280 nm. 

Fractions were run on a SDS-PAGE to check for size and purity of the recombinant 

protein. Pure fractions showing a signal of the expected size were pooled and 

subsequently dialyzed against 20 % (v/v) glycerol solution (o/N, 4°C) to remove 

imidazole from the buffer. Dialysis tubes (Visking dialysis tubing 20/32® 16 mm, 

Serva Electrophoresis GmbH, Heidelberg, Germany) with an exclusion size of 14 kDa 

were prepared by boiling in 10 mM NaHCO3 solution for 15 min with stirring to 

open pores for diffusion. Then, tubes were cooked in 10 mM EDTA solution for 15 

min with stirring to remove traces of metal ions. The two steps are followed by two 
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washing steps in boiling ddH20 (each 15 min). Prepared dialysis tubings can be 

stored in ddH20 or 30 % (v/v) ethanol until further use.  

After dialysis, tubes containing the purified protein were submersed in polyethylene 

glycol (PEG 20.000) for 2-3 h to concentrate the protein solution to at least one 

third of its original volume. To apply a defined protein amount to adhesion assays, 

protein concentration was determined using BCA protein assay as described in 

2.7.3. 

 

2.8 Working with nucleic acids 

2.8.1 Preparation of chromosomal DNA  

For preparation of bacterial chromosomal DNA, bifidobacteria were inoculated in 10 

ml MRSC medium and grown for 16 h at 37 °C under anaerobic conditions. Bacteria 

were pelleted by centrifugation (10 min, 5,000 ×g) and the supernatant was 

discarded. The pellet was washed once in 1 ml TE buffer (10 mM Tris-HCl (pH 7.6), 5 

mM EDTA), resuspended in 300 µl TES buffer (50 mM Tris-HCl, 5 mM EDTA, 10 mM 

NaCl, pH 8.0) and 100 µl lysozyme solution (5 mg/ml in TES buffer) and 20 µl 

mutanolysin solution (5 U/µl in TES buffer) were added. After incubation for 2 h at 

37 °C in a water bath, bacterial cells were lyzed by addition of 22 µl 10 % (w/v) SDS 

and 15 µl proteinase K (20 mg/ml). After an additional incubation for 2-3 h at 55 °C, 

the addition of 100 µl of saturated NaCl solution (6 M) and gentle shaking results in 

a white film of insoluble protein. This insoluble fraction was removed by 

centrifugation (15 min, 5,300 ×g, RT) and proteins were extracted from the 

supernatant by a phenol/chloroform treatment.  

 

2.8.2 Phenol/chloroform/isoamylalcohol extraction 

To remove protein contaminations from DNA solutions one volume of 

phenol/chloroform/isoamylalcohol (25:24:1 (v/v/v)) was added to the DNA solution 

and carefully mixed to precipitate the proteins. By centrifuging the mixture (5 min, 
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14,000 ×g, RT) proteins remain in the phenol and interphase, while the DNA is 

solved in the aqueous phase. The aqueous phase was carefully removed and the 

extraction step was repeated to remove the proteins totally. To remove the 

remaining phenol in the aqueous phase two washings with one volume of 

chloroform/isoamylalcohol (24:1 (v/v)) were performed. After mixing the solutions, 

a centrifugation step at RT for 5 min at 14,000 ×g is necessary to obtain the upper 

aqueous phase containing chromosomal DNA. 

 

2.8.3 Ethanol precipitation 

To concentrate the DNA, 2.5 volumes of ethanol (99 %, -20 °C) were added to the 

solution in an Eppendorf cup and precipitated DNA was pelleted by centrifugation 

(14,000 ×g, 10 min). The DNA pellet was washed once with 70 % ethanol and once 

with 100% EtOH and then dried in open Eppendorf cups by incubation at 37 °C. The 

dried pellet was resuspended in 100 µl 10 mM Tris buffer (pH 7.6). 

 

2.8.4 Amplification of DNA via polymerase chain reaction 

The polymerase chain reaction (PCR) is an efficient method to amplify specific DNA 

fragments. The PCR makes use of the thermostable enzyme DNA polymerase, which 

catalyzes the 5’-3’-synthesis of the second strand complementary to a single 

stranded DNA molecule. After an initial denaturing step for two minutes there are 

three steps, which are repeated in 20-30 cycles. The two DNA strands are separated 

in the first step by incubation at 98 °C for 30 seconds. This allows for annealing of 

the oligonucleotides to their target priming sequence in the second step for 20 

seconds at a temperature specific for the oligonucleotides used, usually 45-60 °C. In 

the third step, the DNA polymerase synthesizes a new DNA strand, which is 

complementary to the template strand starting from the annealed oligonucleotide. 

The elongation temperature depends on the polymerase used, generally 68-72 °C, 

whereas the duration of this step depends on the length of the fragment and 

processing speed of the polymerase, e.g. Taq polymerase synthesizes about 1,000 
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nucleotides per minute. The PCR reaction is completed by a final elongation step for 

two minutes, which allows for the completion of any unfinished PCR product. A 

typical PCR reaction contains the following components: 

1 µl  template DNA (containing 10-100 ng) 

0.5 µl  oligonucleotide 1 (10 pM final conc.) 

0.5 µl  oligonucleotide 2 (10 pM final conc.) 

0.5 µl  dNTPs (stock solution with each oligonucleotide at 2 mM) 

2 µl  reaction buffer (10x stock solution) 

0.2 µl  Taq-DNA-polymerase (5 U/µl stock solution =1 U)  

add  ddH2O to a final volume of 25 µl  

All oligonucleotides used in this study are listed in Table 7-2 in the Addendum. In 

the present study all PCRs were performed using a FlexCycler (Analytik Jena AG, 

Jena, Germany). 

 

2.8.5 Agarose gel electrophoresis  

Agarose gel electrophoresis is a method to separate DNA molecules according to 

their size. Shorter fragments move faster through the gel matrix than longer 

fragments. The agarose concentration depends on the size of the fragment(s) of 

interest. In this study an agarose concentration of 0.8 % (w/v) was used in all 

experiments. 0.24 g of agarose were added to 30 ml of 1x TAE buffer (40 mM Tris-

HCl, 1 mM EDTA, 10 mM acetic acid, pH 8.0) and boiled in a microwave oven until 

agarose was solved completely. After cooling down to approximately 50 °C melted 

agarose was poured into a gel stand and fitted with a comb. After polymerization, 

the gel was placed in an electrophoresis apparatus (PerfectBlue Gel system Mini S, 

Peqlab Biotechnologie GmbH, Erlangen, Germany) and 400 ml of TAE were added 

and the comb was removed. Samples were mixed with loading dye (0.25 % (w/v) 

bromphenol blue in 40 % (v/v) glycerol) at a ratio of 5:1 and applied to the slots on 

the agarose. Electrophoresis was run at 100 V. To visualize DNA bands, the gel was 
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stained after electrophoresis for 5-10 min in ethidium bromide staining solution (1 

µg/ml in dH2O) and shortly destained in dH2O, to remove excess ethidium bromide. 

Ethidium bromide intercalates with the DNA double helix and fluoresces when 

exposed to UV light (302 nm) in bright orange (595 nm). The fluorescing nucleic acid 

bands were imaged using a photodocumentation system (MWG-Biotech GmbH, 

Ebersberg, Germany). For determination of the size of DNA fragments GeneRulerTM 

1kb DNA Ladder (Fermentas GmbH, St. Leon-Rot, Germany, see Addendum) was run 

in a separate slot in every electrophoresis. 

 

2.8.6 Plasmid isolation 

Plasmids were isolated using E.Z.N.A. Plasmid Mini Kit I (Omega Bio-tek, Inc., 

Norcross, USA) and eluted in 50 µl dH2O (pH 8.0) according to the recommendations 

of the manufacturer. To isolate plasmid from bifidobacteria, the bacteria 

additionally were washed twice with citrate sucrose buffer (0.5 M sucrose, 1 mM 

citrate buffer, pH 5.8) prior to lysis. Also, solution I was supplemented with 40 

mg/ml lysozyme and 10 µl mutanolysin (5 U/µl) and lysis was carried out for 1 h at 

37 °C. Successful plasmid isolation was verified by agarose gel electrophoresis (0.8 

% (w/v). In case of bifidobacteria, presence of plasmid was also verified by PCR 

using specific primers. 

 

2.8.7 Digestion of DNA with restriction enzymes 

Restriction digests of DNA were performed using buffers recommended by the 

supplier of the enzymes (Fermentas GmbH, St. Leon-Rot, Germany, unless stated 

otherwise). Restrictions were carried out in a total volume of 100 µl typically 

containing 1 µg of DNA and 2 µl restriction enzyme (10 U/µl). The incubation was 

performed in a Thermomixer comfort (Eppendorf AG, Hamburg, Germany) for 2 h at 

the temperature recommended for the respective enzyme (usually 37 °C) followed 

by a heat inactivation as recommended for the respective enzyme (usually at 65 °C 

for 20 min). Restriction digests were cleaned using NucleoSpin® Extract II Kit 



 
38 2 Material and Methods 

(Macherey-Nagel GmbH & Co. KG, Düren, Germany) according to manufacturer’s 

instructions. To verify the digest, samples were analyzed by agarose gel 

electrophoresis. 

 

2.8.8 Dephosphorylation  

To prevent recircularization of digested plasmid DNA, phosphate residues were 

removed from 5’-ends using Antarctic Phosphatase (5 U/µl) according to supplier’s 

instructions, in a total volume of 100 µl. The reaction was incubated in a 

Thermomixer comfort (Eppendorf AG, Hamburg, Germany) for 30 min at 37 °C and 

phosphatase was inactivated for 10 min at 65 °C. Dephosphorylated plasmids were 

purified using NucleoSpin® Extract II Kit (Macherey-Nagel GmbH & Co. KG, Düren, 

Germany) according to manufacturer’s instructions. 

 

2.8.9 Phosphorylation of PCR products 

Phosphorylation of 5’-ends of PCR products was performed using T4-polynucleotide 

kinase (10 U/µl) and 1x reaction buffer A. T4 polynucleotide kinase catalyzes the 

transfer of the γ-phosphate from ATP to the 5’-OH groups of single and double 

stranded DNA or RNA. The reaction was performed in a total volume of 20 µl for 20 

min at 37 °C in a Thermomixer comfort (Eppendorf AG, Hamburg, Germany). 

Enzyme was inactivated for 10 min at 75 °C and phosphorylated PCR products 

purified using NucleoSpin® Extract II Kit (Macherey-Nagel GmbH & Co. KG, Düren, 

Germany) according to manufacturer’s instructions. 

 

2.8.10 Klenow Reaction 

Klenow Fragment (10 U/µl) is the large protein fragment of the DNA polymerase I 

from E. coli obtained after enzymatic cleavage with the protease subtilisin (Klenow 

and Henningsen, 1970). The Klenow fragment possesses 5’->3’ polymerase activity 

and 3’->5’ exonuclease activity but lacks the 5’->3’ exonuclease activity of the 
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holoenzyme. To fill-in sticky ends after a restriction digest, Klenow reaction was 

performed in a total volume of 100 µl, containing 1× reaction buffer (10× reaction 

buffer: 500 mM Tris-HCl (pH 8.0 at 25 °C), 50 mM MgCl2, 10 mM DTT), in a 

Thermomixer comfort (Eppendorf AG, Hamburg, Germany) for 10 min at 37 °C. The 

enzyme was inactivated for 10 min at 75 °C and DNA was purified using 

NucleoSpin® Extract II Kit (Macherey-Nagel GmbH & Co. KG, Düren, Germany) 

according to manufacturer’s instructions. 

 

2.8.11 Ligation 

For ligation vector and insert DNA were mixed at the ratio 1:3 in a total volume of 

20 µl containing 1 µl T4-DNA-Ligase (5 U/µl) and 2 µl 10x T4-DNA Ligase buffer. The 

reaction mix was incubated o/N at RT. As a control for the ligation a reaction with 

the vector alone was performed. 

 

2.8.12 Transformation of E. coli strains 

2.8.12.1 Preparation of electrocompetent E. coli 

To prepare competent cells for efficient transformation of DNA, E. coli was 

inoculated in 5 ml 2× TY medium and grown for 16 h at 37 °C with agitation. The 

preculture was used to inoculate 250 ml 2× TY medium in baffled Erlenmeyer flasks 

and the culture was grown at 37 °C with agitation to an OD600 of 0.3-0.5. The 

cultures were chilled on ice for 15-30 min before bacteria were harvested by 

centrifugation (15 min, 5,000 ×g, 4 °C). After two washing steps with ice cold ddH2O, 

bacteria were washed twice with ice cold 10 % (v/v) glycerol. Each washing step 

included a centrifugation for 15 min at 5,000 ×g at 4 °C to pellet bacteria. After the 

final centrifugation, bacteria were resuspended in ice cold 10 % (v/v) glycerol and 

aliquots of 50 µl were snap-frozen in liquid nitrogen (-196 °C) to avoid water crystals 

and stored at -80 °C until further use. 
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 2.8.12.2 Transformation of E. coli strains 

Transformation of E. coli strains was performed with 50 µl of competent cells with 

up to 5 µl plasmid DNA in icecold cuvettes (1 mm gap, Peqlab Biotechnologie 

GmbH, Erlangen, Germany) in a Gene Pulser Xcell system (Bio-Rad Laboratories 

GmbH, Munich, Germany) set to the following conditions: 25 mF, 200 Ω, 18 kV/cm. 

After the pulse, bacteria were resuspended in 950 µl prewarmed 2× TY medium and 

incubated for 1 h at 37 °C with agitation. Transformed bacteria were plated on 2× 

TY agar plates supplemented with the appropriate antibiotic and incubated o/N at 

37 °C.   

 

2.8.13 Transformation of Bifidobacterium sp. 

2.8.13.1 Preparation of electrocompetent bifidobacteria 

To prepare bifidobacteria competent for DNA uptake, bifidobacteria were 

inoculated in 10 ml MRSC medium and grown for 16 h at 37 °C under anaerobic 

conditions. Using this preculture, 100 ml modified Rogosa medium (pH 6.8) 

supplemented with 16 % (w/v) Actilight (Table 2-5) were inoculated to an OD600 of 

0.1 - 0.15 and cultured anaerobically at 37 °C until an OD600 of 0.5 was reached. The 

culture was then transferred to cold, sterile falcon tubes (Sarstedt AG & Co., 

Nümbrecht, Germany) and chilled on ice for 20 min. Bacteria were harvested by 

centrifugation (4 °C, 4,000 ×g, 10 min) and washed four times with ice cold citrate 

sucrose buffer (0.5 M sucrose, 1 mM citric acid, pH 5.8) with a centrifugation (4 °C, 

4,000 ×g, 10 min) after each washing step. After the final centrifugation, bacteria 

were resuspended in icecold citrate sucrose buffer, chilled on ice for 20 min and 

used immediately for electroporation. 

 2.8.13.2 Transformation of Bifidobacterium sp. strains 

For electroporation, 50 µl competent cells were mixed with plasmid DNA (up to 5 

µl) in icecold cuvettes (1mm gap, Peqlab Biotechnologie GmbH, Erlangen, Germany) 

and pulsed in a Gene Pulser Xcell system (Bio-Rad Laboratories GmbH, Munich, 

Germany) using the following conditions: 25 µF, 200 Ω, 15 kV/cm. Following the 
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pulse, bacteria were immediately resuspended in 950 µl prewarmed (37 °C) 

reinforced clostridial medium and regenerated under anaerobic conditions for 2.5 h 

at 37 °C. Bacteria were plated on MRSC agar plates supplemented with an 

appropriate antibiotic and incubated anaerobically for 2 days at 37 °C.  

 

Table 2-5: modified Rogosa medium  

Components Amount (g/l) 

trypticase peptone 10 

yeast extract 2.5 

tryptose 3 

K2HPO4 3 

KH2PO4 3 

ammonium acetate 1.86 

ammonium chloride 0.44 

pyruvic acid 0.2 

cysteine HCl 0.5 

Tween 80 1 ml 

MgSO4 x 7 H2O 0.0575 

MnSO4 x H2O 0.015 

FeSO4 x 7 H2O 0.0034 

dH2O add to 952 ml 

 

2.8.14 Southern Blot analysis 

Southern Blot is a method to detect specific sequences in a DNA sample (Southern, 

1975). DNA fragments in a sample are separated according size by agarose gel 

electrophoresis followed by transfer of the DNA to a nylon membrane on which the 

DNA sequence of interest can be detected with a labeled probe.  



