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Abstract 

Bifidobacteria are considered a beneficial inhabitant of the human gastrointestinal 

tract and are widely used as a probiotic in the food industry. However, our understanding 

of how these bacteria interact with the host and with the stresses encountered during food 

processing is limited. One of the main research limitations is the lack of molecular tools 

for these bacteria, particularly gene transfer techniques that currently depend on strain-

specific electroporation protocols. Therefore, it was necessary to develop an efficient and 

reproducible gene transfer system for bifidobacteria. This was achieved by employing a 

conjugative-base DNA transfer system able to transfer a mobilizable vector from E. coli 

to bifidobacteria. The developed system was dependent on the donor (E. coli) to recipient 

(bifidobacteria) ratio, such that higher efficiencies were observed with higher donor 

ratios. In addition, the system was successful in all the bifidobacteria strains tested. This 

tool coupled with a genome-wide transcriptional analysis, RT-qPCR and the 

identification of ncRNAs, allowed the identification of molecular players during a yogurt 

fermentation with B. longum DJO10A. These molecular players included dnaK that 

appeared to play an important role at all times during growth, groEL that seemed 

particularly important for heat stress, and ibpA, a small heat-shock protein, together with 

the novel bifidobacteria-specific gene, bspA, that were added to the chaperone network as 

the acid accumulated in the fermentation. In addition, three ncRNAs, termed Bl20, Bl30, 

and Bl39, were shown to affect the stress response. The constitutive expression of Bl20 

reduced the mRNA levels from all the tested stress genes, while the expression of dnaK 

was specifically targeted by Bl39 and ibpA expression was considerably reduced by the 

constitutive expression of Bl30. In conclusion, B. longum DJO10A responds to stress 

conditions during the yogurt fermentation by coordinating the expression of stress genes 

that are influenced by the expression of ncRNAs. Furthermore, this research revealed for 

the first time in bifidobacteria the involvement of ibpA in acid stress, the expression in 

response to stress of the novel gene bspA, the presence and expression of ncRNAs and a 

reproducible, efficient and strain-independent means of mobilizing DNA into this 

bacterial group.  
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Chapter I.  Literature Review 
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1.  Introduction 

1.1.  History and taxonomy of Bifidobacterium species 

Bifidobacteria were first isolated from the feces of breast-fed infants by Tissier in 

1899 (Tissier, 1899). He named the isolate Bacillus bifidus and described it as an 

anaerobic, gram-positive rod often occurring as a ‘bifid’ or ‘Y’ shape. The 

microorganism was found to be predominant in the stools of breast-fed infants. In 

contrast, bottle-fed infants and adults showed reduced numbers. However, it was 

observed that certain adults harbor relatively high counts (Eggerth, 1935). In these early 

years, it was thought that these microorganisms displace putrefactive organisms from the 

gastrointestinal tract, thus promoting health. This idea was supported through the 

observation of breast-fed infants that were less prone to gastrointestinal disorders 

compared to bottle-fed infants (Alexander, 1948, Ross and Dawes, 1954).  

Bifidobacteria are non-spore forming, high guanine plus cytosine (GC) bacteria 

that cannot reduce nitrate or produce catalase, but can ferment simple sugars and complex 

carbohydrates to produce lactic and acetic acids without producing gas (Bezkorovainy 

and Miller-Catchpole, 1989). Traditionally, fructose-6-phosphate phosphoketolase 

(F6PPK) activity, first described by De Vries and Stouthamer in 1967 (Vries and 

Stouthamer, 1967), was considered the most direct and reliable characteristic used for 

identification of bifidobacteria and is still considered an important diagnostic marker for 

these bacteria. However, the aerobic bacterium Acetobacter xylinum and the anaerobic 

Gardnerella vaginalis are also positive for F6PPK activity (Gavini et al., 1996), 

indicating that it should not be used as a sole diagnostic tool. 

Even though the genus Bifidobacterium was proposed by Orla-Jesen in 1924 

(Orla-Jensen, 1924), the Bergey’s Manual classified bifidobacteria as Bacteroides bifidus 

in its first through fourth edition (Bergey et al., 1923, Bergey et al., 1925, Bergey et al., 

1930, Bergey et al., 1934). It was subsequently included in the better-studied 

Lactobacillus genus in the fifth edition of the Bergey’s Manual where it was classified as 

L. bifidus (Bergey et al., 1939). In 1974, mainly based on DNA hybridization and GC 
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content, it was re-classified in the eighth edition of the Bergey’s manual to the genus 

Bifidobacterium, comprising 11 species (Buchanan and Gibbons, 1974). These 

techniques made it possible to clearly distinguish between the lactobacilli and 

bifidobacteria (Sebald et al., 1965, Werner et al., 1965). Lactobacilli were found to have a 

GC content between 33 and 49% whereas bifidobacteria had values of approximately 

60%. Finally, bifidobacteria were classified in the deepest branch of the Actinobacteria 

phylum based on the 16S ribosomal DNA approach (Fox et al., 1977). It was now clear 

that bifidobacteria were more closely related to other actinomycete members, such as 

Mycobacterium, Corynebacterium, Streptomyces and Actinomyces genera, than to 

lactobacilli. Currently, the genus is composed of 31 species that have been isolated from 

mammals, insects, birds, dairy and sewage (reviewed by Lee and O'Sullivan, 2010). 

1.2.  Host interactions and health benefits  

The human gastrointestinal microbiota is established during birth through 

inoculation from the mother’s fecal microflora in natural birth or from the environment in 

caesarean delivery (Bennet and Nord, 1987). Bifidobacteria tend to dominate in the stools 

of infants that were delivered naturally compared to those delivered through caesarean 

section. Several studies, based on bacterial counts from stools, comparing breast-fed and 

bottle-fed infant microflora have been reviewed (Mountzouris et al., 2002). In general, 

culturing analysis of infant stools indicate that bifidobacteria seem to predominate in 

breast-fed infants, while the microflora in formula-fed infants is more complex 

resembling that of adults consisting of Bacteroides, clostridia, bifidobacteria, lactobacilli, 

gram-positive cocci, and coliforms among others.  

There are differences in numbers and types of microorganisms colonizing 

different regions of the gastrointestinal tract. Saliva in the mouth can contain up to 10
9
 

bacterial cells/ml consisting of approximately 200 different culturable species 

(Richardson and Jones, 1958, Slack and Bowden, 1965, Gordon and Jong, 1968). 

Molecular approaches showed that Streptococcus spp. dominates this niche but at least 59 

phylotypes were also identified (Kroes et al., 1999). In another study, 95 different taxa 
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were identified using molecular and traditional culture techniques (Munson et al., 2004). 

Also using a molecular approach, a larger study identified 347 species representing 9 

bacterial phyla (Paster et al., 2001).  

The stomach harbors low numbers of bacteria due to its low pH and fast transit 

time (Berg, 1996). Microorganisms like Helicobacter pylori reside in the mucosal lining 

by attaching themselves and secreting a highly active urease that breaks down urea into 

ammonia and carbon dioxide that buffers the acid environment immediately around them 

(Mobley et al., 1988, Hazell and Lee, 1986). In addition, recent studies using molecular 

techniques have identified 128 phylotypes including representatives of Proteobacteria, 

Firmicutes, Actinobacteria, Bacteroidetes, and Fusobacteria phyla (Bik et al., 2006). 

Although it may be only transitory, this indicates that this low pH environment may 

harbor a complex microflora. 

In the upper regions of the small intestine, duodenum and jejunum, the numbers 

of microorganisms are kept relatively low, 10
3
-10

4
 and 10

5
-10

7
 microbial cells/ml of 

content respectively (Berg, 1996, Justesen et al., 1984). These counts are kept low due to 

pancreatic enzymes, intestinal secretions, and short transit times. The distal small 

intestine, ileum, with decreased peristalsis and redox potential, harbors higher bacterial 

counts of 10
7
-10

8
 (Berg, 1996). The acid tolerant Lactobacillus species dominate this 

region of the intestine (Reuter, 2001). 

The large intestine is the primary site for high numbers of microorganisms due to 

its more favorable conditions including higher pH, longer transit times, and nutrient 

availability (Berg, 1996, Gibson and Roberfroid, 1995, Eckburg et al., 2005). Thus, it 

contains a more complex and abundant microflora (10
10

 – 10
12

 microbial cells/g of 

content). Initially, it was estimated from classical methodologies that this environment 

consisted of 400 – 500 different species. Currently, more than one thousand species have 

been identified using modern molecular methods, of which less than 20% have been 

cultured (Rajilic-Stojanovic, 2007). Based on traditional (Holdeman et al., 1976, Moore 

and Holdeman, 1974) and molecular methods (Eckburg et al., 2005, Hold et al., 2002, 

Wang et al., 2003), the predominating bacteria in the colon of adults are frequently 
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Bacteroidetes. More recent data showed the clear dominance of this bacterial group 

followed by Firmicutes (Segata et al., 2012). The complexity of this environment is just 

starting to be uncovered and significant efforts are being made to understand it, among 

these efforts is the Human Microbiome Project (Turnbaugh et al., 2007).  

Culture independent techniques do not always identify Bifidobacterium in their 

screening (Eckburg et al., 2005, Hold et al., 2002, Wang et al., 2003). This is likely due 

to sample manipulation, DNA extraction and processing methods (Maukonen et al., 

2012).  However, it is abundant among the culturable bacteria (Berg, 1996, Gibson et al., 

1995). The actual mechanisms by which these bacteria colonize the intestine are 

unknown. However, several studies have been conducted assuming that the colonization 

takes place on the epithelial cells. It was found that Bifidobacterium could bind to 

immobilized type I and V collagen, which are expressed by the colonic epithelium cells 

(Mukai et al., 1997). They were also shown in vitro to bind mucin, which is the protective 

layer of the colonic epithelial cells (Van den Abbeele et al., 2009). More recently, it was 

shown that they are able to bind human plasminogen in vitro (Candela et al., 2007). In 

addition, exopolysaccharides have been linked to the ability of these bacteria to persist in 

the gut of a murine model (Fanning et al., 2012). In every case, attachment by 

bifidobacteria was strain dependent, indicating the importance of strains for probiotic 

studies and applications.  

Indigenous microflora could have beneficial and detrimental effects on the host. 

Based on observations in germ-free rodents, the lack of a gastrointestinal microflora 

could lead to enlargement of the cecum (Gordon et al., 1966, Asano, 1969), abnormal 

water absorption (Gordon et al., 1966, Donowitz and Binder, 1979), decreased size of 

internal organs (Kovaru and Stepankova, 1976, Kovaru et al., 1979), decreased synthesis 

of vitamin K and B complex (Coburn et al., 1989, Sumi et al., 1977, Ikeda et al., 1979, 

Hirayama et al., 2007) and delayed immune response after antigenic challenge (Taubman 

et al., 1983, Szeri et al., 1976, Neumann et al., 1998), among other phenotypes. The first 

documented observation of beneficial microorganisms in the gastrointestinal tract was 

reported by Tissier (Tissier, 1900) and Metchnikoff (Metchnikoff, 1907). They proposed 
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that harmful bacteria could be inhibited by certain beneficial fermentative bacteria. 

Currently, other benefits have been proposed. These include stimulation of immune 

response, aid in digestion, nutrient absorption, and vitamin and short-chain fatty acid 

synthesis (Gibson and Roberfroid, 1995, Gibson and Wang, 1994). These benefits are 

often attributed to gram-positive bacteria particularly bifidobacteria and lactobacilli 

(Gibson and Roberfroid, 1995). In contrast, certain bacteria residing in the 

gastrointestinal tract can lead to diarrhea, infections, and other illnesses. These harmful 

bacteria include gram-negative microorganisms such as E. coli. Thus, modification of the 

microflora towards bifidobacteria and lactobacilli through diet may have beneficial 

effects to the host (Gibson and Roberfroid, 1995, Gibson et al., 1995). In the particular 

case of bifidobacteria, these benefits are hypothesized to be the result of the following. 

a) Colonization of the colon that likely inhibits the colonization and invasion of 

pathogenic bacteria. This inhibition could be the result of competition and the 

production of lactic and acetic acid that lowers the pH and inhibits the growth of 

other microorganisms (Gibson and Roberfroid, 1995). In addition, the production of 

anti-microbial compounds has been proposed (Gibson and Wang, 1994, Lee et al., 

2008, Fujiwara et al., 1997, Yildirim and Johnson, 1998).  

b) Synthesis of vitamins de novo, particularly from the B complex (Gibson and 

Roberfroid, 1995, Schell et al., 2002). Folic acid and vitamin B9, have been reported 

to increase in the fecal matter of individuals ingesting certain strains of bifidobacteria. 

However, the detection of these vitamins in feces does not necessarily reflect their 

bioavailability for the host (Strozzi and Mogna, 2008). 

c) Production of conjugated fatty acids has been reported (Park et al., 2012, Coakley et 

al., 2009, Hennessy et al., 2012). Although it has not been definitely proven in human 

studies, conjugated linoleic acids are believed to have anticarcinogenic activity 

(Reviewd by Kelley et al., 2007). 

d) An increase in IgA, which acts against pathogens in the mucosal lining, was observed 

in vitro and in vivo when bifidobacteria components were fed to mice (Nakanishi et 

al., 2005, Hiramatsu et al., 2007). A decrease in IgE, associated to allergic responses, 
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was observed when Bifidobacterium bifidum was orally administered to mice (Ohno 

et al., 2005).  

e) Unmethylated CpG motifs, predominant in bacterial DNA, appear to modulate the 

immune system of the host (Krieg, 2002, Krieg and Kline, 2000, Yi et al., 1996). It 

has been proposed that this motif may exist in bifidobacteria since its DNA activated 

murine macrophages (Li et al., 2005) and in vitro assays showed induced secretion of 

anti-inflammatory interleukin-10 (Lammers et al., 2003) and transforming growth 

factor beta (TGF-β) that is necessary for the differentiation of T cells (Donkor et al., 

2012). 