 
42 2 Material and Methods 

2.8.14.1 Transfer from DNA fragments to a nylon membrane 

Chromosomal DNA (10 µg) of bacterial strains of interest was digested with the 

restriction enzyme EcoRI (10 U/µl) to cut the DNA into smaller fragments and 

separated by size in an agarose gel (0.8 % (w/v)) run o/N at 20 V. To be able to 

determine the size of the detected fragment after transfer, the agarose gel was 

imaged with a fluorescent ruler using a photodocumentation system (MWG-Biotech 

GmbH, Ebersberg, Germany). Prior to transfer, DNA was depurinated by covering 

the gel with depurination solution (0.25 N HCl) to allow for a more efficient transfer 

from the gel to the membrane. Furthermore, the gel was incubated with denaturing 

solution (0.5 M NaOH, 1.5 M NaCl) to ensure that double-stranded DNA is 

denatured into single strands for efficient hybridization of the probe, improved 

binding of the negatively charged DNA to the positively charged membrane and 

degradation of residual RNA, which may still be present in the DNA preparation. In 

both steps the agarose gel was covered with the solutions for 20 min and the 

solutions were changed every 10 min. After a neutralization step in 1 M Tris, 2 M 

NaCl (pH 5.0) for 20 min, DNA was transferred to a nylon membrane (PositiveTM 

Membrane, MP Biomedicals, North America) by incubation in transfer solution 

(20x saline-sodium citrate buffer (SSC): 3 M NaCl, 0.3 M trisodium citrate, pH 7.0) 

for 1 h and changing the solution every 15 min. All steps from depurination to 

transfer of the DNA occurred with the gel placed on a vacuum blotter (VacuGeneTM 

XL Vacuum Blotting Unit, Amersham Bioscience, Freiburg, Germany) applying a 

vacuum of 50 mbar. After transfer, the membrane was dried and DNA was cross-

linked permanently to the membrane by exposure to a single pulse of 3 min to UV 

light in a “UV Crosslinker” (Stratagene GmbH, Heidelberg) at a wave length of 254 

nm and 7×105 µJ/cm2. 

2.8.14.2 Hybridization of DNA with digoxygenin-labeled probe 

The probe for detection of the specific DNA fragment is a DNA fragment 

complementary to the target sequence produced by PCR and labeled with 0.5 µl 

digoxygenin-11-dUTP. Oligonucleotides used for amplification of the probe are 

listed in Table 7-2 in the Addendum. Before hybridization of the probe, unspecific 

DNA interactions are blocked by incubating the membrane with prehybridization 
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solution (6x SSC, 5x Denhardt (50x Denhardt: 1% Ficoll, 1 % polyvinylpyrrolidone, 1 

% BSA fraction V, dissolve in ddH2O at 37 °C), 0.5 % SDS, 100 µg/ml herring sperm 

DNA, ddH2O add 20 ml), at 65 °C in a hybridization oven (Binder GmbH, Tuttlingen, 

Germany). For hybridization the membrane was then exposed to hybridization 

probe. For this, 5 µl of hybridization probe are diluted in 100 µl dH2O, denatured 5 

min at 95 °C, chilled for 5 min on ice and then added to prehybridization solution for 

o/N incubation at 65 °C, while rotating in a glass tube. 

The o/N incubation was followed by two washing steps of 15 min each with washing 

solution I (2x SSC, 0.1 % (w/v) SDS), then two more washing steps of 25 min at 65 °C 

with washing solution II (0.1x SSC, 0.1 % (w/v) SDS). Subsequently, the membrane 

was incubated 1-3 min with washing buffer (0.3 % (v/v) Tween 20 in buffer I (0.1 M 

maleic acid, 0.15 M NaCl, pH 7.5)) and then incubated for 30 min in buffer II (1 % 

(w/v) blocking reagent in buffer I). All washings and incubations were carried out at 

RT unless indicated otherwise in a glass tube, rotating on a “Rock’n’Roller” (Labinco, 

Breda, Netherlands). 

2.8.14.3 Detection of the digoxygenin-labeled probe 

The detection of the digoxygenin-labeled probe occurs via anti-digoxygenin 

antibodies which are coupled to the enzyme alkaline phosphatase. The alkaline 

phosphatase activates a color reaction by dephosphorylation of the substrate 

CSPD®, what leads to emission of light at a wave length of 477 nm, which is 

detectable as signal on an X-ray film (Figure 2-4). The anti-digoxygenin antibody was 

diluted 1:10,000 (v/v) in 20 ml buffer II and incubated with the membrane for 30 

min. After two washing steps of 15 min in washing buffer, the membrane was 

equilibrated with buffer III (0.1 M Tris-HCl, 0.1 M NaCl, pH 9.5) for 2-5 min. The 

substrate CSPD® was diluted 1:1,000 (v/v) in 10 ml buffer III and incubated for 15 

min with the membrane to react with the alkaline phosphatase. The membrane was 

then dried between filter paper to remove excess buffer and exposed to a X-ray film 

(Agfa HealthCare GmbH, Bonn, Germany) until the bands reached the desired 

intensity.   
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Figure 2-4: Detection via anti-digoxygenin-antibodies. After binding of the hybridization 

probe to the DNA fragment, the nylon membrane is incubated with anti-digoxygenin-

antibodies which are labeled with alkaline phosphatase. By addition of the substrate 

CSPD®, the reaction is started, what leads to emission of light, which is detectable on an 

X-ray film.  

 

2.8.15 Isolation of RNA 

For isolation of RNA, bifidobacteria were inoculated in 10 ml MRSC medium and 

grown for 16 h under anaerobic conditions at 37 °C. Bacteria were mixed with 40 ml 

Quenching buffer (60 % (v/v) methanol, 66.7 mM HEPES, pH 6.5, -40 °C) and 

harvested by centrifugation (4,000 ×g, 20 min, 4 °C). The pellet was resuspended in 

200 µl icecold dH2O and mixed with 400 µl phenol (pH 4.5-5), 100 µl chloroform, 30 

µl 10 % (w/v) SDS, 30 µl sodium acetate (3 M, pH 5.2) and 250 mg glass beads (0.1 

mm diameter, Carl Roth GmbH & Co., Karlsruhe, Germany)  in a cryo tube. Bacteria 

were disrupted by in 3 cycles, each for 40 seconds at 4 °C in a RiboLyser (Hybaid, 

Kalletal, Germany) set to full speed. Cell debris, glass beads and phenol/chloroform 

were removed by centrifugation (15 min, 14,000 ×g, 4 °C). The aqueous phase 

containing RNA was mixed with 1.5 volumes of 99 % ethanol and incubated o/N at -

20 °C. After centrifugation (14,000 ×g, 15 min, 4 °C) the pellet was washed once 

with icecold 70 % (v/v) ethanol and air-dried. The dry pellet was resuspended in 200 

µl dH2O and RNA concentration was determined by measuring absorbance at 260 

nm using an Infinite® M200 multimode reader (Tecan Group Ltd., Männedorf, 
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Switzerland). The calculation of RNA concentration takes place using the Lambert-

Beer-law as follows:  

A = ε × c × d 

with:  A = absorbance at 260 nm; ε = extinction coefficient (for RNA 40 mg × cm × l-

1); c = RNA concentration (µg/ml); d = distance – path length (0.5 mm) 

To remove residual DNA, a digest with DNaseI was performed. In the first step, 196 

µl RNA were mixed with 30 µl 10x buffer, 20 µl DNaseI (1 U/µl) and 44 µl dH2O and 

incubated for 30 min at 37 °C in a Thermomixer comfort (Eppendorf, Hamburg, 

Germany). Then, 10 µl DNaseI were added followed by incubation for 15 min at 37 

°C. By incubation at 65 °C for 10 min and addition of 30 µl 25 mM EDTA the enzyme 

was inactivated. The DNaseI treatment was repeated until no DNA was left in the 

RNA sample, which was checked by PCR using primers specific for 16S rDNA and 

RNA sample as template. Following the DNaseI treatment RNA samples were 

purified using the RNeasy Mini Kit (Qiagen GmbH, Hilden, Germany) according to 

manufacturer’s instructions. RNA was eluted using 50 µl of RNase-free dH2O.    

 

2.8.16 Northern Blot analysis 

Northern Blot is a method developed by Alwine et al. in 1977 to study gene 

expression by detection of mRNA in a sample. For this purpose, RNA molecules in 

the sample are separated according to size using agarose gel electrophoresis. RNA is 

then transferred to a nylon membrane and detected with a hybridization probe, 

which is complementary to the target sequence. 

2.8.16.1 Transfer of RNA to nylon membrane 

The isolated RNA free of contaminating DNA was separated in a 0.8 % (w/v) agarose 

gel supplemented with 10 % (v/v) formaldehyde (37 %) with 100 V for 4 hours. To 

be able to determine the size of the detected fragment after transfer the agarose 

gel was stained with ethidium bromide and imaged in a photodocumentation 

system (MWG-Biotech GmbH, Ebersberg, Germany) system with a fluorescent ruler 
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laid to the side of the gel. RNA was transferred to a nylon membrane (Hybond™-N+, 

GE Healthcare, Munich, Germany) by capillary blot (Figure 2-5), which is based on 

the movement of buffer from a reservoir through the gel and the nylon membrane 

to dry filter papers by capillary force. Therefore, a filter paper soaked with 10× SSC 

buffer was covered with three layers of dry filter paper and the agarose gel upside 

down. On the gel, the nylon membrane soaked in 10× SSC buffer and three 

additional dry filter papers were placed. On top, an approximately 10 cm thick stack 

of paper towels was ballasted with a 300-500 g weight. To ensure, that the RNA is 

completely absorbed by the nylon membrane, the blot is incubated o/N at RT. To fix 

the transferred RNA, the membrane was irradiated with a “UV Crosslinker” 

(Stratagene GmbH, Heidelberg, Germany), for 1200 x 100 µJ/cm2 for 1.5 min. 

 

 

Figure 2-5: Transfer of RNA from the agarose gel to a nylon membrane by capillary blot, 

based on the movement of buffer from a reservoir through the gel and the nylon 

membrane to a stack of dry filter papers by capillary force. The RNA is thereby absorbed 

by the positively charged nylon membrane.  
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2.8.16.2 Hybridization of RNA with digoxygenin-labeled probe 

For hybridization a DNA probe, which is complementary to the target RNA 

molecule, was produced by PCR and labeled with 0.5 µl digoxygenin-11-dUTPs. 

Oligonucleotides used for amplification of the probe are listed in Table 7-2 in the 

Addendum. Before hybridization of the probe, unspecific binding was blocked by 

incubation of the membrane with prehybridization solution (20x SSC buffer, 0.1 % 

(v/v) laurylsarcosine (10 % (w/v)), 0.02 % (v/v) SDS (10 % (w/v)), 50 % (v/v) 

formamide, 2 % (v/v) blocking solution (10x) add 20 ml ddH2O) for 5 h at 50 °C in a 

glass tube in a hybridization oven (Binder GmbH, Tuttlingen, Germany) while 

rotating. For hybridization, the membrane was then exposed to 2 µl probe/ml 

hybridization solution. Therefore, 20 µl probe were added to 10 ml prehybridization 

solution denatured at 95 °C for 5 min, and incubated o/N at 50 °C in a glass tube in a 

hybridization oven (Binder GmbH, Tuttlingen, Germany) while rotating. After o/N 

incubation, the membrane was washed twice for 15 min using 2x SSC buffer with 

0.1 % (w/v) SDS at RT, followed by a further washing step for 15 min at 50 °C using 

0.1x SSC buffer with 0.1 % (v/v) SDS. The membrane was then washed for 4 min in 

wash buffer (0.1 M maleic acid, 0.15 M NaCl, 0.3 % (v/v) Tween 20, pH 7.5) at RT 

and for 30 min in blocking solution (1 % (w/v) blocking reagent in maleic acid buffer 

(0.1 M maleic acid, 0.15 M NaCl, pH 7.5)).  

2.8.16.3 Detection of digoxygenin-labeled probe  

The detection is based on the same principle as previously described for detection 

in Southern Blot analysis (Figure 2-4). The membrane was incubated for 30 min with 

anti-digoxygenin-antibodies which are coupled to the enzyme alkaline phosphatase. 

The antibody was diluted 1:5,000 in blocking solution. After a washing step in 50 ml 

wash buffer for 15 min the membrane was equilibrated in 10 ml detection buffer 

(0.1 M Tris-HCl, 0.1 M NaCl, pH 9.5) for 5 min. The substrate CSPD® was diluted 

1:100 (v/v) with detection buffer and incubated for 5 min at RT and further 10 min 

at 37 °C with the membrane to react with the alkaline phosphatase. The membrane 

was subsequently exposed to an X-ray film and incubated for 30 min for the 

detection of the signal.  
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3 RESULTS 

3.1 Generation of molecular tools for functional genomics in 

bifidobacteria 

The molecular mechanisms of probiotic effects of bifidobacteria are largely 

unknown due to the lack of well-established tools for the genetic characterization. 

Thus, there is a need to develop tools for functional genomics in bifidobacteria. In 

this study, several E. coli-Bifidobacterium shuttle vectors were constructed for 

protein expression both in E. coli and in bifidobacteria. Furthermore, an existing 

promoter probe vector was used to identify suitable promoters for high level 

expression of genes of interest in bifidobacteria. 

 

3.1.1 Construction of E. coli-Bifidobacterium shuttle vectors  

A range of E. coli-Bifidobacterium shuttle vectors were constructed, based on the 

previously published pMDY23 reporter plasmid (Klijn et al., 2006). The gusA gene 

encoded on pMDY23 was removed together with a range of restriction sites. 

Furthermore, all vectors were equipped with a multiple cloning site (MCS) and 

different antibiotic resistance genes, including spectinomycin (pMGS), ampicillin 

(pMGA), chloramphenicol (pMGC) and erythromycin (pMGE) yielding a set of 

cloning vectors with different selection markers. 

Table 3-1: DNA templates and primer pairs for amplification of antibiotic resistance genes 

and MCS for construction of pMGA, pMGC, pMGE and pMGS 

Resistance DNA template 
Antibiotic 

resistance gene 

Primer pair for 

amplification 

ampicillin pBluescript bla gene bla_f/bla_r 

chloramphenicol pIMC cat gene IM206/IM209 

erythromycin pGh9::ISS1 ermAM gene ermAM_f/ermAM_r 

MCS pBluescript ― T3/T7 
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To remove the gusA gene, the vector backbone of pMDY23 was amplified by PCR 

using the primer pair gusA_f_FspI/gusA_r_FspI. After digestion of the PCR product 

with the restriction enzyme FspI the vector was religated to yield pMG, i.e. pMDY23 

without gusA. In a second step, this vector was digested with the restriction 

enzymes EcoRI and XbaI to remove the spectinomycin resistance gene as well as 

some redundant restriction sites. Antibiotic resistance genes were amplified by PCR 

using different DNA templates (plasmids) and primer pairs (Table 3-1). PCR products 

were phosphorylated and 5’ sticky ends of the EcoRI/XbaI-cut vector back bone 

were filled in by Klenow reaction to obtain blunt ends for ligation. PCR products 

were then ligated to the vector backbone to generate derivatives of plasmid pMG 

with different antibiotic resistance cassettes.  

For cloning of promoters and genes of interest, the MCS of pBluescript was 

amplified by PCR using primers T3 and T7 (Table 3-1). Digestion of pMG containing 

the ampicillin resistance gene with the restriction enzyme EcoRV results in linear 

vector DNA with blunt ends. The amplified MCS was then ligated with the linearized 

vector DNA to obtain pMGA (Figure 3-1). 