2.  Bacterial stress response 

Bacteria are constantly exposed to different stress conditions. They respond to 

these conditions through complex regulatory mechanisms, which trigger the expression 

of genes that encode for stress protective proteins allowing them to survive or adapt to 

the new conditions. Most of the available information has been generated from the model 

organisms E. coli and Bacillus subtilis. Although certain aspects of the stress response, 

such as the heat-shock proteins (HSPs), are conserved among bacteria and sometimes all 

forms of life, the regulatory mechanisms are often distinct. The following review 

encompasses published data on the topic and how it applies specifically to bifidobacteria. 

2.1.  Heat-shock response  

Probiotics are exposed to heat shocks during processing such as spray drying and 

yogurt fermentation. The heat-shock response is a protective response of the cell to 

address protein misfolding due to environmental changes including other stresses in 

addition to heat stress (Yura and Nakahigashi, 1999). This response consists of the 

induction of HSPs that is triggered by the accumulation of defective proteins (Goff and 

Goldberg, 1985, Parsell and Sauer, 1989, Wild et al., 1993, Kanemori et al., 1994).  
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2.1.1.  Heat-shock proteins 

HSPs are a large family of molecular chaperones and proteases that work in a 

network to achieve diverse functions in the cell generally dealing with the quality control 

and recycling of polypeptides (Gottesman et al., 1997). Often proteins do not 

spontaneously fold into their proper tridimensional configuration. They can associate 

with one another through hydrophobic interactions forming an increasingly larger and 

stable aggregate lacking metabolic activity (Goloubinoff et al., 1999, Bukau and 

Horwich, 1998). At higher temperatures, misfolding and aggregation are more frequent. 

Chaperones interact with the exposed hydrophobic residues allowing the protein to fold 

into its native state (Bukau and Horwich, 1998). The requirement for these proteins is 

evident when mutants defective in rpoH (σ
32

), responsible for the transcription of most of 

these HSPs in E. coli, grow slowly at all temperatures and are not viable below 20°C 

(Zhou et al., 1988). These proteins are highly conserved throughout phylogenetic lines, 

such that DnaK in E. coli has 48% identity to Hsp70 in Drosophila (Bardwell and Craig, 

1984). 

2.1.1.1.  The DnaK chaperone 

The DnaK chaperone system is composed of three HSPs (DnaK, DnaJ, and GrpE) 

where DnaK (Hsp70) is the major chaperone while DnaJ (Hsp40) and GrpE act as co-

chaperones. DnaK mediates the disaggregation and refolding of small protein aggregates 

and interacts with the nascent polypeptide showing partially overlapping functions with 

the trigger factor (Mogk et al., 1999, Teter et al., 1999). Small aggregates are a preferable 

substrate for DnaK since the core component of the DnaK-binding site is hydrophobic 

(Rudiger et al., 1997) and smaller aggregates expose more hydrophobic residues 

(Reviewed by Ben-Zvi and Goloubinoff, 2001). In E. coli, this system is responsible for 

negatively regulating the heat-shock response by binding to σ
32

 under non-stress 

conditions (Gamer et al., 1996). DnaJ rapidly binds to σ
32

, this complex allows the ATP-

bond form of DnaK to effectively bind σ
32

 hydrolyzing ATP to ADP. GrpE, a nucleotide 

exchange factor (Packschies et al., 1997), now interacts with DnaK forming a GrpE-
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DnaK-DnaJ-σ
32

 complex with the release of ADP. This complex is required in vivo for 

the degradation of σ
32

 by FtsH (Gamer et al., 1996, Tomoyasu et al., 1995). Conversely, 

sequestering of the chaperone proteins by misfolded proteins frees σ
32

, avoids its 

degradation, and allows its binding to the core RNA polymerase. Additionally, DnaK and 

DnaJ can supplant the function of SecB, a non-HSP chaperone involved in exporting 

proteins by presenting them to the translocation machinery at the cell membrane (Qi et 

al., 2002). 

The role of the DnaK chaperone on regulation of the stress response was evident 

in E. coli when overexpression of DnaK resulted in decreased levels of GroEL (Petersson 

et al., 2004). In addition, overexpression of dnaK was toxic to E. coli, an effect that was 

partially alleviated by co-expression of dnaJ (Blum et al., 1992). In Mycobacterium 

tuberculosis, DnaK is also involved in regulating the heat-shock response by binding and 

activating the repressor HspR through interactions in its hydrophobic C-terminal tail 

(Bandyopadhyay et al., 2012). Similarly, this interaction has been observed in 

Streptomyces coelicolor (Bucca et al., 2000) and has been proposed in Bifidobacterium 

breve (Zomer et al., 2009). 

2.1.1.2.  The GroEL chaperone 

Another chaperone system is composed of GroEL (Hsp60) and its co-chaperone 

GroES (Hsp10). This chaperone system interacts with the newly synthesized proteins and 

helps them fold properly (Baneyx and Gatenby, 1992, Weiss and Goloubinoff, 1995). 

Furthermore, GroEL/ES is able to suppress the deficiency of DnaK and TF 

(Vorderwulbecke et al., 2004, Genevaux et al., 2004). Although GroEL alone is able to 

assist in the folding of certain protein substrates, GroES is needed for its optimal 

functionality (Reviewed by Chaudhuri et al., 2009). GroEL is composed of two ring 

structures stacked back to back (Braig et al., 1994). Substrate binding occurs in one ring 

before the binding of GroES at the same ring. Once bound, GroES induces 

conformational changes in the inner cavity of GroEL, increasing to twice its original 

volume and shifting from a hydrophobic to a hydrophilic environment. This hydrophilic 
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and isolated environment permits the folding of the substrate. In addition, a GroES-

independent mechanism has also been elucidated (Inbar and Horovitz, 1997). This 

mechanism assists in the folding or degradation of oversized substrates that block the 

binding of GroES. In a similar way as DnaK, GroEL is involved in stress-related 

regulatory functions by binding and activating the repressor HrcA (Reviwed by 

Narberhaus, 1999). HrcA, discussed below, is present in several bacteria including 

Bacillus subtilis and Actinobacteria.  

2.1.1.3.  Small heat-shock proteins 

Small heat-shock proteins (sHSP), in contrast with other HSPs, vary in sequence, 

size of single polypeptide and oligomerization subunit number (Reviewed by Nakamoto 

and Vigh, 2007). They cooperate with other HSPs by binding to non-native proteins in 

order to refold them. These chaperones are a family of proteins of about 15 to 43 kDa 

with a conserved α-crystalline domain composed of several β-strands responsible for 

dimerization (Caspers et al., 1995). The sHSP Hsp20 was predicted in the genomes of B. 

breve, B. longum, and B. adolescentis (Ventura et al., 2007). Heat-shock (50°C) and 

osmotic stress (0.7M NaCl) were shown to up-regulate the transcription of the sHSP in B. 

breve. The sHSP Lo18 in Oenococcus oeni, is a membrane associated protein that 

maintains the integrity of the cell membrane during heat, ethanol, and benzyl alcohol 

stress (Coucheney et al., 2005). Hsp18.5 and Hsp19.3 in Lactobacillus plantarum are 

regulated by a HrcA/CIRCE mechanism (reviewed by Sugimoto et al., 2008). The sHSP 

Hsp16.4 has been identified in Streptococcus thermophilus. In E. coli, IbpA and IbpB are 

members of this family and are 48% identical in their amino acid sequences (Chuang et 

al., 1993). They form 2 to 3 MDa oligomers consisting of about 100-150 subunits that 

dissociate when exposed to high temperatures into smaller structures of approximately 

600 kDa with increased hydrophobic surface exposure (Shearstone and Baneyx, 1999, 

Kitagawa et al., 2002). The overexpression of these proteins resulted in enhanced heat 

and oxidative stress tolerance and delayed degradation of inclusion bodies (Kitagawa et 

al., 2000, LeThanh et al., 2005). 
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2.1.1.4.  Universal stress protein 

The universal stress protein (USP) family is highly conserved in all three domains 

of life, but its function in vivo is poorly understood. The number of USP paralogs present 

in a genome varies greatly from 12 in Streptomyces coelicolor to one in Xanthonomas 

campestris, while E. coli contains six (O'Toole and Williams, 2003). The first of these 

proteins discovered was UspA in E. coli (Thomas and Frederick, 1992). UspA expression 

is up-regulated in response to various stresses including heat shock, starvation, presence 

of toxic agents and DNA damaging conditions. In E. coli the other five members of the 

family are UspC (YecG), UspD (YiiT), UspE (YdaA), UspF (TnaF), and UspG (TbdQ or 

UP12) (Gustavsson et al., 2002). In E. coli, USPs contain σ
70

–dependent promoters, thus 

their expression is σ
32

–independent (Thomas and Frederick, 1992). In Bifidobacterium, 

an analog of uspA is present (Ventura et al., 2005). The gene is flanked by a clpC analog, 

which is heat stress-induced. In addition, B. breve and B. longum harbor other stress-

inducible genes, groEL, cspA, and cspB, in the same chromosomal region suggesting a 

function in the stress response.  

2.1.1.5.  Proteases 

Proteases control the concentration of proteins in the cell as well as the 

accumulation of damaged or misfolded proteins (Koodathingal et al., 2009). They have 

been classified into two major groups: ATP-dependent proteases that are active in the 

cytoplasm and ATP-independent proteases that are active in the periplasmic region. Since 

a periplasmic region, where ATP is not readily available, does not exist in gram-positive 

organisms, these proteases are limited to gram-negative bacteria. 

Hsp100/Clp is a family of chaperones and ATP-dependent proteases that includes 

ClpA, ClpB, ClpY, and ClpX (reviewed by Schirmer et al., 1996). The name originated 

from the first member identified, which was described as a casein proteolytic complex or 

caseinolytic protease, ClpA (Katayama-Fujimura et al., 1987). Although these enzymes 

do not show sequence similarity other than at the ATP-binding domain, they have similar 

tridimensional structures (reviewed by Baumeister and Pouch, 1998). They form barrel-



 

12 

shaped complexes of one or more ring structures that encapsulate the proteolytic active 

sites in a central chamber. To reach the central chamber, the substrate has to be unfolded 

and translocated through a channel (Koodathingal et al., 2009). Charonin is the term 

proposed for the protease-associated chaperone activity needed to unfold substrates that 

will be degraded by a proteolytic component (VanMelderen et al., 1996). Regulatory 

domains at either end of the structure recognize the substrate through covalent 

modifications and sequence motifs that are part of the substrate amino acid sequence or 

an adaptor protein. Once bound the substrate is unfolded and degradated in a sequential 

manner starting from the targeting sequence and moving towards the C- or N-terminus of 

the substrate (Lee et al., 2001). Furthermore, all the ATP-dependent proteases studied to 

date, including eukaryotic enzymes, degrade their substrate using a common proteolytic 

mechanism as suggested by the range of product sizes they generate (Choi and Licht, 

2005, Kisselev et al., 1999, Wataru and Kenji, 2003). 

Bifidobacteria harbors genes encoding ClpB, ClpC, ClpX, Lon and two genes 

encoding ClpP. ClpX shows charonin activity when forming complexes with ClpP 

(Katayama et al., 1988). ClpB also shows disaggregation activity, cooperating with the 

DnaK system, which can lead to proteolysis of the misfolded substrate but it does not 

associate to ClpP (Goloubinoff et al., 1999, Schirmer et al., 1996). This bichaperone 

network enables faster disaggregation of small and large aggregates (Mogk et al., 1999, 

Diamant et al., 2000). Finally, Lon and FtsH have weak intrinsic charonin activity and do 

not complex with other components (Koodathingal et al., 2009, Herman et al., 2003). In 

E. coli, ClpA forms a complex with ClpP (Katayama et al., 1988) while ClpY (HslU) 

forms a complex with ClpQ (HslV) (Lien et al., 2009). ClpB and Lon are also present in 

E. coli. 

2.1.1.6.  The chaperone network 

The chaperone and protease systems mentioned above work as a network to 

effectively disaggregate, refold, and if necessary, degrade proteins. Compact aggregates 

are processed by ClpB and to a lower extent by excess DnaK. This process is facilitated 
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by sHSPs presumably by keeping the substrate in a disaggregation competent state 

(Matuszewska et al., 2005). The resulting loose aggregates with exposed hydrophobic 

surfaces are processed by ClpB and DnaK and its co-chaperones DnaJ and GrpE. This 

system can disaggregate and reactivate a wide range of natural substrates (Goloubinoff et 

al., 1999). If needed, the resulting solubilized proteins are folded into their native state 

with the aid of GroEL and its co-chaperone GroES (Ben-Zvi and Goloubinoff, 2001). 

Alternatively, the disaggregation process yields substrates for protease degradation.  