To generate the cloning vectors pMGC, pMGE and pMGS, the derivatives of pMG 

containing the respective antibiotic resistance cassettes, were digested with the 

restriction enzyme FspI. As a result the vectors are linearized with blunt ends. To 

obtain the final cloning vectors pMGC, pMGE and pMGS the linearized pMG 

derivates were ligated with the previously amplified MCS (Figure 3-1). 
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Figure 3-1: Construction of E. coli-Bifidobacterium shuttle vectors based on pMDY23. E. 

coli origin of replication (ori), Bifidobacterium origin of replication (repAB), multiple 

cloning site (MCS), ampicillin resistance gene (bla), chloramphenicol resistance gene (cat),  

erythromycin resistance gene (ermAM) and spectinomycin resistance gene (spc).  

 

3.1.2 Determination of antibiotic susceptibility of B. bifidum S17 

In order to stably maintain plasmids, bacteria are cultivated under selective 

pressure. For appropriate use of antibiotic concentrations, the minimal inhibitory 

concentration (MIC) was determined. The determination of the MIC for each 

antibiotic is important to choose a selective concentration for confirmation of 

resistance of microorganisms harboring resistance genes to the respective 

antibiotic. Usually, antibiotics are used at concentrations 4-10-fold higher than the 

determined MIC. In this study, the E. coli-Bifidobacterium shuttle vectors pMGA, 

pMGC, pMGE and pMGS were created and hence MIC was determined for 

ampicillin, chloramphenicol, erythromycin and spectinomycin for B. bifidum S17.  
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Figure 3-2: Antibiotic susceptibility of B. bifidum S17 to ampicillin, chloramphenicol, 

erythromycin and spectinomycin by measurement of OD600 in 96-well plates after 24 h of 

growth. neg: negative control i.e. MRSC medium without bacteria; pos: positive control, 

i.e. B. bifidum S17 in MRSC medium without antibiotics. 
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MICs were determined by measurement of OD600 after anaerobic growth of B. 

bifidum S17 for 24 h at 37 °C in presence of different concentrations of ampicillin, 

chloramphenicol, erythromycin or spectinomycin (Figure 3-2). MRSC medium 

without inoculation of bacteria served as negative control, whereas growth of B. 

bifidum S17 without selective pressure was used as positive control. B. bifidum S17 

was tested for ampicillin resistance in a range of 0.1 to 100 µg/ml ampicillin. Growth 

of B. bifidum S17 was observed at a concentration of 0.1 µg/ml ampicillin, but B. 

bifidum S17 was not able to tolerate higher concentrations of ampicillin in the 

medium. For chloramphenicol concentrations of 0.01 to 10 µg/ml chloramphenicol 

were used. The lowest concentration for which no significant growth of B. bifidum 

S17 was observed is 1 µg/ml. B. bifidum S17 shows high susceptibility to 

erythromycin, as already at a concentration of 0.1 µg/ml erythromycin growth was 

inhibited completely. Resistance to spectinomycin was tested at concentrations of 

0.4 to 400 µg/ml and growth of B. bifidum S17 was completely inhibited at a 

concentration of 20 µg/ml.  

On the basis of the determined growth inhibition of B. bifidum S17, the MIC for 

each antibiotic was defined. Under the test conditions, the MICs of B. bifidum S17 

for ampicillin, chloramphenicol, erythromycin, and spectinomycin are 0.5 µg/ml, 1 

µg/ml, 0.1 µg/ml, and 20 µg/ml, respectively. For cultivation of strains under 

selective pressure antibiotic concentrations five to ten times above the MIC were 

used.  

Plasmid stability was tested with B. bifidum S17 containing the generated E. coli-

Bifidobacterium shuttle vectors. For this purpose, growth of B. bifidum S17 

containing pMGA, pMGC, pMGE and pMGS on agar plates with or without selective 

pressure was monitored. All vectors were shown to replicate stably in B. bifidum 

S17 for at least 100 generations in the absence of selective pressure (data not 

shown) and hence can be used in vitro as well as in in vivo studies.  
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3.1.3 Identification of promoters for expression of proteins in bifidobacteria 

3.1.3.1 gusA promoter fusion in pMDY23 for measurement of promoter activity  

In order to efficiently express recombinant proteins in bifidobacteria, suitable 

promoters with high transcriptional activity are needed. Thus, a range of promoters 

were cloned in the reporter plasmid pMDY23 (Klijn et al., 2006) upstream of the 

gusA gene to analyze promoter activity using the β-glucuronidase assay. 

PCP25 and Phelp, are two synthetic promoters which were developed for expression in 

Gram-positive organisms (Riedel et al., 2007; Jensen and Hammer, 1998). The 

genome sequencing of B. bifidum S17 (accession number CP002220, Zhurina et al., 

2011) allowed the identification of potential promoter sequences in the genome 

using BPROM (www.softberry.com), a software for prediction of bacterial 

promoters. For prediction of promoter sequences genes encoding gylceraldehyde-

3-phosphate-dehydrogenase (GAPDH, BBIF_0612) and xylulose-5-

phosphate/fructose-6-phosphate phosphoketolase (PK, BBIF_0789) were selected. 

The enzyme GAPDH catalyzes the conversion of glyceraldehyde-3-phospahte to 1,3-

bisphosphoglycerate in glycolysis and therefore serves for breakdown of glucose for 

energy and carbon molecules (Madigan and Martinko, 2006). Bifidobacteria lack the 

genes for several enzymes of glycolysis. Instead, sugars are metabolized via the so 

called bifidus shunt, which also includes a GAPDH (Sela et al., 2010). PK catalyzes 

the key enzymatic step of the bifidus shunt (Sánchez et al., 2004, Sela et al., 2010), 

the cleavage of fructose-6-phosphate to erythrose-4-phosphate and acetyl 

phosphate. Both genes are expected to be expressed in B. bifidum S17 

constitutively during growth, due to their metabolic role. Also, GAPDH was shown 

to be highly expressed in stationary phase in B. bifidum PRL2010 (Turroni et al., 

2011). The identified promoter sequences were amplified by PCR and referred to as 

Pgap (promoter of GAPDH) and Ppk (promoter of PK). Additionally, a previously 

published synthetic construct P16SBl mimicking the promoter of the 16S rRNA gene 

of B. longum NCC2705 (accession number DQ539434, Park et al., 2008) was tested. 

The five promoters were amplified by PCR using plasmids pIMK2 (Phelp) and 

pPL2luxPCP25 (PCP25) or chromosomal DNA of B. bifidum S17 (Pgap and Ppk) and B. 
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longum NCC2705 (P16SBl) as DNA templates. Restriction sites for enzymes BglII and 

XhoI were included in the primer sequences for cloning and the PCR products were 

ligated with BglII/XhoI-cut and dephosphorylated pMDY23 yielding the plasmids for 

promoter activity tests (Figure 3-3). Relevant sequences of all plasmids were 

verified by sequencing and all plasmids were used for promoter activity test in E. 

coli DH10B and B. bifidum S17.   

 

 

Figure 3-3: Plasmids for promoter analysis were constructed by fusion of the promoter 

sequences to gusA in the reporter plasmid pMDY23. Schematic representation of the PCR 

products of the synthetic promoters PCP25 and Phelp, the predicted promoters preceding 

the GAPDH (Pgap) and PK genes of B. bifidum S17 (Ppk) and the promoter of the 16S rRNA 

gene of B. longum NCC2705 (P16SBl). Plasmid features: E. coli origin of replication (ori), 

Bifidobacterium origin of replication (repAB), spectinomycin resistance gene (spc), β-

glucuronidase gene (gusA). 
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3.1.3.2 Promoter activities in E. coli DH10B 

Activity of all cloned promoters was determined in crude extracts of E. coli DH10B 

and B. bifidum S17 after growth for 16 h under standard conditions. As control for 

background activity, crude extracts of either E. coli DH10B or B. bifidum S17 

containing pMDY23 without a promoter was used. About 40-fold higher background 

activity was observed in E. coli DH10B (1.8×104 RLU) compared to B. bifidum S17 

(5.0×102 RLU). The most likely explanation for this difference is the gusA gene 

encoded on the chromosome of E. coli DH10B, which is absent in B. bifidum S17. 

All tested promoters showed high activity in E. coli DH10B (Figure 3-4). For the 

synthetic promoters PCP25 and Phelp fluorescence intensities of 1.49×106 RLU and 

1.51×106 RLU, respectively, were measured. Also the promoter Ppk of B. bifidum S17 

showed high activity in E. coli DH10B (1.15×10
6
 RLU). The lowest activities in E. coli 

were measured for the promoters Pgap and P16SBl with 9.78×10
5
 RLU and 1.09×10

6
 

RLU. 

 

Figure 3-4: Quantification of β-glucuronidase activity in E. coli DH10B (grey bars) to 

determine transcriptional activity of PCP25, Phelp, Pgap, Ppk and P16SBl in crude extracts of 

bacteria grown for 16 h under standard conditions. Results are shown as relative light 

units (RLU) ± standard deviation of two independent experiments each performed in 

duplicate measurements. Negative control (neg): E. coli DH10B pMDY23.  
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3.1.3.3 Promoter activities in B. bifidum S17 

In comparison to E. coli DH10B, activities of the five promoters tested were in 

general significantly lower in B. bifidum S17 (Figure 3-5). The promoter P16SBl 

showed no activity in B. bifidum S17 (3.56×103 RLU). Although, the two synthetic 

promoters were designed for high expression in Gram-positive organisms, activities 

of PCP25 and Phelp were approximately 40-fold lower in B. bifidum S17 than those 

observed in E. coli DH10B. Activities were 3.31×104 RLU for PCP25 and 4.78×104 RLU 

for Phelp. The activity of Ppk was similarly low (3.55×104 RLU). In contrast, Pgap 

showed up to 5-times higher activity in B. bifidum S17 (2.03×105 RLU) than all other 

promoters tested under these conditions.    

In summary, all promoters tested show high activity in E. coli DH10B with the 

synthetic promoters PCP25 and Phelp being the most active under the tested 

conditions. In B. bifidum S17 promoter activities were generally 1-2 orders of 

magnitude lower and promoter Pgap showed by far the highest activity.  

 

Figure 3-5: Quantification of β-glucuronidase activity in B. bifidum S17 (blue bars) to 

determine transcriptional activity of PCP25, Phelp, Pgap, Ppk and P16SBl in crude extracts of 

bacteria grown for 16 h under standard conditions. Results are shown as relative light 

units (RLU) ± standard deviation of two independent experiments each performed in 

duplicate measurements. Negative control (neg): B. bifidum S17 pMDY23.  
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3.2 Adhesion of B. bifidum S17 to intestinal epithelial cells 

3.2.1 Adhesion of B. bifidum S17 is mediated by components of the cell wall 

fraction 

In previous studies different strains of bifidobacteria were analyzed with respect to 

their capacity to adhere to intestinal epithelial cell lines (IECs). These studies 

showed strong adhesion of B. bifidum S17 to T84, Caco-2 and HT29 cells in 

comparison to all other strains tested (Riedel et al., 2006a; Preising et al., 2010). 

Additionally, the strain B. bifidum S17 also performed better in inhibiting LPS-

induced NF-κB activation and IL-8 secretion in these cell lines than all other strains 

tested (Riedel et al., 2006b; Preising et al., 2010). Thus, B. bifidum S17 was selected 

to further study its adhesive properties. 

According to a previously established protocol (Gleinser, 2008), cell wall, membrane 

and cytoplasmic fractions of B. bifidum S17 were prepared. The different fractions 

were separated by SDS-PAGE and visualized by silver staining (Figure 3-6) to verify 

differences in the protein pattern of each fraction. The band patterns clearly 

differed for all fractions. Only a minor overlap in bands between the cytoplasmic 

and membrane faction was observed. These results indicate that the protocol used 

results in subcellular fractions in which the majority of protein bands are specific for 

the fraction.  

 

Figure 3-6: SDS-PAGE of cell wall (CW), membrane (MB) and cytoplasmic (CP) fraction of 

B. bifidum S17. M: molecular weight marker, PageRuler
TM

 Prestained Protein Ladder, 

Fermentas GmbH, St. Leon-Rot. 50 µg of protein were loaded from each fraction. 
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The prepared fractions were then used to perform competitive adhesion studies 

with cell fractions and intact bacterial cells of B. bifidum S17 to intestinal epithelial 

cells. Adhesion of intact bacteria was strongly reduced after pre-incubation of IECs 

with the cell wall fraction (Figure 3-7). Adhesion of B. bifidum S17 was reduced to 

about 50 % after pre-incubation of Caco-2 cells with cell wall fraction. The influence 

on adhesion of B. bifidum S17 to T84 cells was also significant with a reduction to 

about 70 % compared to the positive control. Only minor, but also significant effects 

could be detected for adhesion of B. bifidum S17 to HT29 cells with a reduction in 

adhesion to about 80 %. 

Pre-incubation of T84 and HT29 cells with membrane and cytoplasmic fraction did 

not result in decreased adhesion. A slight reduction in adhesion to Caco-2 cells (to 

approx. 73 %) after pre-incuabtion with membrane fraction and to about 76 % after 

pre-incubation with cytoplasmic fraction was observed.  
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Figure 3-7: Adhesion of B. bifidum S17 to T84 (green bars), Caco-2 (grey bars) and HT29 

(light green bars) cells in competition to membrane (MB), cytoplasmic (CP) and cell wall 

(CW) fractions of B. bifidum S17. Cells were pre-treated with 50 µg of protein of each 

fraction prior to incubation with 10
8
 cfu/well B. bifidum S17 (intact cells). Adherent 

bacteria were determined after growth on MRSC agar plates and expressed as percentage 

relative to the positive control. Values are mean ± standard deviation of three 

independent experiments each performed in triplicate measurements. Positive control 

(pos): Adhesion of B. bifidum S17 without pre-treatment of IECs with cell fractions.  
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3.2.2 Proteins of the cell wall fraction are involved in adhesion  

To gain further insight into the chemical nature of the structures involved in 

adhesion of bifidobacteria to intestinal epithelial cells B. bifidum S17 was treated 

with 1 mM sodium periodate, 1 mg/ml lipase (type II from porcine pancreas) or 1 

mg/ml pronase to digest either carbohydrates, lipids or proteins on the cell surface 

of B. bifidum S17. Periodate cleaves C-C bonds and oxidizes hydroxyl groups to 

aldehyde groups (Heckner and Strufe, 1956), thereby modifying carbohydrates. 

Lipases catalyze the hydrolysis of lipids to free fatty acids thus altering the 

composition of surface lipids and lipoproteins. Pronase from Streptomyces griseus is 

a mixture of unspecific endo- and exoproteases cleaving accessible proteins on the 

surface down to single amino acids. Preliminary experiments revealed that the 

protein band pattern of the cell wall fraction is already significantly altered after 30 

min of pronase or lipase treatment (Figure 3-8A) and bacteria remained viable in all 

treatments for at least 60 min (Figure 3-8B). Thus, bacteria treated for 30 min were 

used in subsequent adhesion experiments.  
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Figure 3-8: (A) SDS-PAGE of cell wall fraction of B. bifidum S17 after treatment with 1 mM 

periodate, 1 mg/ml lipase and 1 mg/ml pronase for 30 min. Marker: PageRuler™ 

Prestained Protein Ladder, Fermentas GmbH, St. Leon-Rot, Germany. 50 µg of protein 

were loaded in each lane. (B) Viability of untreated B. bifidum S17 (black circles) and 

during the treatment of B. bifidum S17 with 1 mM pronase (white circles), 1 mg/ml lipase 

(black triangles) and 1 mg/ml periodate (white triangles). Samples were taken after 0 

(pre-treatment control), 15, 30, 45, and 60 minutes and colony forming units were 

determined after growth on MRSC agar plates.  

 

Adhesion experiments with treated B. bifidum S17 to the three IECs T84, Caco-2 and 

HT29 showed significantly decreased adhesion after treatment with 1 mg/ml 

pronase (Figure 3-9). In comparison to untreated B. bifidum S17 adhesion of 

pronase-treated bacteria to T84 and HT29 cells was reduced to about 40 %. 