2.1.2.  Regulatory mechanisms 

Although many HSPs are conserved, their regulatory mechanisms differ among 

bacteria. These mechanisms can be grouped into specialized σ-factors, transcriptional 

repressors and transcriptional activation systems (Ventura et al., 2006). Additionally, a 

classification system has been developed for Bacillus subtilis as the model organism for 

gram-positive bacteria. Firmicutes literature and some of the Actinobacteria literature 

refers to this classification. 

2.1.2.1.  Classification of HSP in Bacillus subtilis  

In B. subtilis HSPs have been divided into six classes (Yura and Nakahigashi, 

1999, Sugimoto et al., 2008). Class I includes the chaperones DnaKJ-GrpE and GroEL-

GroES whose expression is negatively controlled by HrcA. Class II includes genes whose 

transcription is σ
B
-dependent. Class III includes the clp family of genes (clpB, clpC, clpE, 

clpL, and clpP) that are controlled by the class three-stress gene repressor, CtsR, 

currently only found in Firmicutes (Derre et al., 1999, Kruger et al., 2001). Class IV 

includes HtpG, the bacterial Hsp90, which is a highly conserved chaperone in all three 

domains (Panaretou et al., 1998). HtpG is required for optimal protein folding in heat 

stressed cells (Panaretou et al., 1998, Thomas and Baneyx, 1998). It has been suggested 

that this chaperone cooperates with the major chaperone systems in an ATP-dependent 

manner (Thomas and Baneyx, 1998). In B. subtilis, the chaperone is positively controlled 

by an unknown regulator that binds downstream of the -10 region to the sequence 
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AAAAGG (Versteeg et al., 2003). Typically, repressors act by binding downstream of 

the -10 region. However, in this rare regulatory mechanism, mutations in the binding 

sequence inhibit up-regulation of the gene, such that the binding of the regulator 

downstream of the -10 region enhances transcription. In E. coli, this chaperone is 

transcribed by σ
32

–RNA polymerase, while in B. subtilis it is transcribed through a σ
A
–

dependent promoter. Class V consists of the genes htrA and htrB that are regulated by the 

control of secretion stress regulator and sensor (CssRS) two-component system. Class VI 

includes the rest of the heat-induced genes whose mechanism of induction has not been 

elucidated. 

2.1.2.2.  Specialized sigma (σ) factors 

The σ-subunit of the RNA polymerase holoenzyme is responsible for the 

recognition of specific sequences in the promoter regions of genes (Gruber and Gross, 

2003). These σ-factors can be divided into four groups (Lonetto et al., 1992). Group 1 

includes the housekeeping sigma factor σ
70

 and closely related σ-factors. Group 2 are 

Group 1-related σ-factors that are not essential for growth such as σ
S
. Group 3 are 

specialized and distantly related to Group 1 σ-factors such as σ
32

. Group 4 are extra-

cytoplasmatic function σ-factors (ECF) such as σ
E
. Many bacteria, especially those with 

complex genomes living in changing environments, contain multiple ECF σ-factors that 

often outnumber all other types of σ-factor combined (Helmann, 2002). For example 

Bacillus subtilis has seven ECF σ-factors, Mycobacterium tuberculosis has 10, 

Caulobacter crescentus encodes 13, Pseudomonas aeruginosa possess approximately 19, 

and Streptomyces coelicolor harbors more than 60 (Helmann, 2002). 

In addition to the housekeeping sigma factor, encoded by rpoD, and the stationary 

phase sigma factor, encoded by rpoS, bioinformatics tools showed that Bifidobacterium 

longum and B. adolescentis encode one σ
E
 analog in their genome, while B. breve 

encodes two (Ventura et al., 2006). However, their function in the stress response has not 

been reported. 
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The genome of Streptomyces coelicolor encodes more than 60 different σ-factors 

(Reviewed by Ventura et al., 2006). However, only σ
B
 and σ

H
 are associated with stress 

responses (Lee et al., 2005). Interestingly, the σ
E
 homolog does not respond to stress, but 

it is believed to be required for normal cell wall structure (Paget et al., 1999). 

Mycobacterium tuberculosis harbors 13 σ-factors from which σ
F
, σ

H
, and σ

E
 are 

key in the response to oxidative and heat stress (Cole and Barrell, 1997, Wu et al., 1997). 

The σ
F
 is related to the S. coelicolor σ

F
 (DeMaio et al., 1996). However, the M. 

tuberculosis σ
F
 is involved in stress response and stationary phase gene expression in a 

similar way as the B. subtilis σ
B
.  

In Bacillus subtilis, more than 150 genes, several analogs to those transcribed by 

σ
S
-RNA polymerase in E. coli, are transcribed in a σ

B
-dependent manner. Genes with σ

B
-

dependent expression are involved in a wide range of functions from general stress 

response to virulence (Hecker et al., 2007). This σ-factor is tightly regulated through 

signaling pathways that respond to heat, acids, ethanol, salt, energy depletion, and growth 

at low temperatures (Yura and Nakahigashi, 1999, Reviewed by Hecker et al., 2007). The 

σ
B
-dependent response is conserved in gram-positive microorganisms except for strictly 

anaerobic and some facultative anaerobic bacteria (Hecker et al., 2007).  

In E. coli, three σ-factors are responsible for the expression of stress-induced 

genes. These alternative σ-factors are σ
32

, σ
E
 (σ

24
), and σ

S
 (RpoS). More than 50 HSP 

genes have a σ
32

-dependent promoter (Straus et al., 1987, Nonaka et al., 2006). These 

proteins include molecular chaperones, to aid in the folding of proteins, and proteases to 

destroy misfolded proteins. Among the molecular chaperones are ClpB, DnaJ, DnaK, 

GroEL, GroES, GrpE, HslO (Hsp33), HtpG, IbpA, and IbpB. The proteases include ClpP, 

ClpQ (HtpO, HslV), ClpX, ClpY (HtpI, HslU), FtsJ, HflB (FtsH), and Lon. Interestingly, 

rpoD (σ
70

) also has a σ
32

-dependent promoter (Nonaka et al., 2006). The σ
S
-RNA 

polymerase is involved in the expression of several genes up-regulated during stationary 

phase and in response to stress in exponential growth. This σ-factor and its encoding gene 

can be found in the literature as σ
38

, nur, appR, csi-2, abrD, and KatF (Loewen and 

Henggearonis, 1994). More than 480 genes are transcribed by σ
S
-RNA polymerase 
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(Weber et al., 2005). At least 50 of these genes are induced during carbon starvation. 