Adhesion to Caco-2 cells was decreased to about 50 %. Treatment of B. bifidum S17 

with 1 mM periodate had no significant effect on adhesion for any of the tested 

IECs. Adhesion of B. bifidum S17 to HT29 cells after treatment with 1 mg/ml lipase 

for 30 min was reduced to about 65 %, whereas adhesion of lipase-treated B. 

bifidum S17 to T84 and Caco-2 cells was not affected. Collectively these results 

suggest that a cell surface protein of B. bifidum S17 is involved in adhesion to IECs.  
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Figure 3-9: Adhesion of B. bifidum S17 treated for 30 min with wither 1 mM periodate, 1 

mg/ml lipase or 1 mg/ml pronase to T84 (green bars), Caco-2 (grey bars) and HT29 (light 

green bars) cells. 10
8
 cfu/well of treated bacteria were added to IECs. Adherent bacteria 

were determined after growth on MRSC agar plates and expressed as percentage relative 

to untreated bacteria. Values are mean ± standard deviation of three independent 

experiments each performed in triplicate measurements.  
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3.2.3 Detection of the adhesion factor BopA 

In previous studies, differences between various strains of bifidobacteria have been 

shown with respect to their adhesion to T84, Caco-2 and HT29 cells (Riedel et al., 

2006a, Preising et al., 2010). The results indicated that especially strains of B. 

bifidum showed high adhesion to IECs. However, only a limited number of strains 

were tested. Thus, adhesion to IECs was tested with an extended range of strains 

including four B. bifidum strains. The strains analyzed for adhesion in the presented 

study were: B. bifidum S16, B. bifidum S17, B. bifidum NCC189, B. bifidum 

NCIMB41171, B. breve S27, B. breve DSM20213, B. longum/infantis E18, B. 

longum/infantis NCC200, B. adolescentis NCC251, B. adolescentis DSM20083, B. 

lactis NCC362, B. lactis L15, B. animalis MB254, B. longum NCC2705 and B. longum 

DSM20219. In line with previous observations, bifidobacteria adhered to all tested 

IECs in a strain specific manner. In comparison to all other Bifidobacterium strains 

tested, B. bifidum strains showed the highest adhesion to IECs, with adhesion rates 

of up to 30 % (Figure 3-10). Yet, some variation in adhesion was observed even 

amongst B. bifidum strains. Of note, all of the tested strains showed lower adhesion 

to HT29 compared to T84 and Caco-2 cells.  

We and others have recently sequenced and published the genomes of different 

strains of B. bifidum (Zhurina et al., 2011, Turroni et al., 2011). Based on in silico 

analysis, using amino acid sequences derived from open reading frames of the 

genome sequence of B. bifidum S17, several proteins with domains, known or 

supposed to be involved in interaction with host tissue, could be identified. These 

include a lipoprotein with high homology to the bifidobacterial outer protein A 

(BopA), which has been described as a lipoprotein associated with the cell wall of B. 

bifidum MIMBb75 (Guglielmetti et al., 2008) and was shown to be involved in 

adhesion to Caco-2 cells. Since the B. bifidum strains showed higher adhesion to 

IECs than all other strains tested, we hypothesized that BopA is a unique feature of 

the species B. bifidum that is involved in adhesion to IECs. 
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Figure 3-10: Adhesion of B. bifidum S16, B. bifidum S17, B. bifidum NCC189, B. bifidum 

NCIMB41171, B. breve S27, B. breve DSM20213, B. longum/infantis E18, B. 

longum/infantis NCC200, B. adolescentis NCC251, B. adolescentis DSM20083, B. lactis 

NCC362, B. lactis L15, B. animalis MB254, B. longum NCC2705 and B. longum DSM20219, 

to T84 (green bars), Caco-2 (grey bars) and HT29 (light green bars) cells. Adherent bacteria 

were determined after growth on MRSC agar plates and expressed as percentage of the 

initially added bacteria (10
8
 CFU/well). Values are mean ± standard deviation of three 

independent experiments each performed in triplicate measurements. 
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3.2.3.1 Homologies between BopA regions of B. bifidum strains  

In order to identify possible homologues of BopA in bifidobacteria, a BLAST analysis 

of the BopA protein sequence against all other genome sequences of bifidobacteria 

publically available on the NCBI web site was performed. The analysis covered 32 

genomes including the following species: B. bifidum (strains S17, PRL2010, and 

NCIMB41171), B. longum (strains NCC2705, DJO10A, 157F, ATCC 15697, BBMN68, 

F8, JCM1217, JDM301, and KACC 91563), B. breve (strains UCC2003, DSM20213, 

and ACS-071-V-Sch8b), B. adolescentis (strains ATCC15703 and L2-32), B. dentium 

(strains Bd1, ATCC 27678, ATCC 27679, and JCVIHMP022), B animalis/lactis, B. 

animalis/lactis (strains AD011, BB-12, BLC1, Bl-04, DSM10140, and V9), B. 

pseudocatenulatum DSM20438, B. catenulatum DSM16992, B. angulatum 

DSM20098 and B. gallicum DSM20093. The results indicated that the BopA protein 

is indeed present only in B. bifidum strains since in no other genome a protein with 

homology to BopA was found. 

The locus encoding bopA was further analyzed and compared in those B. bifidum 

strains for which sequence data was publically available. These strains included B. 

bifidum S17, NCIMB41171, PRL2010 and MIMBb75 (NCBI accession numbers: 

CP002220, NZ_ABQP00000000, CP001840, AM710395; Figure 3-11). 

This analysis revealed that bopA is part of a putative peptide specific ATP-binding 

cassette (ABC) transport system. This family of transporters employs three 

components: (1) a solute binding protein, (2) membrane proteins, and (3) ATP- 

binding and ATP-hydrolyzing proteins. The solute binding proteins provide the 

specifity for the substrate. Moreover, ABC transporters with a solute binding 

protein are involved in uptake of a substrate, whereas ABC transporters with no 

solute binding protein usually mediate export processes (Higgins, 2001). In Gram-

negative bacteria, solute binding proteins are freely diffusible within the periplasm. 

In contrast, Gram-positive bacteria lack outer membrane and periplasm, and usually 

have solute binding proteins, which are anchored to the cytoplasmic membrane. 

The membrane proteins span the cytoplasmic membrane via α-helices. They form 

the actual transporter proteins through which the substrate is translocated across 
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the membrane (Higgins, 2001). ATP-binding and ATP-hydrolyzing proteins are 

associated on the cytoplasmic face to the membrane and provide the energy 

required for substrate translocation (Higgins et al., 1985, Gallagher et al., 1989).  

The best characterized bacterial peptide uptake system is the oligopeptide 

permease (Opp), which is organized as an operon. In Salmonella typhimurium the 

transporter is encoded by oppABCDF (Higgins et al., 1983, Hiles and Higgins, 1986), 

with OppA representing the solute binding protein (Higgins and Hardie, 1983). Two 

proteins span the cytoplasmic membrane (OppB and OppC), while OppD and OppF 

represent the ATP-binding and ATP-hydrolyzing proteins. B. subtilis also possesses a 

functional equivalent of the Opp peptide transporter, encoded by the operon 

oppABCDF, and is similar in sequence and organization to that of Gram-negative 

bacteria (Perego et al., 1991; Solomon et al., 2003). However, OppA is linked to the 

cytoplasmic membrane via a lipid anchor and it has been shown OppF is not 

essential for functionality of the transporter (LeDeaux et al., 1997; Solomon et al., 

2003).  

The analysis of bifidobacterial genomes revealed that only strains of the species B. 

bifidum encode for homologues of oppB, oppC, oppD and oppA. However, in these 

strains, the oppA homologue was named bopA. Moreover, instead of oppF, a gene 

(pepC) coding for aminopeptidase C has been identified downstream of bopA on the 

opposite strand in this locus (Figure 3-11). The BopA protein of B. bifidum MIMBb75 

is annotated as putative solute binding protein and was shown to harbor a potential 

thioacylation site for covalent linkage to a conserved cysteine residue in the lipobox 

motif (Rezwan et al., 2007; Guglielmetti et al., 2008).  

Comparative in silico analysis of the bopA region of various B. bifidum strains 

showed that the bopA gene is highly conserved among B. bifidum strains. The 

deduced amino acid sequence of BopA from B. bifidum S17 shows 98 % identity 

with BopA of B. bifidum NCIMB41171 and 99 % identity with BopA of B. bifidum 

PRL2010 and B. bifidum MIMBb75, respectively.  
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Figure 3-11:  Comparative in silico analysis of the genomic loci of B. bifidum S17, 

NCIMB41171, PRL2010 and MIMBb75 encoding bopA and adjacent genes. For B. bifidum 

MIMBb75 no sequence information is available for the regions upstream of oppD and 

downstream of pepC. Open reading frames (ORFs) are indicated as arrows sized 

proportional to the length of the genes (length in basepairs (bp) is indicated in the scale). 

Identities of deduced amino acid sequences compared to the B. bifidum S17 protein are 

indicated in percent.  

 

To confirm the results of the in silico analysis, Southern Blot analysis (Figure 3-12B) 

was performed on genomic DNA of all Bifidobacterium strains tested for adhesion. 

For this purpose, genomic DNA of all strains was prepared and digested with EcoRI, 

since in silico analysis indicated that this enzyme does not cut inside the bopA genes 

of any of the sequenced strains. Cut DNA was run on an agarose gel and transferred 

to a nitrocellulose membrane. In order to detect DNA sequences with homology to 

bopA, a digoxygenin-labeled 1,812 bp probe covering the entire bopA gene was 

prepared by PCR using genomic DNA of B. bifidum S17 as template (Figure 3-12A). 

When this probe was hybridized to EcoRI-restricted genomic DNA, a clear signal was 

detected for all four tested B. bifidum strains (S16, S17, NCC189 and NCIMB41171; 

Figure 3-12B). By contrast, the probe did not hybridize to genomic DNA of any of 
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the other strains tested indicating that these strains do not harbor a gene with 

homology to bopA. 

 

Figure 3-12: (A) Schematic representation of the bopA locus with localization of 

oligonucleotides used for amplification of the probe for Southern Blot (1,812 bp). (B) 

Southern Blot analysis for bopA homologues using chromosomal DNA of B. bifidum S16, 

B. bifidum S17, B. bifidum NCC189, B. bifidum NCIMB41171, B. breve S27, B. breve 

DSM20213, B. longum/infantis E18, B. longum/infantis NCC200, B. adolescentis NCC251, 

B. adolescentis DSM20083, B. lactis NCC362, B. lactis L15, B. animalis MB254, B. longum 

NCC2705 and B. longum DSM20219. As positive control for hybridization, a non-labeled 

PCR product of bopA of B. bifidum S17 was used.  

 

In order to verify whether bopA is expressed in all B. bifidum strains tested under 

conditions used to cultivate bacteria for adhesion assays, Northern Blot analysis 

using isolated RNA of the four B. bifidum strains (S16, S17, NCC189 and 

NCIMB41171) was performed. Using a bopA-specific digoxygenin-labeled probe 

(Figure 3-13A) a signal could be detected for all strains tested (Figure 3-13B) 

demonstrating that bopA is expressed after growth in MRSC medium for 16 h at 37 

°C under anaerobic conditions. Since bifidobacteria were cultivated under these 

conditions to perform adhesion assays, it is assumed that bopA is expressed in 

bacteria used for adhesion assays. In summary, the results of these experiments 

suggest that BopA is a B. bifidum-specific lipoprotein with a role in the strong 

adhesion of B. bifidum strains to IECs.  
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Figure 3-13: (A) Schematic representation of the bopA locus with localization of 

oligonucleotides used for amplification of the probe for Northern Blot (489 bp). (B) 

Expression analysis of bopA was performed by Northern Blot using RNA isolated from B. 

bifidum S16, B. bifidum S17, B. bifidum NCC189 and B. bifidum NCIMB41171 after growth 

for 16 h in MRSC medium. As negative control RNA isolated from B. longum/infantis E18 

was used.  

 

3.2.4 Construction of a vector for inducible expression of bopA in E. coli 

In order to overexpress bopA heterologously in E. coli BL21 (DE3) an expression 

vector was constructed on the basis of the E. coli-Bifidobacterium shuttle vector 

pMGS (Figure 3-14). First, the PBAD promoter, which is inducible by the addition of L-

arabinose, was cut out from pBluescript_PBAD (D. Zhurina, unpublished) and ligated 

to the SacII and SpeI-cut vector backbone of pMGS. The bopA gene was amplified 

using chromosomal DNA of B. bifidum S17 as DNA template and primers 

bopA_f_SpeI and bopAHis_r_HindIII, which harbors a polyhistidine (His6) sequence 

for detection and purification of the recombinant protein. The amplified bopA-His6 

fusion was cloned downstream of the PBAD promoter using the restriction enzymes 

HindIII and SpeI. The resulting plasmid pMGS_PBAD_bopAHis6 (Figure 3-14) was 

transformed into E. coli BL21 (DE3) and this strain was used to express and purify 

BopA.  
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Figure 3-14: Construction of pMGS_PBAD_bopAHis6. (A) Excision of the PBAD promoter of 

pBluescript_PBAD using restriction enzymes SacII and SpeI. (B) Restriction of pMGS with 

enzymes SacII and SpeI to linearize the plasmid. (C) Cloning of pMGS_PBAD by ligation of 

PBAD with the vector backbone of pMGS. (D) Introduction of a C-terminal polyhistidine 

(His6) fusion to bopA and cloning of the fusion downstream of the PBAD promoter. The 

resulting plasmid pMGS_PBAD_bopAHis6 harbors the following features: bopA-His6 

expressed from the arabinose-inducible PBAD promoter, araC encoding the regulatory 

protein of the arabinose operon with its promoter Pc, multiple cloning site (MCS), E. coli 

origin of replication (ori), Bifidobacterium origin of replication (repAB), spectinomycin 

resistance gene (spc), polyhistidine sequence (His6).   

 

3.2.5 Overexpression of bopA in E. coli BL21 (DE3) 

3.2.5.1 Detection of overexpressed bopA by SDS-PAGE and Western Blot 

Heterologous expression of bopA in E. coli BL21 (DE3) pMGS_PBAD_bopAHis6 was 

induced by induction of gene expression in exponentially growing bacteria using 

0.013 mM L-arabinose. Three hours after induction, bacteria were harvested and 

crude extracts of the cytoplasmic fraction were prepared. 
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To control for induction, samples were taken before and three hours after induction 

and equal amounts of protein were used to separate proteins by SDS-PAGE. A 

predominant band was detected in crude extracts of bacteria induced with L-

arabinose which was absent in non-induced bacteria (Figure 3-15A). This band had a 

molecular mass of approximately 66 kDa, which is consistent with the predicted 

molecular mass of BopA-His6. Additionally, Western Blot using anti-His6 antibodies 

and a HRP-conjugated secondary antibody confirmed that the predominant band in 

the gel is a His-tagged protein of the size expected for BopA-His6 (Figure 3-15B).     

 

Figure 3-15: SDS-PAGE (A) and Western Blot (B) for detection of BopA after induction 

(lane 2) of expression in E. coli BL21 (DE3). In lane 1 protein of E. coli BL21 (DE3) 

pMGS_bopAHis6 before induction with 0.013 mM L-arabinose is shown. Marker: 

PageRuler™ Prestained Protein Ladder, Fermentas GmbH, St. Leon-Rot, Germany. 

 

3.2.5.2 Purification of overexpressed bopA by Ni-NTA affinity chromatography 

To obtain purified BopA, harvested cells were disrupted and the cytoplasmic 

fraction containing the His6-tagged protein was applied to the Ni-NTA column in an 

Äkta purifier system. After washing the column, bound protein was eluted with 

increasing concentrations of imidazole in the elution buffer. At concentrations 

between 15 mM and 60 mM imidazole, a clear single peak was eluted as detected 

by absorbance at 280 nm. The highest amount of protein was collected at a 

concentration of 40 mM imidazole indicated by a maximum of 400 mAU in 

absorbance in fractions A8 and A9 (Figure 3-16A). All fractions collected during the 

peak of absorbance (A6 to A12) were analyzed by SDS-PAGE and harbored a single 
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band of protein with a size of approximately 66 kDa corresponding to His6-tagged 

BopA protein (Figure 3-16B). These fractions were then pooled, dialyzed and 

purified BopA was used in competitive adhesion assays.  