Similarly, genes involved in nitrogen and phosphate starvation, osmotic, and acid stress 

are transcribed from genes featuring σ
S
-dependent promoters (Loewen and Henggearonis, 

1994, Weber et al., 2005). Homologs of rpoS in pathogens could play a role in 

pathogenicity by conferring resistance to salts, H2O2, acids, and other stresses 

encountered in the host (Fang et al., 1992, Aguilar et al., 2003, Dong et al., 2009, 

Waterman and Small, 2003). Genes encoding periplasmic proteases and folding enzymes 

induced by envelope stress have σ
E
-dependent promoters, also known as σ

24
 (Erickson 

and Gross, 1989). The σ
E
-RNA polymerase transcribes stress genes in response to high 

temperatures (> 43°C), ethanol, and other conditions that can induce denaturing of 

envelope proteins (Ruiz and Silhavy, 2005, Hiratsu et al., 1995). The gene rpoH also 

features a σ
E
-dependent promoter (Yura and Nakahigashi, 1999). 

2.1.2.3.  Transcriptional repression systems 

2.1.2.3.1.  HrcA-CIRCE system 

HrcA (heat regulation at CIRCE) negatively regulates the transcription of Class I 

HSPs by binding to a conserved promoter region with inverted repeats known as 

controlling inverted repeat of chaperone expression (CIRCE) (Zuber and Schumann, 

1994). While these inverted repeats were first identified in M. tuberculosis, they have 

now been identified in more than 70 bacterial species, including E. coli, with a consensus 

sequence of TTAGCACTC(N9)GAGTGCTAA (Zuber and Schumann, 1994, Baird et al., 

1989). The CIRCE element together with the HrcA as a repressor were first described in 

B. subtilis as negatively controlling the expression of the dnaK and groESL operons 

(Zuber and Schumann, 1994). Interestingly, GroEL exerts a post-transcriptional positive 

regulation over HrcA by avoiding its aggregation and rendering it active (Mogk et al., 

1997).  

In B. breve and other Actinobacteria, a hrcA homolog is associated with a second 

copy of dnaJ (dnaJ2) while the other copy is part of the dnaK operon (Ventura et al., 

2006, Grandvalet et al., 1998). Specifically in B. breve, the bicistronic operon, hrcA-
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dnaJ2, appears to be induced by osmotic stress and not by heat stress (Ventura et al., 

2005). In B. longum and B. breve, groES is associated with a CIRCE region, while 

groEL, in a different chromosomal region, has no conserved CIRCE region associated to 

it (Ventura et al., 2004). However, it has been experimentally proven that HrcA binds to 

the promoter region of hrcA-dnaJ2, groES and groEL (Zomer et al., 2009). 

In Streptomyces albus, the hrcA operon was shown to be heat-inducible 

(Grandvalet et al., 1998). Additionally, the presence of a CIRCE region upstream of the 

hrcA-dnaJ2 genes suggests that hrcA negatively auto-regulates itself (Grandvalet et al., 

1998).  

2.1.2.3.2.  HspR regulon 

First identified in Streptomyces coelicolor, the dnaK operon is regulated by a 

repressor designated heat-shock protein regulator (HspR) (Bucca et al., 1995). In S. 

coelicolor, as well as Bifidobacterium species, the dnaK operon consists of four genes: 

dnaK, grpE, dnaJ1, and hspR (Ventura et al., 2006). HspR binds to three inverted repeat 

sequences in the promoter region of the dnaK operon preventing its expression (Bucca et 

al., 1995, Bucca et al., 1997). The repeats, of consensus sequence 

CTTGAGT(N7)ACTCAAG, were found in other gram-positive bacteria and have been 

designated HspR associated inverted repeats (HAIR) (Grandvalet et al., 1999). It was 

proposed that DnaK acts as a co-repressor by activating HspR (Bucca et al., 2000). 

Recently, this interaction has been experimentally demonstrated in a closely related 

organism, Mycobaterium tuberculosis, and attributed to the C-terminal hydrophobic tail 

of HspR (Bandyopadhyay et al., 2012). When DnaK is sequestered away from HspR by 

misfolded proteins, HspR is rendered inactive permitting higher transcription of the dnaK 

operon (Bucca et al., 2000). 

HAIR motifs have been identified upstream of dnaK and lon genes in S. 

coelicolor (Bucca et al., 1997, Sobczyk et al., 2002). Orthologues of hspR have been 

discovered in many Actinobacteria, including Bifidobacterium spp., as well as distantly 

related bacteria such as Helicobacter pylori and Campylobacter jejuni (Andersen et al., 
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2005, Tomb et al., 1997). In several Actinobacteria, such as M. tuberculosis, M. leprae, 

and B. breve, the HspR regulon is composed of dnaK, grpE, dnaJ1, hspR and clpB 

(Ventura et al., 2006). It has been proposed that in B. breve, a shorter HAIR sequence 

(TGAG(N9)CTCA) is present in the putative promoter regions of 16 genes up-regulated 

in response to osmotic, heat and oxidative stress (Ventura et al., 2005). In B. longum, it 

has been experimentally demonstrated that the dnaK and clpB operons are under the 

repression of HspR and mutations in the encoding gene confers heat resistance (Berger et 

al., 2010). Equally, clgR is also under HspR control (Zomer et al., 2009). Interestingly, 

recA and recX, part of the SOS response, seem to be cotranscribed with clgR, although 

LexA could prevent this cotranscription. 

2.1.2.3.3.  RheA regulon 

A heat inducible sHSP, Hsp18, involved in thermotolerance at extreme 

temperatures was identified in Streptomyces albus as being under transcriptional and 

post-transcriptional regulation (Servant and Mazodier, 1995, Servant and Mazodier, 

1996). The product of the repressor of HSP eighteen (rheA) gene encoded upstream of 

hsp18 is responsible for transcriptional repression of the gene at 30°C (Servant and 

Mazodier, 1996, Servant et al., 2000, Servant et al., 1999). RheA binds to the promoter 

region of hsp18 and its own at the inverted repeats TGTCATC(N5)GATGACA only at 

low temperatures (Servant et al., 2000). Although the mRNA from hsp18 was detected in 

a ΔrheA mutant, no Hsp18 protein was detected at 30°C (Servant and Mazodier, 1996). 

The protein was detected only after a heat-shock indicating that the mRNA is under post-

transcriptional regulation. It has been hypothesized that secondary structures of the 

mRNA could be involved in this regulation by preventing ribosomal binding. This 

structure is unstable at higher temperatures, thus, translation is permitted. 

The RheA regulon is only present in certain Streptomyces spp. (Ventura et al., 

2006). S. albus, S. pristinaespiralis, and S. parvulus harbor this regulatory mechanism. 

However, S. coelicolor and S. lividans do not. A bioinformatics approach searching for 
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rheA orthologues confirmed that this mechanism of HSP regulation is limited to certain 

species of Streptomyces. 