 

 

Figure 3-16: Purification of BopA by Ni-NTA affinity chromatography. (A) Elution profile 

shows a single peak in absorbance at 280 nm (mAU: milli-absorption units). Fractions 

collected during the elution are indicated in red numbers. (B) SDS-PAGE of fractions A6 to 

A12 for detection of purified BopA-His6. Marker: PageRuler™ Prestained Protein Ladder, 

Fermentas GmbH, St. Leon-Rot, Germany. 
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3.2.6 Competitive adhesion of B. bifidum S17 with purified BopA 

For competitive adhesion assays, IECs were pre-incubated with 1, 10 or 100 µg/ml 

of purified BopA-His6 for 1 h prior to addition of intact bacteria of B. bifidum S17. 10 

µg/ml purified BopA-His6 were sufficient to reduce adhesion of intact bacteria to 

T84, Caco-2 and HT29 cells to about 64 %, 70 %, and 65 %, respectively compared to 

untreated cells (Figure 3-17). Of note, for T84 and Caco-2 but not for HT29 cells 

already 1 µg/ml of purified BopA-His6 produced similar effects. Using higher 

concentrations of purified BopA (100 µg/ml) in competition to B. bifidum S17 did 

not result in stronger inhibition of adhesion.  

Several controls were performed to exclude unspecific inhibition of adhesion. 

Incubation of cells with 100 µg/ml BSA did not affect adhesion of B. bifidum S17 to 

IECs (Figure 3-17). To exclude non-specific inhibition of adhesion by the C-terminal 

His-tag, several additional constructs with N-terminal His-tag fused to bopA were 

created. In a first attempt, His-tag was fused to the N-terminus upstream of the 

bopA start codon. In a second construct additionally the bopA start codon was 

removed. An additional modification was the N-terminal fusion of His-tag to a 

truncated bopA, lacking the sequence for the signal peptide. All these constructs 

were efficiently expressed in E. coli BL21 (DE3) as revealed by SDS-PAGE (data not 

shown). However, for none of these constructs a signal for the His-tag was obtained 

in Western blots (data not shown). In order to control for unspecific inhibition of 

adhesion due to the His-tag, a purified C-terminally His-tagged liposomase (K. 

Riegel, unpublished data) was used. No significant effect on adhesion of intact 

bacteria was observed, when IECs were pre-incubated with 70 µg/ml His-tagged 

liposomase (data not shown). 

In summary, adhesion of B. bifidum S17 to all IEC lines tested was significantly 

reduced after incubation of IECs with purified BopA-His6, clearly demonstrating that 

B. bifidum S17 competes with purified BopA-His6 for binding sites on IECs. 
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Figure 3-17: Adhesion of B. bifidum S17 to T84 (green bars), Caco-2 (grey bars) and HT29 

(light green bars) cells in competition to purified BopA-His6. 10
8
 cfu/well of bacteria were 

added to IECs after pre-incubation with 1, 10 or 100 µg/ml BopA-His6. As control IECs 

were incubated with 100 µg/ml BSA instead of BopA-His6. Adherent bacteria were 

determined after growth on MRSC agar plates. Results are shown as percent adherent 

bacteria relative to the positive control (untreated cells). Values are mean of three 

independent experiments ± standard deviation performed in triplicate for each condition.  
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3.2.7 Overexpression of bopA in bifidobacteria 

3.2.7.1 Construction of a plasmid for expression of BopA in bifidobacteria 

The arabinose-inducible PBAD has been successfully used in different organisms for 

high-level and tightly regulated, inducible expression (Bowers et al., 2004; Carroll et 

al., 2007; van Gerven et al., 2009; Tang et al., 2010; Long et al., 2010). 

Unfortunately, screening of the B. bifidum S17 genome did not reveal the presence 

of genes coding for an arabinose transporter. This suggests that the established 

system is not suitable for inducible expression of proteins in B. bifidum S17 and 

other bifidobacteria that lack an arabinose transporter. To confirm in silico results, 

the plasmid pMGS_PBAD_bopAHis6 generated for expression and purification of 

BopA in E. coli BL21 (DE3) was used to express BopA-His6 in B. bifidum S17. As 

expected, no bands corresponding to the size of BopA-His6 were detectable by SDS-

PAGE or Western Blot in cell lysates of B. bifidum S17 pMGS_PBAD_bopAHis6 

indicating that overexpression of BopA-His6 in B. bifidum S17 was not successful.  

Thus, for expression of recombinant protein in bifidobacteria, bopA with C-terminal 

His-tag was cloned in pMGS under the control of the Pgap (Figure 3-18), a 

constitutively active promoter with high transcriptional activity in stationary growth 

phase (Figure 3-5; Turroni et al., 2011). For this purpose, Pgap was amplified by PCR 

using chromosomal DNA of B. bifidum S17 as template DNA and primers Pgap_f_BglII 

and Pgap_r_SalI. The PCR product was digested with restrictions enzymes BglII and 

SalI and ligated to the BglII/SalI-cut vector pMGS, resulting in the plasmid 

pMGS_Pgap. The bopA gene was amplified using chromosomal DNA of B. bifidum S17 

as DNA template and primers bopA_f_SalI and bopAHis_r_HindIII, which harbors a 

polyhistidine (His6) sequence for detection of the recombinant protein. The 

amplified bopA-His6 fusion was cloned downstream of the Pgap promoter using 

restriction enzymes HindIII and SalI. The resulting plasmid pMGS_Pgap_bopAHis6 

(Figure 3-18) was then transformed into B. bifidum S17 and B. longum/infantis E18 

and these strains were used for detection of BopA and testing of adhesion.  
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Figure 3-18: Construction of pMGS_Pgap_bopAHis6. (A) Amplification of glyceraldehyde 3-

phosphate dehydrogenase promoter (Pgap) of B. bifidum S17 using primers Pgap_f_BglII 

and Pgap_r_SalI. (B) Restriction of pMGS with enzymes BglII and SalI to linearize the 

plasmid. (C) Ligation of the amplified Pgap promoter with the linearized plasmid results in 

the plasmid pMGS_Pgap. (D) Cloning of bopA-His6 fusion under the control of Pgap. The 

resulting plasmid pMGS_Pgap_bopAHis6 harbors the following features: bopA-His6 

expressed from Pgap, multiple cloning site (MCS), E. coli origin of replication (ori), 

Bifidobacterium origin of replication (repAB), spectinomycin resistance gene (spc), and 

polyhistidine sequence (His6).   

 

3.2.7.2 Detection of BopA-His6 in bifidobacteria by Western Blot 

For expression of BopA-His6, B. bifidum S17 pMGS_Pgap_bopAHis6 and B. 

longum/infantis E18 pMGS_Pgap_bopAHis6 were cultured o/N in MRSC medium 

under appropriate conditions. After 16 h, bacteria were harvested and bacterial 

lysates used to analyze protein expression. No additional protein bands were 

detected in total bacterial lysates by SDS-PAGE (data not shown). However, weak 

but consistent signals were detected by His6-specific Western blot (Figure 3-19) 

indicating successful expression of BopA-His6 in these strains.  
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Figure 3-19: His6-specific Western Blot on lysates of B. bifidum S17 (wt), B. bifidum S17 

pMGS_Pgap_bopAHis6, B. longum/infantis E18 (wt), and B. longum/infantis E18 

pMGS_Pgap_bopAHis6 grown for 16 h. Lysates of E. coli DH10B pMGS_Pgap_bopAHis6 were 

used as positive control for detection of BopA-His6.  

 

3.2.8 Adhesion of bifidobacteria overexpressing bopA to IECs 

Next, both strains were used in adhesion experiments. Adhesion of B. bifidum S17 

pMGS_Pgap_bopAHis6 to T84 and Caco-2 cells was significantly increased to about 

162 % (T84) and 158 % (Caco-2) in comparison to B. bifidum S17 wild type (Figure 3-

20). By contrast no improvement was observed for adhesion of B. bifidum S17 

pMGS_Pgap_bopAHis6 to HT29 cells. B. longum/infantis E18 is a strain that showed 

only very weak adhesion to the tested cell lines in previous experiments. Expression 

of bopA in this strain resulted in a highly increased adhesion to all IECs tested (T84: 

521 %; Caco-2: 177 %; HT29: 169 %) compared to B. longum/infantis E18 wild type 

(Figure 3-20). 

In summary, the results from adhesion with B. bifidum S17 and B. longum/infantis 

E18, both overexpressing bopA further confirm the previous results and 

demonstrate that BopA plays an important role in adhesion to T84 and Caco-2 cells. 

Additionally, only a minor effect of BopA has been shown on adhesion of these 

strains to HT29 cells.  
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Figure 3-20: Adhesion of B. bifidum S17 pMGS_Pgap_bopAHis6 and B. longum/infantis E18 

pMGS_Pgap_bopAHis6 to T84 (green bars), Caco-2 (grey bars) and HT29 (light green bars) 

cells compared to their parental wild type strains. 10
8
 cfu/well of bacteria were added to 

IECs and adherent bacteria were determined after growth on MRSC agar plates. Results 

are expressed as percent adherent bacteria relative to the initially added CFU. Values are 

mean of three independent experiments ± standard deviation performed in triplicate for 

each condition.  
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4 DISCUSSION 

Bifidobacteria belong to one of the predominant bacterial groups in the intestinal 

microflora of infants and adults. Several beneficial effects on the health status of 

their human host have been demonstrated making bifidobacteria interesting 

candidates for probiotic applications. Adhesion of probiotics to the intestinal 

epithelium is thought to contribute to prolonged persistence of these organisms in 

the intestine and thus, is a major criterion for the selection of probiotic strains 

(Simmering and Blaut, 2001). To screen potentially probiotic bifidobacteria for 

adhesion to IECs and to study their adhesion from a mechanistic point of view, 

eukaryotic IEC lines such as Caco-2, T84 and HT29 are frequently used (Crociani et 

al., 1995; Bianchi et al., 2004; Moroni et al., 2006; Riedel et al., 2006a; Preising et 

al., 2010). In this study, in vitro adhesion properties of B. bifidum S17 were 

investigated. For this purpose, molecular tools for functional genomics in 

bifidobacteria were developed.  

 

4.1 Generation of molecular tools for functional genomics in 

bifidobacteria  

Currently only very few molecular tools are available for bifidobacteria. Thus, it is 

necessary to develop molecular tools for the genetic modification of bifidobacteria 

in order to study the mechanisms of their probiotic effects. In this study, we report 

on the construction of a range of E. coli-Bifidobacterium shuttle vectors that 

facilitate studies using recombinant Bifidobacterium strains with altered expression 

of single genes, to study their adhesive properties. 

The first plasmids in bifidobacteria were identified by Sgorbati et al. in 1982. To 

date, sequence information of 22 plasmids from different Bifidobacterium species 

has been deposited in the NCBI database (www.ncbi.nlm.nih.gov), however only a 

few plasmids have been analyzed regarding their mode of replication (O’Riordan 

and Fitzgerald, 1999; Park et al., 1999; Corneau et al., 2004; Lee and O’Sullivan, 

2006, Park et al., 2007), open reading frames and untranslated sequences (Álvarez-
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Martín et al., 2007; Cronin et al., 2007). Nevertheless, a few vectors have already 

been constructed and used in different studies. One example is the construction of 

the reporter plasmid pMDY23 (Klijn et al., 2006), which was used as the basis for 

the range of vectors generated in the present study. Plasmid pBES2 has been used 

to express the α-amylase gene of B. adolescentis in B. longum (Rhim et al., 2006). 

The E. coli-Bifidobacterium longum shuttle vector pBLES100 (Matsumura et al., 

1997) was used in tumor suppressor studies (Yazawa et al., 2001) as well as for 

expression of the gene encoding flagellin of Salmonella spp. (Takata et al., 2006). 

Based on the pBC1 replicon of B. catenulatum, cloning vectors have been 

established and functionality was tested by overexpression of the α-L-

arabinofuranosidase gene of B. longum B667 in both E. coli and Bifidobacterium 

strains (Álvarez-Martín et al., 2008). Furthermore, on the basis of the B. asteroides 

plasmid pCIBA089 the two E. coli-Bifidobacterium shuttle vectors pPKCm and 

pSKEm were constructed (Cronin et al., 2007). 

The most widely used antibiotic resistance markers in bifidobacteria are ampicillin, 

chloramphenicol, erythromycin, and spectinomycin resistance (Klijn et al., 2006; 

Cronin et al., 2007, Álvarez-Martín et al., 2008). Thus these four resistances were 

used in this study. In order to successfully implement antibiotic resistance genes as 

selection markers in a new organism it is necessary to assess the intrinsic resistance 

of this organism to the respective antibiotic by determining the minimal inhibitory 

concentration (MIC). This allows for the use of appropriate concentrations of this 

antibiotic for cultivation under selective pressure. In order to apply an appropriate 

selective pressure to B. bifidum S17 MICs of this strain were tested by monitoring 

growth in the presence of increasing concentrations of antibiotics in 96 well plates. 

MIC for ampicillin, chloramphenicol, erythromycin, and spectinomycin were 0.5 

µg/ml, 1 µg/ml, 0.1 µg/ml, and 100 µg/ml, respectively. These values are in line with 

results of other studies (Moubareck et al., 2005; Delgado et al., 2005; Zhou et al., 

2005). 

Using the antibiotic resistance genes of commonly used vectors for Gram-positive 

bacteria, the E. coli-Bifidobacterium shuttle vectors pMGA, pMGC, pMGE and pMGS 

were successfully cloned and transformed both into E. coli DH10B and B. bifidum 
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S17. All plasmids were shown to replicate stably in B. bifidum S17 without selective 

pressure over at least 100 generations. This confirms and extends previous findings 

with the parental plasmid pMDY23, which was shown to replicate stably in B. 

longum NCC2705 over 10 generations without antibiotic-selection (Klijn et al., 

2006). A slight reduction in segregation stability has been observed for the pMDY23 

derivative pGUSA, a plasmid harboring a putative promoter sequence upstream of 

the gusA gene resulting in high expression of gusA (Klijn et al., 2006).  

For efficient expression of recombinant protein in bifidobacteria it is essential to 

find promoters with high transcriptional activity in these organisms. So far only a 

hand full of studies exist that deal with expression of genes in bifidobacteria (Park et 

al., 2008; Shkoporov et al., 2008; Long et al., 2009) and only a few regulated 

promoters have been identified to date (Zomer et al., 2009; Ruiz et al., 2011). 

Therefore, a range of promoters was tested for activity in B. bifidum S17 using the 

β-glucuronidase gene encoded on pMDY23, which has been successfully used as 

reporter system in bifidobacteria (Klijn et al., 2006; Zomer et al., 2009). Besides two 

synthetic promoters PCP25 and Phelp, which were developed for expression in Gram-

positive organisms (Riedel et al., 2007; Jensen and Hammer, 1998), three 

bifidobacterial promoters were tested. Two of these promoters, Pgap and Ppk, were 

recently identified in the genome sequence of B. bifidum S17 (Zhurina et al., 2011). 

Additionally, a previously published synthetic construct of the 16S rRNA gene of B. 

longum NCC2705 (Park et al., 2008), named P16SBl, was selected.  

All promoters showed relatively high transcriptional activity in crude extracts of E. 

coli DH10B strains in stationary growth phase. The reporter β-glucuronidase is 

frequently used because of its high stability (Müller et al., 2009). However, β-

glucuronidase is limited in sensitivity due to its low turnover rate (Jefferson et al., 

1987). In B. bifidum S17 only the Pgap promoter showed significant transcriptional 

activity after 16 h of growth. Unfortunately, often promoter studies using the gusA 

reporter gene are performed with different protocols. Thus, even if the same 

reporter has been used to detect activity, results are not comparable. Nevertheless, 

in a study using bacterial cells of mid-exponential growth phase highest β-

glucuronidase activity has been determined for the putative promoter of the gene 
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encoding glyceraldehyde-3-phosphate dehydrogenase in B. longum NCC2705 (Klijn 

et al., 2006) corresponding  to the results of Pgap in B. bifidum S17. Thus, Pgap was 

chosen to study expression of genes in Bifidobacterium strains. 