2.1.2.3.4.  CtsR regulon 

Class III HSPs are regulated by the class three-stress gene repressor (CtsR) (Derre 

et al., 1999, Kruger et al., 2001). In B. subtilis, this repressor is coded by the first gene in 

the clpC operon. CtsR exerts its repressing activity over clpC, clpP and clpE operons by 

binding to a direct repeat termed CtsR-box, A/GGTCAAANANA/GGTCAAA (Derre et 

al., 1999). The clpC operon is transcribed through σ
B
- and σ

A
-dependent promoters and it 

is composed of ctsR, mcsA, mscB and clpC (Kruger et al., 2001). The clpP gene has σ
B
- 

and σ
A
-dependent promoter region and clpE has σ

A
-dependent promoter. In other 

Firmicutes, these genes are sometimes under overlapping regulation of the HrcA 

repressor and σ
B
-dependent transcription (Frees et al., 2007). CtsR orthologues are 

present in Listeria monocytogenes, Lactococcus lactis, Clostridium acetobutylicum, 

Enterococcus faecalis, Streptococcus pyogenes, and Streptococcus pneumoniae. In 

Actinobacteridae, this set of genes is positively regulated by ClgR.  

CtsR activity is regulated by its modulators McsA and McsB (Kirstein et al., 

2005). MscB is a tyrosine kinase that requires MscA to become active and phosphorylate 

itself, MscB, and subsequently CtsR (Kirstein et al., 2005). The phosphorylation of CtsR 

tags it for degradation by ClpCP and ClpEP (Kruger et al., 2001). Under non-stress 

conditions MscB, MscA and ClpC form a complex that inhibits the activity of MscB 

(Kirstein et al., 2005). In these conditions, CtsR is free to bind to the operator region of 

HSPs blocking transcription. When denatured proteins associate with ClpC, MscA/MscB 

binds to CtsR leading to its phosphorylation and inactivation, allowing strong 

transcription. 
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2.1.2.4.  Transcriptional activation systems 

2.1.2.4.1.  Cpx, Bae, and Css systems 

The Css system is a two-component system in B. subtilis that is involved in 

envelope stress (Darmon et al., 2002). The system consists of the response regulator CssR 

and the sensor kinase CssS. This system activates the transcription of at least two genes, 

htrA and htrB, which are membrane-anchored proteases. In lactic acid bacteria and 

Bifidobacterium, only htrA analogs have been identified (Sugimoto et al., 2008).  

The Cpx system is a homolog of the Css system first identified in E. coli by 

means of mutational studies of conjugative pilus expression (McEwen and Silverman, 

1980). This two-component system is also involved in activating transcription in response 

to envelope stress. The BaeS sensor kinase and BaeR response regulator are another two-

component envelope stress-sensing system in E. coli (Raffa and Raivio, 2002). This 

system was identified when a gene, spheroplast protein Y (spy), was observed to be part 

of the Cpx regulon. However, it was also regulated through another pathway, termed 

bacterial adaptive response (Bae) (Raffa and Raivio, 2002). The Bae and Cpx systems are 

both inducible by lysozyme treatment, indole, and overproduction of misfolded PapG 

(Raffa and Raivio, 2002). 

2.1.2.4.2.  ClgR regulon 

In Actinobacteridae, a similar group of genes that are negatively regulated by 

CtsR are positively regulated by the clp gene regulator (ClgR). ClgR was first identified 

in Streptomyces lividans as a transcriptional activator regulating the clpP1, clpC1, lon, 

and clgR genes (Bellier and Mazodier, 2004). ClgR directly binds to an imperfect 

palindromic motif GTTCGCY(3N)RGCG(G/T/A)A/TG/C in the operator region of 

regulated genes. Additionally, ClpP1 and ClpP2 degrade several proteins encoded by the 

ClgR regulon, exerting post-translational control over the regulon (Bellier et al., 2006). 

In Corynebacterium glutamicum and Mycobacterium tuberculosis, expression of 

clpC and clpP are under dual control of σ
H
-dependent promoter and ClgR (2005, Engels 

et al., 2004). Interestingly, the ClgR promoter region has an HspR binding site. A ΔclpC 
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mutant showed a six-fold increase in the expression of clpP1 and clpP2 with only a slight 

increase in other HSPs (Engels et al., 2004). This suggests that ClpC is involved in the 

negative regulation of clpP1 and clpP2. Depletion of ClpP1 and ClpP2 resulted in the 

accumulation of ClgR, thus, it has been proposed that ClpCP degrades ClgR. At least 16 

genes are part of the ClgR regulon and most of them are involved in proteolytic activities 

in the cell or recombinational repair of DNA damage (Engels et al., 2005). However, 

these genes are not up-regulated in response to heat stress. Thus, the actual environmental 

stimuli remain unknown. 

In the same way, ClgR homologs in B. breve bind to the promoter region of clpC 

and clpP1-clpP2-clpX (Ventura et al., 2005). In addition, hrcA-dnaJ2 also harbors a ClgR 

binding site (Zomer et al., 2009). ClgR requires GroESL to bind to the promoter region 

(Zomer et al., 2009). ClgR and its cofactor bind to the consensus sequence 

CGCT(4N)GCCNA that is also found in other related bacteria (Ventura et al., 2005). 

ClgR up-regulation appears to be active at 43°C, but not at 50°C or due to osmotic stress 

(Ventura et al., 2005, Ventura et al., 2005).  

2.2.  Cold stress 

When probiotics are incorporated in food products, they often encounter low 

temperatures (4°C), which are used to extend the shelf life of the product. During heat, 

ethanol, acid, and osmotic pressure the main problem that the cell faces is denatured 

proteins. However, during cold stress the cell suffers primarily from two other problems 

(Reviewed by Lindner et al., 2007). The first problem is reduced membrane fluidity, 

which retards membrane-associated functions such as transport systems. The second 

problem consists of stabilized DNA and RNA secondary structures that affect 

transcription, translation, and DNA replication. Accordingly, this response involves a 

different set of proteins in E. coli (Jones and Inouye, 1994). In Bacillus subtilis, some 

cold-shock proteins are induced upon heat-shock (Graumann and Marahiel, 1996). 

However, after a cold shock most general stress and HSPs are suppressed. No reports are 

currently available on the response of bifidobacteria to cold stress. 
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When E. coli is shifted from 37°C to 10°C, there is a lag phase of approximately 4 

h, after which, cell growth is resumed (Jones et al., 1987). During the lag phase, synthesis 

of the majority of intracellular proteins is stopped. However, the RNA chaperone cold-

shock protein A (CspA) is strongly up-regulated (Jiang et al., 1997). Two hours after the 

cold shock 28 proteins are synthesized, of which 14 are just temporarily induced 

(Golovlev, 2003). At the end of the lag phase, 50 additional proteins are synthesized, all 

of which are found in cells growing at 37°C. 