 

4.2 Adhesion of B. bifidum S17 to intestinal epithelial cells 

Adhesion of probiotic bacteria to intestinal epithelial cells and mucus is thought to 

help these organisms to persist in the intestinal tract for prolonged periods of time 

thus increasing the chances to exert their health-promoting effects. Furthermore, 

adhesion of probiotics to host cells could be an important prerequisite for the 

immunmodulatory effects of probiotics and has a role in the competitive exclusion 

of pathogenic bacteria by competing for attachment sites (Bernet et al., 1993; 

Saavedra, 2000; Elmer and McFarland, 2001; Gopal et al., 2001, Canducci et al., 

2002). As a consequence, adhesion to IECs is one of the criteria for the selection of 

probiotic strains for nutraceutical applications (Simmering and Blaut, 2001). 

While there are a number of studies assessing the adhesion of probiotic bacteria 

quantitatively (Tuomola and Salminen, 1998; del Re et al., 2000; Morita et al., 2002; 

Vesterlund et al., 2005) to date only very few have investigated adhesion of these 

organisms from a mechanistic point of view. Most mechanistic studies on adhesion 

to IECs were performed for pathogenic bacteria such as enteropathogenic E. coli 

(EPEC), Salmonella, streptococci, Yersinia, and Listeria (Vallance and Finlay, 2000; 

Weinstein et al., 1998; Jenkinson and Lamont, 1997; Moroni et al., 2006; Frick et al., 

2007). Nevertheless, a few authors have reported on the mechanisms of adhesion 

of probiotic bacteria (Bernet et al., 1993; Adlerberth et al., 1996; Granato et al., 

1999; Candela et al., 2007; Guglielmetti et al., 2008). Since a number of tools for the 

genetic modification of lactobacilli exist these organisms have been subjects of 

most of these studies. For example, in Lb. plantarum to HT29 cells a mannose-

specific lectin was identified (Adlerberth et al., 1996). Cell surface-associated 

lipoteichoic acids were shown to be involved in adhesion of Lb. johnsonii La1 

(Granato et al., 1999). By contrast, very little is known on the mechanisms of 
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bifidobacterial adhesion to IECs. Adhesion of B. breve strain 4 to IECs was shown to 

be mediated by a proteinaceous component present on the cell surface and in 

spent culture supernatant (Bernet et al., 1993). Human plasminogen was found to 

bind to a plasminogen-binding motif displayed on bifidobacterial cell surface and 

was shown to be involved in adhesion of four bifidobacterial strains belonging to 

three different species: B. lactis, B. bifidum and B. longum (Candela et al., 2007). 

Furthermore, the strain B. bifidum MIMBb75 was shown to adhere to Caco-2 and 

HT29 cells, depending on environmental conditions, such as pH and the presence of 

sugars and bile salts (Guglielmetti et al., 2009). Additionally, a cell surface 

lipoprotein, BopA, of B. bifidum MIMBb75 was shown to be involved in adhesion to 

Caco-2 cells (Guglielmetti et al., 2008). 

Adhesion of different Bifidobacterium strains to Caco-2 and T84 cells was previously 

studied by our group and appears to be strain-dependent (Staudt, 2002; Riedel et 

al., 2006a; Preising et al., 2010). For example, B. longum/infantis E18 showed a very 

low level of adhesion, while three strains of B. bifidum (S16, S17 and NCC189) 

showed the highest adhesion. Intermediate adhesion was measured for e.g. B. 

longum NCC2705 or B. breve MB226. These strain-dependent differences in 

adhesion were observed both with Caco-2 and T84 cells to similar extents, 

indicating that adhesion to both cell lines is mediated by the same mechanisms 

(Riedel et al., 2006a).  

Here, we investigate the adhesive properties of B. bifidum S17 aiming to identify the 

components involved in adhesion to IECs. Experiments were carried out with fully 

differentiated monolayers of human colon carcinoma cell lines Caco-2 (Pinto et al. 

1983) and T84 (Neutra and Louvard, 1989) and with undifferentiated monolayers of 

the human colon carcinoma cell line HT29 (Fogh and Trempe, 1975). Those cell lines 

represent the closest possible in vitro model to the conditions of bifidobacterial 

interaction with the human epithelium in vivo (Zweibaum et al., 1991).  

In order to identify the cellular compartment harboring the adhesive structures of 

B. bifidum S17, a protocol was established for the preparation of cell wall, 

membrane and cytoplasmic fractions. A critical step is to find optimal conditions for 
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digestion of bacterial cell wall. On the one hand, complete digestion of the cell wall 

is necessary to avoid contamination of membrane and cytoplasmic fraction with cell 

wall. On the other hand, excessive digestion may lead to cell lysis and thus 

contamination of the cell wall fraction with cytoplasmatic proteins. Cell fractions 

were separated by SDS-PAGE to visualize differences in the protein pattern between 

cell wall, membrane and cytoplasmic fraction. While there was a minor overlap 

between the fractions the major protein bands of each fraction were specific. This 

indicates successful preparation of cell fractions with purity sufficient for 

subsequent competitive adhesion assays. 

Adhesion assays with B. bifidum S17 in competition to equal amounts of cell 

fractions of B. bifidum S17 were performed to identify the bacterial fraction that is 

involved in adhesion of B. bifidum S17 to T84, Caco-2 and HT29 cells. During the first 

incubation step, components of the bacterial fractions are able to attach to IECs. 

Adhesion of the added bacteria in the second incubation step is only possible, if 

binding sites on the IECs are not blocked by attached components of the previously 

added bacterial fractions. Adhesion of B. bifidum S17 after pre-incubation of IECs 

with cell wall fraction was significantly decreased for all cell lines tested (Figure 3-7). 

Pre-incubation of T84 and HT29 cells with membrane and cytoplasmic fraction did 

not show an influence on adhesion of B. bifidum S17. However, a slight reduction in 

adhesion of B. bifidum S17 to Caco-2 cells was observed after pre-incubation with 

membrane and cytoplasmic fraction. A possible explanation is a contamination of 

membrane and cytoplasmic fractions with active cell wall components or unspecific 

blocking by proteins of the membrane and/or cytoplasma. However, the same 

preparations were used for all three cell lines. Thus, the results point towards 

additional mechanisms of adhesion to Caco-2 cells, which are not involved in 

adhesion to T84 or HT29 cells. Overall, results of the inhibition experiments strongly 

indicate that adhesion of B. bifidum S17 to IECs is, at least partially, mediated by 

structures of the cell surface, which would be the expected location for an adhesin. 

Of note, a few studies have demonstrated that adhesion can be mediated by 

cytoplasmic proteins that are displayed on the bacterial cell surface for unknown 

reasons, where they acquire a secondary, so-called ‘moonlighting’ function (Jeffery, 
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1999). For instance, the elongation factor Tu of Lb. johnsonii NCC533 (La1) but also 

in Lb. plantarum strains was shown to mediate the attachment to epithelial cells 

and mucins (Granato et al., 2004; Izquierdo et al., 2009). Furthermore, several 

Bifidobacterium strains were shown to display enolase, the key glycolytic enzyme, 

and DnaK, a bacterial chaperon, on their surface and these proteins were shown to 

bind to proteins of the extracellular matrix (Candela et al., 2009; Candela et al., 

2010). This is a further possible explanation for the inhibitory effects of 

cytoplasmatic and membrane fractions on adhesion of B. bifidum S17 to Caco-2 

cells. 

Although, the amount of cell wall fraction used in adhesion experiments was 

adjusted based on total protein concentrations, the active component is not 

necessarily a protein. Other components such as peptidoglycan, lipoteichoic acids 

and glycoproteins are also present. Hence, the results so far do not allow 

speculations on the nature of the component involved in adhesion. To identify 

structures on the cell surface of B. bifidum S17 that are responsible for adhesion to 

T84, Caco-2 and HT29 cells, bacteria were treated with pronase, lipase or periodate 

to remove or alter cell surface proteins, lipids or carbohydrates. Treatment of B. 

bifidum S17 with pronase affected adhesion to T84, Caco-2 and HT29 cells 

significantly. Treatment of B. bifidum S17, with periodate and lipase, did not affect 

adhesion properties, except for a slight reduction in adhesion to Caco-2 cells after 

treatment with lipase. This suggests that besides proteins lipids and/or lipoproteins 

might be involved in adhesion to Caco-2 cells. 

Our results so far indicate that a proteinaceous cell surface structure is at least 

partially responsible for adhesion of B. bifidum S17 to the intestinal epithelial cell 

lines T84, Caco-2 and HT29. Additionally, involvement of lipids and/or lipoproteins is 

indicated by the slight reduction in adhesion to Caco-2 cells after lipase treatment. 

Of note, pronase treatment resulted only in a partial inhibition of adhesion to all 

tested cell lines. This suggests that either proteins resistant to pronase-treatment 

are involved in adhesion or pronase does not quantitatively remove all proteins on 

the cell surface of bacteria. Alternatively, additional factors may be involved in 

adhesion that are not affected by the treatment with pronase, lipase or periodate 



 
86 4 Discussion 

alone such as autoaggregation ability and surface hydrophobicity (del Re et al., 

2000; Pan et al., 2006).  

Recently, the cell surface lipoprotein BopA in B. bifidum MIMBb75 was shown to 

promote adhesion of this strain to Caco-2 cells (Guglielmetti et al., 2008). Similarly, 

proteinaceous components on the cell surface are involved in adhesion of B. breve 

strain 4 (Bernet et al., 1993). Another study revealed specific and reversible binding 

of LTA isolated from B. bifidum/pennsylvanicum to human intestinal epithelial cells 

(Op den Camp et al., 1985). These results point towards at least two different 

mechanisms of bifidobacterial adhesion to IECs. 

Interestingly in previous studies strains of the species B. bifidum showed particularly 

high adhesion to IECs (Riedel et al., 2006a, Preising et al., 2010). These results were 

corroborated by adhesion experiments with an extended range of strains including 

four strains of B. bifidum (Figure 3-10). Additionally, all strains showed generally 

higher adhesion to T84 and Caco-2 cells than to HT29 cells. As expected from 

previous studies, all B. bifidum strains showed better adhesion to all cell lines tested 

than other strains. We thus performed in silico analysis of all amino acid sequences 

derived from open reading frames of the genome sequence of B. bifidum S17. This 

identified several proteins with domains, known or supposed to be involved in 

interaction with host tissue including a BopA homologue. In B. bifidum MIMBb75, 

BopA (bifidobacterial outer protein) has been described as cysteine anchored 

lipoprotein, which is involved in adhesion to IECs. Lipoproteins are secreted 

proteins that are characterized by the presence of a lipobox (Rezwan et al., 2007). 

The lipobox motif (BopA: L-X-Z-C-Y-Z) functions as thioacylation site at a conserved 

cysteine residue, which is responsible for anchoring of the protein in the plasma 

membrane (Rezwan et al., 2007). The translocation of precursor lipoproteins across 

the membrane generally occurs via the Sec system, although a few may be 

translocated by the Tat system (McDonough et al., 2005).  

In general, lipoproteins can be categorized into five groups according to their 

function in (i) adhesion and invasion, (ii) cell wall synthesis, (iii) nutrient uptake, (iv) 

degrading processes and (v) sensing and transmembrane signaling (Sutcliffe and 
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Russell, 1995). There is a considerable amount of studies demonstrating 

lipoproteins as solute binding proteins of ABC transporters that mediate uptake of 

nutrients (Koivula et al., 1993; Tynkkynen et al., 1993; Perego et al., 1991; Gilson et 

al., 1988; Kerr et al., 2004). Moreover, lipoproteins of ABC transport systems are 

often additionally associated with bacterial adhesion (Kolenbrander et al., 1994; 

Nishi et al., 2003; Castañeda-Roldán et al., 2006). For instance, three oligopeptide-

binding lipoproteins (AmiA, AliA and AliB) of Streptococcus pneumoniae were 

demonstrated to play a role in nasopharyngeal colonization (Kerr et al., 2004). 

Furthermore, in Treponema denticola an OppA homologue was shown to bind 

proteins present in the subgingival environment such as soluble plasminogen and 

fibronectin (Fenno et al., 2000). The lipoprotein P100 of Mycoplasma hominis 

contains an OppA-like substrate-binding protein of a peptide transport system, 

which has been characterized as multifunctional protein (Henrich et al., 1999). In 

addition to cytoadherence (Henrich et al., 1993), it has been shown to mediate 

nutrient uptake (Henrich et al., 1999) and hydrolysis of extracellular ATP (Hopfe and 

Henrich, 2004). It would thus be not surprising, if the BopA protein of B. bifidum 

would have a dual role in uptake of peptides and adhesion to host cells. In light of 

the recent study by Guglielmetti and colleagues (2008) it was hypothesized that 

BopA might be involved in strong adhesion of B. bifidum S17 and other strains of 

this species. Thus, the contribution of BopA to adhesion was investigated in more 

detail. 

Using the recently sequenced and annotated genome of B. bifidum S17 (Zhurina et 

al., 2011), the gene region surrounding bopA was identified and was compared with 

the publicly available genomes of B. bifidum NCIMB41171, B. bifidum PRL2010 as 

well as with the bopA region of B. bifidum MIMBb75. All analyzed B. bifidum strains 

exhibited a bopA homolog, which is highly conserved among these strains. 

Upstream of the bopA gene three genes showing high similarity to genes encoding 

two membrane permease subunits (oppBC) and an ATP-binding and hydrolyzing 

protein (oppD) of ABC transport systems are located. Downstream of bopA, a gene 

with high similarity to bacterial aminopeptidase C (pepC) was identified, which is 

transcribed in the opposite direction. An oppA homologue has been found in the 
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opp operons of other Bifidobacterium genomes, e.g. B. longum NCC2705, B. longum 

DJ010A, B. adolescentis ATCC15703, and B. breve UCC2003. However, the amino 

acid sequence of OppA of these strains shares no significant similarity with BopA. 

Southern Blot analysis (Figure 3-12B) using genomic DNA of all Bifidobacterium 

strains tested for adhesion revealed a signal only for B. bifidum strains suggesting 

that only this species harbors homologues of bopA. This data corroborates the 

observation of a previous study, which demonstrated the presence of BopA in eight 

B. bifidum strains but not in other Bifidobacterium strains as shown by PCR 

(Guglielmetti et al., 2008). Northern Blot analysis with the B. bifidum strains showed 

that bopA is expressed in these strains under conditions used to cultivate bacteria 

for adhesion assays.  

To further investigate the effects of BopA on adhesion in particular of B. bifidum 

S17, a C-terminal His-tag fusion of the protein was purified after overexpression in 

E. coli BL21 (DE3). Adhesion of B. bifidum S17 to T84, Caco-2 and HT29 cells was 

significantly inhibited in competition to purified BopA protein, indicating that BopA 

interferes with the adhesion mechanism of B. bifidum S17 to IECs. It seems that 

BopA plays a prominent role in adhesion of B. bifidum S17 to T84 and Caco-2 cells, 

because even a little concentration of BopA (1 µg/ml) had significant effects on 

adhesion of B. bifidum S17 to T84 and Caco-2 cells. In contrast, adhesion to HT29 

cells was not affected at this concentration of BopA. The pre-incubation of IECs with 

a higher concentration of purified BopA (100 µg/ml) did not increase the effect on 

adhesion of B. bifidum S17 to the tested cell lines, indicating a saturation of 

receptor binding sites on the epithelial surface. This observation is in line with 

experimental data of adhesion studies with purified adhesion proteins of other 

organisms. For instance, the purified OmpA-like protein Lsa66 of Leptospira 

interrogans was shown to bind specifically, dose-dependent and saturable 

extracellular matrix (ECM) components (Oliveira et al., 2011). Furthermore, dose-

dependent and saturable fibronectin binding was shown for the CssA subunit of 

colonization factor CS6 of enterotoxigenic E. coli (Ghosal et al., 2009) as well as for 

the Campylobacter jejuni adhesin FlpA (Konkel et al., 2010) 
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To further corroborate the findings of the previous experiments, a vector for 

expression of BopA in bifidobacteria was constructed. Screening of promoters 

showed that Pgap drives expression of detectable levels of β-glucuronidase in B. 

bifidum S17 after 16 h of growth. Thus, the vector pMGS_Pgap_bopA was 

constructed for Pgap-driven expression of BopA-His6 in bifidobacteria. This vector 

was successfully transformed into B. bifidum S17 and B. longum/infantis E18. 

Unfortunately, no additional protein band corresponding to BopA-His6 could be 

detected in crude extracts of the recombinant strains. Detection of proteins 

expressed in bifidobacteria by SDS-PAGE seems to be difficult since to the best of 

our knowledge no studies showing overexpression in bifidobacteria by SDS-PAGE 

are available. In all studies demonstrating successful expression of proteins in 

bifidobacteria, this was achieved by Western Blot analysis (Shkoporov et al., 2008; 

Long et al., 2009). Indeed, Western blot analysis using a His6-specific antibody 

confirmed successful expression of BopA-His6 both in B. bifidum S17 

pMGS_Pgap_bopAHis6 and B. longum/infantis E18 pMGS_Pgap_bopAHis6. 

These strains were then used in adhesion experiments and compared to their 

parental wild type strains. Overexpression of bopA in B. bifidum S17 significantly 

increased adhesion to T84 cells and Caco-2 cells. By contrast, adhesion to HT29 cells 

was not enhanced significantly. More importantly, expression of bopA in B. 

longum/infantis E18, a strain that displays extremely weak adhesion to IECs (Figure 

3-10), and which does not encode for a BopA homologue as shown by Southern blot 

(Figure 3-12B) and genome sequence analysis (D. Zhurina, unpublished data), led to 

a dramatic increase in adhesion to T84 and Caco-2 cells. While an increase in 

adhesion of B. longum/infantis E18 pMGS_Pgap_bopAHis6 to HT29 cells was 

observed this effect was not statistically significant. 

Together with the results from adhesion studies in competition with cell fractions 

and after pretreatment with pronase, lipase and periodate this points towards 

different mechanisms of adhesion to different cell lines. All experiments in this 

study using HT29 cells showed weakened effects for BopA on adhesion. Hence, it 

seems that BopA plays a more prominent role in adhesion to T84 and Caco-2 cells, 

since adhesion to these cell lines is on the same level in comparison to HT29 cells. 
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The cell lines significantly differ in cell morphology and stage of differentiation. 

Caco-2 and T84 cells fully differentiate to polarized columnar epithelial cells and 

display the typical microvilli of the intestinal epithelium on their apical surface 

(Pinto et al., 1983; Neutra and Louvard, 1989). By contrast, HT29 cells display an 

undifferentiated phenotype without polarization (Cohen et al., 1999). Thus it seems 

reasonable to assume that potential receptors on the surface of these cells are 

expressed differentially. As a consequence, it is possible that different mechanisms 

of adhesion contribute with different proportions to overall adhesion to the 

different cell lines. Nevertheless, since adhesion of B. longum/infantis E18 

overexpressing bopA to HT29 cells was increased, this indicates the presence, 

although expressed to a lesser extent, of a suitable receptor on HT29 cells. 

Besides the differences in adhesion between the tested cell lines, the effect on 

adhesion with B. longum/infantis E18 overexpressing bopA was more prominent 

than with B. bifidum S17 overexpressing bopA. Expression of bopA in B. 

longum/infantis E18 results in approximately four times higher adhesion, possibly 

due to the fact that the adhesin BopA is not present in B. longum/infantis E18 wild 

type. In contrast, implication of bopA expression in B. bifidum S17 has been 

observed to a lesser extent, because bopA has been expressed additionally to wild 

type BopA of B. bifidum S17. Nevertheless, expression of bopA in B. longum/infantis 

E18 did not result in adhesion on the same level as B. bifidum S17 (20-30 % 

adhesion). This again indicates the involvement of other factors of B. bifidum S17, 

besides BopA that are involved in adhesion. Despite expression of bopA in B. 

longum/infantis E18, additional adhesive components are still missing in B. 

longum/infantis E18. Moreover, further structures, such as capsules might hinder 

the presentation of BopA on the cell surface, thus restricting the effects of BopA on 

adhesion. The involvement of different adhesion mechanisms have been shown for 

the probiotic Lactobacillus rhamnosus GG for which three different surface-localized 

components were demonstrated (von Ossowski et al., 2011). Cooperative effects of 

different mechanisms of adhesion could represent a strategy of bifidobacteria (and 

other microorganisms) to increase their chance to successfully colonize the GIT.  
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Collectively, these results identify BopA as an adhesin mediating adhesion of B. 

bifidum strains to IECs. Furthermore, increased adhesion of B. bifidum S17 and B. 

longum/infantis E18 following enhanced expression of bopA is one of the first 

reports on improved probiotic characteristics of a Bifidobacterium strain. The only 

other study so far has shown prolonged colonization of a B. breve strain expressing 

a gene involved in bile resistance of Listeria monocytogenes (Sheehan et al., 2007). 

Although the use of genetically modified organisms in functional (probiotic) food 

products is currently not accepted in the European markets, the tools generated in 

the present study are suitable to generate recombinant bifidobacteria with 

optimized probiotic characteristics. In further studies, the relevance of BopA for in 

vivo colonization should be investigated. Furthermore, additional factors that are 

involved in adhesion of B. bifidum S17 need to be identified to completely 

understand the mechanisms of adhesion of this promising anti-inflammatory 

probiotic organism. 
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5A SUMMARY 

Adhesion of probiotics is discussed as a prerequisite for the persistence and the 

colonization of the gut. Based on previous studies of our group, the strain B. bifidum 

S17 could be identified as promising candidate to investigate adhesion properties 

(Riedel et al., 2006a; Preising et al., 2010).  

1. Several E. coli-Bifidobacterium shuttle vectors with different antibiotic resistances 

were generated. Using a gusA reporter assay the promoter Pgap was shown to have 

detectable transcriptional activity in bifidobacteria.   

2. Competitive adhesion tests with cell fractions strongly indicate that the 

structures mediating adhesion of B. bifidum S17 to IECs are located on the cell 

surface. 

3. Adhesion of B. bifidum S17 was reduced about 50 % after treatment with pronase 

suggesting that a protein is involved in adhesion to IECs. 

4. Adhesion studies with 15 different strains of bifidobacteria identified B. bifidum 

as the species showing the highest adhesion to the tested cell lines. In silico analysis 

with several Bifidobacterium genomes allowed the identification of a sequence with 

high homology to bopA, encoding an adhesin previously identified in B. bifidum 

MIMBb75, exclusively in B. bifidum strains. The in silico results were corroborated 

by Southern Blot analysis. Furthermore, Northern blot analysis demonstrated that 

bopA is expressed in B. bifidum strains under conditions used to cultivate the strains 

for adhesion assays.  

5. BopA was successfully purified by Ni-NTA affinity chromatography as a C-terminal 

His6-fusion after heterologous expression in E. coli BL21. Purified BopA had an 

inhibitory effect on adhesion of B. bifidum S17 to T84, Caco-2 and HT29 cells. 

6. Moreover, bopA was successfully expressed in B. bifidum S17 and B. 

longum/infantis E18. Strains overexpressing bopA showed improved adhesion to 

T84, Caco-2 and HT29 cells, clearly demonstrating a role of BopA in adhesion of B. 

bifidum strains.  
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5B ZUSAMMENFASSUNG 

Eine Voraussetzung für die Kolonisierung des Darmes ist die Adhäsion an 

Darmepithelzellen. Der Stamm B. bifidum S17 konnte durch Arbeiten unserer 

Gruppe als vielversprechender Kandidat für die Untersuchung adhäsiver 

Eigenschaften identifiziert werden (Riedel et al., 2006a; Preising et al., 2010).    

1. Eine Reihe von E. coli-Bifidobakterium Shuttle-Vektoren mit verschiedenen 

Antibiotika Resistenzen wurden entwickelt. Durch einen gusA Reporter Assay wurde 

gezeigt, dass der Promotor Pgap trankriptionelle Aktivität in Bifidobakterien zeigt. 

2. Adhäsionsversuche mit B. bifidum S17 in Konkurrenz zu Zellfraktionen von B. 

bifidum S17 ergaben Hinweise, dass eine Struktur auf der Zelloberfläche von B. 

bifidum S17 an der Adhäsion beteiligt ist.   

3. Behandlung mit Pronase reduziert die Adhäsion von B. bifidum S17 um etwa 50 

%, was die Beteiligung eines Proteins an der Adhäsion an Epithelzellen zeigt.  

4. B. bifidum Stämme zeigten die höchste Adhäsion an getestete Zelllinien im 

Vergleich mit 15 verschiedenen Bifidobakterium-Stämmen. In silico Analysen mit 

mehreren Bifidobakterium Genomen ermöglichte die Identifizierung einer Sequenz 

mit starker Homologie zu bopA, ein Adhäsin aus B. bifidum MIMBb75, dessen Gen 

ausschließlich in B. bifidum Stämmen identifiziert wurde. Anhand von Southern Blot 

Analysen wurde dies bestätigt. Weiterhin konnte in Northern Blot Analysen gezeigt 

werden, dass bopA in B. bifidum Stämmen unter Bedingungen, die genutzt werden, 

um Stämme für Adhäsionsversuche zu kultivieren, exprimiert ist.  

5. Nach Überexpression von bopA in E. coli BL21 wurde BopA-His6 mittels Ni-NTA-

Affinitätschromatographie gereinigt. Gereinigtes BopA zeigte einen inhibitorischen 

Effekt auf die Adhäsion von B. bifidum S17 an T84, Caco-2 und HT29 Zellen.  

6. Zudem wurde bopA erfolgreich in B. bifidum S17 und B. longum/infantis E18 

exprimiert. Diese Stämme zeigten verbesserte Adhäsion an T84, Caco-2 und HT29 

Zellen, was eindeutig die Beteiligung von BopA an der Adhäsion von B. bifidum 

Stämmen zeigt.  
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7 ADDENDUM 

7.1 Chemicals  

All used chemicals and manufacturers are listed in the following Table 7-1.  

Table 7-1: Chemicals and manufacturers 

Chemical/Reagent Manufacturer 

0.5 % (w/v) trypan blue in 0.9 % (w/v) saline Biochrom AG, Berlin, Germany 

1,4-dithiothreitol (DTT), ≥ 99 %, p.a. Carl Roth GmbH & Co., Karlsruhe, Germany 

10x Buffer EcoRI Fermentas GmbH, St. Leon-Rot, Germany 

10x Buffer O Fermentas GmbH, St. Leon-Rot, Germany 

10x Buffer R Fermentas GmbH, St. Leon-Rot, Germany 

10x Buffer Tango™ Fermentas GmbH, St. Leon-Rot, Germany 

10x PCR Buffer S with 15 mM MgCl2 Genaxxon Bioscience GmbH, Ulm, Germany 

30 % acrylamide + 0.8 % bisacrylamide  Carl Roth GmbH & Co., Karlsruhe, Germany 

4-chlor-1-naphtol Fluka Chemikalien, Buchs, Switzerland 

4-methylumbelliferyl-β-D-glucuronide 
(MUG) 

Calbiochem® Merck KgaA, Darmstadt, 
Germany 

5x Phusion® GC Reaction buffer Thermo Scientific, Rockford, USA 

acetic acid (100 %, pure acetic acid) Riedel-de Haen, Seelze, Germany 

Actilight® Fructo-oligosaccharides Syral – Beghin Meiji, Marckolsheim, France 

agar Difco-Laboratories, Detroit, USA 

agarose NEEO ultra-quality Carl Roth GmbH & Co., Karlsruhe, Germany 

ammonium acetate Fluka Chemikalien, Buchs, Switzerland 

ammonium chloride Carl Roth GmbH & Co., Karlsruhe, Germany 

ammonium sulfate 
Sigma Aldrich Chemie GmbH, Steinheim, 
Germany 
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Table 7-1: Chemicals and manufacturers (continued) 

ammoniumperoxid sulfate Merck KgaA, Darmstadt, Germany 

ampicillin sodium salt Carl Roth GmbH & Co., Karlsruhe, Germany 

Anaerocult® Merck KgaA, Darmstadt, Germany 

Antarctic phosphatase 
New England Biolabs GmbH, Frankfurt am 
Main, Germany 

Antarctic phosphatase reaction buffer  
New England Biolabs GmbH, Frankfurt am 
Main, Germany 

anti-digoxygenin-AP-Fab fragments 
Roche Diagnostics GmbH, Mannheim, 
Germany 

anti-His6  
Roche Diagnostics GmbH, Mannheim, 
Germany,  # 11 922 416 001 

BglII, 10 U/µl Fermentas GmbH, St. Leon-Rot, Germany 

blocking reagent 
Roche Diagnostics GmbH, Mannheim, 
Germany 

bovine serum albumin (BSA) PAA Laboratories GmbH, Pasching, Austria 

bromphenol blue sodium salt Merck KgaA, Darmstadt, Germany 

Buffer A for T4-PNK Fermentas GmbH, St. Leon-Rot, Germany 

chloramphenicol Merck KgaA, Darmstadt, Germany 

chloroform 
VWR International GmbH, Darmstadt, 
Germany 

citric acid 
Sigma Aldrich Chemie GmbH, Steinheim, 
Germany 

Coomassie brilliant blue G250 
Sigma Aldrich Chemie GmbH, Steinheim, 
Germany 

CSPD® 
Roche Diagnostics GmbH, Mannheim, 
Germany 

digoxygenin-11-dUTP (25 mmol) 
Roche Diagnostics GmbH, Mannheim, 
Germany 

dimethylsulfoixd (DMSO) 
Sigma Aldrich Chemie GmbH, Steinheim, 
Germany 
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Table 7-1: Chemicals and manufacturers (continued) 

di-potassium hydrogen phosphate 
Sigma Aldrich Chemie GmbH, Steinheim, 
Germany 

di-sodium hydrogen phosphate AppliChem GmbH, Darmstadt, Germany 

DMEM PAA Laboratories GmbH, Pasching, Austria 

DMEM/Ham’s F12 PAA Laboratories GmbH, Pasching, Austria 

DNase I (10 U/µl, RNase-free) 
Roche Diagnostics GmbH, Mannheim, 
Germany 

dNTPs Fermentas GmbH, St. Leon-Rot, Germany 

EcoRI, 10 U/µl Fermentas GmbH, St. Leon-Rot, Germany 

EcoRV, 10 U/µl Fermentas GmbH, St. Leon-Rot, Germany 

EDTA-di-sodium salt dihydrate (EDTA) AppliChem GmbH, Darmstadt, Germany 

erythromycin 
Sigma Aldrich Chemie GmbH, Steinheim, 
Germany 

ethanol (98%) Riedel-de Haen, Seelze, Germany 

ethidium bromide Carl Roth GmbH & Co., Karlsruhe, Germany 

ficoll 
Sigma Aldrich Chemie GmbH, Steinheim, 
Germany 

foetal calf serum Biochrom AG, Berlin, Germany 

formaldehyde  
Sigma Aldrich Chemie GmbH, Steinheim, 
Germany 

formamide Fluka Chemikalien, Buchs, Switzerland 

FspI, 10 U/µl Fermentas GmbH, St. Leon-Rot, Germany 

glycerol Carl Roth GmbH & Co., Karlsruhe, Germany 

glycine AppliChem GmbH, Darmstadt, Germany 

HEPES Pufferon®, > 99.5 %, p.a. Carl Roth GmbH & Co., Karlsruhe, Germany 

HindIII, 10 U/µl Fermentas GmbH, St. Leon-Rot, Germany 

hydrochloric acid Riedel-de Haen, Seelze, Germany 
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Table 7-1: Chemicals and manufacturers (continued) 

hydrogen peroxide, 30 % Fluka Chemikalien, Buchs, Switzerland 

imidazole, ≥ 99 % Carl Roth GmbH & Co., Karlsruhe, Germany 

iron (II) sulfate heptahydrate Merck KgaA, Darmstadt, Germany 

Klenow fragment Fermentas GmbH, St. Leon-Rot, Germany 

Lactobacilli MRS medium BD Difco Laboratories, Detroit, USA 

L-(+)-Arabinose Carl Roth GmbH & Co., Karlsruhe, Germany 

L-cysteine hydrochloride-monohydrate Merck KgaA, Darmstadt, Germany 

lipase type II from porcine pancreas 
Sigma-Aldrich Chemie GmbH, Steinheim, 
Germany 

lysozyme 
Sigma-Aldrich Chemie GmbH, Steinheim, 
Germany 

magnesium sulfate heptahydrate Fluka Chemikalien, Buchs, Switzerland 

maleic acid Fluka Chemikalien, Buchs, Switzerland 

manganse (II) sulfate monohydrate Merck KgaA, Darmstadt, Germany 

methanol 
VWR International GmbH, Darmstadt, 
Germany 

milk powder Carl Roth GmbH & Co., Karlsruhe, Germany 

mutanolysin 
Sigma-Aldrich Chemie GmbH, Steinheim, 
Germany 

N-Laurylsarcosine 
Sigma Aldrich Chemie GmbH, Steinheim, 
Germany 

non-essential amino acids (NEAA, 100x)  PAA Laboratories GmbH, Pasching, Austria 

ortho-Phosphoric acid, 85 % Merck KgaA, Darmstadt, Germany 

polyethylene glycol (PEG 20.000) 
Sigma Aldrich Chemie GmbH, Steinheim, 
Germany 

penicillin-streptomycin solution PAA Laboratories GmbH, Pasching, Austria 

phenyl methyl sulfonyl chloride (PMSF) 
Roche Diagnostics GmbH, Mannheim, 
Germany 
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Table 7-1: Chemicals and manufacturers (continued) 

phosphate buffered saline (PBS) PAA Laboratories GmbH, Pasching, Austria 

Phusion® DNA-Polymerase, 2 U/µl Thermo Scientific, Rockford, USA 

Pierce® ECL Western Blotting substrate Thermo Scientific, Rockford, USA 

polyvinylpyrrolidone 15 
Serva Electrophoresis GmbH, Heidelberg, 
Germany 

potassium dihydrogen phosphate 
Sigma-Aldrich Chemie GmbH, Steinheim, 
Germany 

pronase 
Roche Diagnostics GmbH, Mannheim, 
Germany 

proteinase K 
Roche Diagnostics GmbH, Mannheim, 
Germany 

pyruvic acid 
Sigma-Aldrich Chemie GmbH, Steinheim, 
Germany 

rabbit-anti-mouse, secondary antibody, 
HRP-coupled 

Thermo Scientific, Rockford, USA,                   
# 31430 

reinforced clostridial medium (RCM) BD Difco Laboratories, Detroit, USA 

Roti®-Aqua-Phenol (pH 4.5 - 5) Carl Roth GmbH & Co., Karlsruhe, Germany 

Roti®-Phenol (pH 7.5 - 8) Carl Roth GmbH & Co., Karlsruhe, Germany 

SalI, 10 U/µl Fermentas GmbH, St. Leon-Rot, Germany 

silver nitrate Merck KgaA, Darmstadt, Germany 

sodium acetate Merck KgaA, Darmstadt, Germany 

sodium carbonate Fluka Chemikalien, Buchs, Switzerland 

sodium chloride Merck KGaA, Darmstadt, Germany 

sodium dodecyl sulfate Carl Roth GmbH & Co., Karlsruhe, Germany 

sodium hydrogencarbonate Merck KgaA, Darmstadt, Germany 

sodium hydroxide Fluka Chemikalien, Buchs, Switzerland 

sodium meta periodate Merck KgaA, Darmstadt, Germany 
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Table 7-1: Chemicals and manufacturers (continued) 

sodium thiosulfate pentahydrate Merck KgaA, Darmstadt, Germany 

spectinomycin 
Sigma-Aldrich Chemie GmbH, Steinheim, 
Germany 

SpeI, 10 U/µl Fermentas GmbH, St. Leon-Rot, Germany 

sucrose Fluka Chemikalien, Buchs, Switzerland 

T4-DNA-Ligase Fermentas GmbH, St. Leon-Rot, Germany 

T4-polynucleotide kinase (T4-PNK) Fermentas GmbH, St. Leon-Rot, Germany 

Taq-DNA- polymerase, 5 U/µl Genaxxon Bioscience GmbH, Ulm, Germany 

tetramethylethylenediamine (TEMED) Carl Roth GmbH & Co., Karlsruhe, Germany 

Tris USB corporation, Cleveland, USA 

tri-sodium citrate dihydrate AppliChem GmbH, Darmstadt, Germany 

Triton X-100 
Sigma-Aldrich Chemie GmbH, Steinheim, 
Germany 

trypsin/EDTA PAA Laboratories GmbH, Pasching, Austria 

trypticase peptone BD Difco Laboratories, Detroit, USA 

tryptone BD Difco Laboratories, Detroit, USA 

tryptose Difco-Laboratories, Detroit, USA 

Tween 20 
Sigma-Aldrich Chemie GmbH, Steinheim, 
Germany 

Tween 80  Fluka Chemikalien, Buchs, Switzerland 

XhoI, 10 U/µl Fermentas GmbH, St. Leon-Rot, Germany 

yeast extract BD Difco Laboratories, Detroit, USA 

XbaI, 10 U/µl Fermentas GmbH, St. Leon-Rot, Germany 
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7.2 Protein and DNA Ladder  

For determination of the size of proteins and DNA fragments the Protein Ladder and 

DNA Ladder, which are shown in Figure 7-1, were used. 

 

Figure 7-1: (A) PageRuler™ Prestained Protein Ladder, Fermentas, St- Leon-Roth, Germany 

and (B) GeneRuler™ 1kb DNA Ladder, Fermentas, St- Leon-Roth, Germany.  

 

7.3 List of oligonucleotides 

All oligonucleotides used for experiments in this study are listed in the following 

Table 7-2. 
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Table 7-2: Oligonucleotides used for experiments (restriction sites underlined) 

Oligonucleotide Sequence (5' → 3') Purpose 

IM206 ATCCCATTATGCTTTGGCAGTTTATTC amplification of chloramphenicol resistance gene (cat) of pIMC 

IM209 
ATAATGAGACAGAATTATGATGATCATATGTCAACTAACGGG

GCAGG 
amplification of chloramphenicol resistance gene (cat) of pIMC 

T3 AATTAACCCTCACTAAAGGG amplification of araC-PBAD of pBluescript 

T7 TAATACGACTCACTATAGGG amplification of araC-PBAD of pBluescript 

ermAM_f TTTGCAACAGAACCCATTCTC amplification of erythromycin resistance gene (ermAM) of pGh9::ISS1 

ermAM_r CGAAATGATACACCAATCAG amplification of erythromycin resistance gene (ermAM) of pGh9::ISS1 

bla_f TGGCCTAACTACGGCTAC amplification of ampicillin resistance gene (bla) of pBluescript 

bla_r GCCGATTTCGGCCTATTG amplification of ampicillin resistance gene (bla) of pBluescript 

gusA_f_FspI TGCGCAGCCTCAGCCTGCGGAACGCGC amplification of backbone of pMDY23 without gusA gene 

gusA_r_FspI TGCGCAGCTGTAGACCAAGTTTACTC amplification of backbone of pMDY23 without gusA gene 

bopA_fwd_EcoRI CCGGAATTCCGGCTCGTGCTGTTCAGGAGAGG amplification of bopA gene of B. bifidum S17, EcoRI site  

bopA_f_SpeI GGACTAGTATGAGTTTTGCATCTACCGC amplification of bopA gene of B. bifidum S17, SpeI site  

bopA_f_SalI GACGTAGTCGACATGAGTTTTGCATCTACCGC amplification of bopA gene of B. bifidum S17, SalI site   

bopA_rev_HindIII CCCAAGCTTTCACTTCTCCCAGCCGAGGTTC amplification of bopA gene of B. bifidum S17, HindIII site 
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Table 7-2: Oligonucleotides used for experiments (restriction sites underlined, continued) 

bopAHis_f_SpeI 
GGACTAGTATGCACCACCACCACCACCACATGAGTTTTGCATC

TACCGC 
amplification of bopA with N-terminal His-tag, SpeI site 

bopAHisN2_f_SpeI 
GGACTAGTATGCACCACCACCACCACCACAGTTTTGCATCTAC

CGC 
amplification of bopA without start codon with N-terminal His-tag, 
SpeI site 

bopAHisN3_f_SpeI GGACTAGTATGCACCACCACCACCACCACCTTGGTGCTTGCGG 
amplification of bopA without signal peptide with N-terminal His-tag, 
SpeI site 

bopAHis_r_HindIII 
CCCAAGCTTTCAGTGGTGGTGGTGGTGGTGCTTCTCCCAGCCG

AGGTTC 
amplification of bopA with C-terminal His-tag, HindIII site 

Phelp_f_BglII GAAGATCTGAGCTCCATTATGCTTTGGCAG amplification of Phelp of pIMK2, BglII site 

Phelp_r_XhoI GGCCTCGAGACTCTCCTTCTAC amplification of Phelp of pIMK2, XhoI site 

PCP25_f_BglII TCGAGATCTGCAGGATCCCATTATGC amplification of PCP25 of pPL2luxPsyn, BglII site 

PCP25_r_XhoI GGCCTCGAGACCTCCTCAAAGTTACCC amplification of PCP25 of pPL2luxPsyn, XhoI site 

P16SBl_f_BglII GAAGATCTCGGTGTACTGGATCAATGATGATTCCG amplification of P16SBl promoter of B. longum NCC2705, BglII site  

P16SBl_r_XhoI GGCCTCGAGACCTCCTTACGCCGCCAGCGTTCATCC amplification of P16SBl promoter of B. longum NCC2705, XhoI site 

Pgap_f_BglII GAAGATCTGCGGAATGCCTCGCATCGAATC amplification of Pgap of B. bifidum S17, BglII site 

Pgap_r_XhoI GGCCTCGAGCTCCCTTTGTAGGGTAGA amplification of Pgap of B. bifidum S17, XhoI site 

Pgap_r_SalI GACGACGTCGACCTCCCTTTGTAGGGTAGA amplification of Pgap of B. bifidum S17, SalI site 
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Table 7-2: Oligonucleotides used for experiments (restriction sites underlined, continued) 

Ppk_f_BglII GAAGATCTACGAGGAGTACCGGTGGATCG amplification of Ppk of B. bifidum S17, BglII site 

Ppk_r_XhoI GGCCTCGAGCTCCTGTACTCCTGCACAG amplification of Ppk of B. bifidum S17, XhoI site  

bopA_f_NB AAGGTCCAGAGCGGCAAGAG amplification of Northern hybridization probe 

bopA_r_NB CACACCGGAGTCGTAGGAAC amplification of Northern hybridization probe 

bopA_f_SB CTCGTGCTGTTCAGGAGAGG amplification of Southern hybridization probe 

bopA_r_SB TCACTTCTCCCAGCCGAGGTTC amplification of Southern hybridization probe 

pMGS_seq GTAACAAAGCGGGACCAAAG sequencing of pMGS (with PBAD promoter) 

pMGS_seq2 GTCTGACGCTCAGTGGAA sequencing of pMGS 
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ABBREVIATIONS 

%  per cent 

× g  × gravity (9.81 m/s2) 

(NH4)2SO4 ammonium sulfate 

®  ˈregistered trademarkˈ 

°C  degree centigrade 

µ  micro (10-6) 

A  ampere 

AgNO3  silver nitrate 

APS  Ammoniumperoxid sulfate 

ATCC American Type Culture Collection 

ATP  adenosine triphosphate 

B.   Bifidobacterium 

BCA  bicinchoninic acid 

bp  basepairs 

BSA  bovine serum albumin 

cfu  colony forming units 

cm  centimeter 

CO2  carbon dioxide 

CONV conventionally raised animals 

CSPD®  di-sodium 3-(4-methoxyspiro {1,2-dioxetan-3,2’-(5’-chloro)-tricyclo          
[3.3.1.13,7] decan}-4-yl) phenylphosphate    
 (substrate for chemiluminescence) 

Da  Dalton 

ddH2O  bidistilled water 

dH2O  demineralised water 

DMEM  Dulbecco’s Modified Eagle’s Medium 
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DMEM/F12 Dulbecco’s Modified Eagle’s Medium / F12 

DMSO  dimethylsulfoxide 

DNA  deoxyribonucleic acid 

dNTP  desoxy-nucleosid-triphosphate 

DSMZ Deutsche Sammlung von Microorganismen und Zellkulturen (German 
Collection of Microorganisms and Cell culture) 

DSS  dextran sodium sulfate 

DTT  dithiotreitol 

dUTP  desoxy-uraciltriphosphoric acid 

E.  Escherichia 

e.g.  lat. ‘exempli gratia’ (for example) 

ECM  extracellular matrix 

EDTA  ethylendiaminetetraacetic acid 

et al.  lat. ‘et alii’ (and others) 

F  Farad 

Fab  fragment of antigen binding 

FAO/WHO Food and Agriculture Organization of the United Nations/World 
Health Organization  

FCS  foetal calf serum 

FeSO4  iron sulfate 

FISH  fluorescence in situ hybridization 

g  gram 

GALT  gut-associated lymphoid tissue 

GC  guanine cytosine 

GF germfree animals 

GIT gastrointestinal tract 

GUS  β-glucuronidase 
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h  hours 

H2O2  hydrogen peroxide 

HCl  hydrochloric acid 

HEPES  4-(2-Hydroxyethyl) piperazine-1-ethanesulfonic acid 

i.e.  lat. ‘id est’ (that is) 

IBD  inflammatory bowel disease 

IECs  intestinal epithelial cells 

J  joule 

k  kilo 

K2HPO4 potassium hydrogenphosphate 

kb  kilobases 

KCl  potassium chloride    

KH2PO4 potassium di-hydrogenphosphate 

l  liter 

L.  Listeria 

Lb.  Lactobacillus 

LPS  lipopolysaccharide 

m  milli (10-3) 

M  molar (mol/l)  

MCS  multiple cloning site 

MgCl2  magnesium chloride 

MgSO4  magnesium sulfate 

MIC  minimal inhibitory concentration 

min  minute 

MnSO4  manganese sulfate 

MRS  de Man-Rogosa-Sharpe medium 
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MU  4-methylumbelliferone 

MUG  4-methylumbelliferxl-β-D-glucuronide 

n  nano (10-9) 

Na2CO3 sodium carbonate 

Na2HPO4  sodium hydrogenphosphate 

Na2S2O3 sodium thiosulfate 

NaCl  sodium chloride 

NaHCO3 sodium hydrogenphosphate 

NaOH  sodium hydroxide 

NCBI  National Center for Biotechnology Information 

NCC  Nestlé Culture Collection 

NCIMB National Collection of Industrial Bacteria 

NEAA  non-essential amino acid 

NF-κB  nuclear factor κB 

NTA  nitrilotriacetic acid 

o/N  over night 

OD600  optical density at 600 nm wavelength 

ORF  open reading frame 

p  pico (10-12) 

p.a.  per analysis 

PAGE  polyacrylamide gel electrophoresis 

PBS  phosphate buffered saline 

PCR  polymerase chain reaction 

PEG  polyethylene glycol 

pH  lat. ‘pondus hydrogenii’, (-log10 [H+]) 

PMSF  phenylmethysulfonyl fluoride 
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PNK  polynucleotide kinase 

PSI   pound-force per square inch (1 psi approximately equals 6,894.757 
Pa, which is the SI unit for pressure)  

RCM  reinforced clostridial medium 

RLU  relative light units 

RNA  ribonucleic acid 

RT  room temperature 

SD  standard deviation 

SDS  sodium dodecylsulfate 

SSC  saline sodium citrate 

TAE  Tris-acetate-EDTA 

Taq  Thermus aquaticus 

TE  Tris-EDTA 

TEMED  N, N, N’, N’-tetramethylenediamine 

TES  Tris-EDTA saline 

TM  ˈtrademarkˈ 

U  units 

UV  ultraviolet 

V  volt 

v/v  volume per volume 

w/v  weight per volume 

Ω  ohms 
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