B. subtilis continues to grow at a slow rate after a cold shock by means of the 

expression of at least 75 proteins (Graumann and Marahiel, 1996). The expression of 36 

of these proteins peaked at 30 – 60 min after the cold shock and decreased until a new 

protein pattern was achieved after 2 h (Graumann and Marahiel, 1996). Mycobacterium 

tuberculosis responds to cold shocks (25°C) by up-regulating the expression of σ
I
 and to 

a lower extent σ
D
, while M. bovis responds by up-regulating σ

F
 (Manganelli et al., 1999).  

2.2.1.  Cold-shock protein A (CspA)  

CspA, previously known as F10.6 and CS7.4, is the only genuine cold-shock 

protein in E. coli, since it is synthesized only at lower temperatures (Golovlev, 2003). 

Homolog proteins are widely distributed among Eubacteria and Archaea, including nine 

in E. coli (Yamanaka et al., 1998). Furthermore, the eukaryotic Y-box protein contains a 

domain with 40% identity to the E. coli CspA. This cold-shock domain (CSD) is one of 

the most conserved nucleic acid-binding domains known and is capable of binding 

single-stranded DNA/RNA and double-stranded DNA (Graumann and Marahiel, 1996). 

In E. coli, it has been suggested that CspA binds to an ATTGG box in the promoter 

region to induce transcription during growth at low temperatures (Graumann and 

Marahiel, 1996). However, not all cold-shock inducible genes contain an ATTGG motif. 

The expression of cspA is tightly regulated. After a cold shock (10°C or 15°C), CspA 

represents 13% of the total protein synthesized in the cell, whereas, at 37°C the protein 

cannot be detected (Goldstein et al., 1990).  
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In Bacillus subtilis, three homologs of CspA have been identified (Graumann and 

Marahiel, 1996). These are the cold-shock inducible proteins CspB, CspC and CspD. 

CspB has a similar function as CspA in E. coli. CspB binds preferentially to single 

stranded DNA containing the sequence ATTGG (Schroder et al., 1995). CspB and CspC 

play a major role when cells enter the stationary phase, to such an extent that cells with 

double deletions are lysed when entering stationary phase (Graumann and Marahiel, 

1999). In a similar way to E. coli, deletion mutants of any of the genes do not show any 

major phenotypic change (Graumann et al., 1996, Graumann et al., 1997). However, in a 

ΔcspB mutant, 15 proteins were negatively affected. In addition, double deletions of any 

of the three genes showed phenotypic defects and a triple deletion was not viable unless 

complemented by a plasmid (Graumann et al., 1997).  

Lactic acid bacteria and Bifidobacterium species also harbor a cspA analog (Kim 

et al., 1998). In Lactobacillus plantarum, cspL, cspP and cspC have been reported to 

respond to cold stress (Derzelle et al., 2000). Overexpression of cspL resulted in 

improved growth rate at low temperatures (8°C), cspP reduced lag phase of stationary 

phase cultures diluted into fresh medium and cspC improved the tolerance to freezing 

(Derzelle et al., 2003). In Bifidobacterium, cspA is co-transcribed with groEL in response 

to heat and osmotic stress (Lindner et al., 2007). However, no experimental support has 

been published to confirm their role in the cold-shock response. 

2.3.  Oxidative stress  

Bifidobacteria are anaerobic bacteria, thus the exposure to oxygen is particularly 

detrimental when incorporating the bacteria in food products. Oxidative stress, in the 

form of free radicals, affects the cell by damaging DNA and rendering proteins inactive. 

Thus, cells have systems to cope with this stress by reacting with free radicals, 

maintaining reducing conditions in the cell and repairing DNA and other damaged 

components. In nature, reduction of the O2 molecule leads to the formation of O2
–
, H2O2 

and OH
•
, which are responsible for the toxicity of oxygen (Fridovich, 1998). Catalases 

and NADH peroxidases are enzymes commonly found in bacteria to deal with the effects 
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of these compounds. In Bifidobacterium, it has been observed that different species 

respond differently to oxygen through mechanisms that are not well understood. 

However, the tolerance to oxidative stress appears to be linked to the accumulation of 

H2O2 (Kawasaki et al., 2006, De Vries and Stouthamer, 1969, Kawasaki et al., 2007). As 

H2O2 accumulates, the activity of fructose-6-phosphate phosphoketolase is inhibited and 

growth is halted. Accordingly, strains that are able to grow in the presence of O2 do not 

accumulate H2O2 and strains that accumulate H2O2 grow poorly. Nonetheless, certain 

strains do not grow or accumulate H2O2 in aerobic conditions. Showing how 

understanding the stress response can help these bacteria cope with environmental 

stresses, it was recently reported that the heterologous expression of a catalase gene in B. 

longum 105-A lead to improved oxygen tolerance (He et al., 2012). 

In Streptomyces coelicolor, RexA is a protein that senses oxidative stress by 

binding to NAD
+
 and NADH (Brekasis and Paget, 2003). NADH binding reduces its 

affinity to the promoter regions of several operons, including cydABCD and rex-hemACD 

involved in oxidative response, reducing their expression. Homologues of this protein 

exist in several gram positive bacteria including B. asteroides (Bottacini et al., 2012). 

In Bacillus subtilis, PerR is the main oxidative stress regulator (Helmann et al., 

2003). PerR is related to the ferric-uptake repressor (Fur) family of regulatory proteins 

(Lee and Helmann, 2006). This transcriptional repressor is activated by the binding of 

ferrous iron. Upon exposure to oxidizing conditions, PerR releases the iron atom 

generating a conformational change that inhibits its DNA binding capacity. The PerR 

regulon includes the genes encoding for catalase A, alkylhydroperoxide reductase, and 

the Dps-like DNA-binding protein MrgA that acts to detoxify peroxides and minimize the 

damage from Fe-catalyzed redox reactions (Lee and Helmann, 2006). Many of the genes 

that PerR regulates are analogs to those regulated by OxyR in other bacteria (Imlay, 

2008).  

E. coli uses two transcription factors, SoxR and OxyR, to sense oxidants and 

induce the expression of genes to cope with oxidative stress (Pomposiello and Demple, 

2001). Analogs for both are present in bifidobacteria. SoxR is part of a two-component 
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system, SoxRS (Amabilecuevas and Demple, 1991). SoxR is constitutively produced at 

low levels and it induces expression of soxS in response to oxidative stress (Gaudu et al., 

1997). SoxS is a transcriptional activator of more than 16 genes. Interestingly, the 

expression of these genes renders the cell resistant not only to superoxide-generating 

agents, but also to organic solvents, nitric oxide (which can be generated by 

macrophages) and antibiotics (Greenberg et al., 1990, Chou et al., 1993). SoxR binds, as 

a dimer containing Fe-2 S clusters, to the promoter region of the divergently transcribed 

soxR and soxS genes (Wu and Weiss, 1991, Hidalgo et al., 1995). The dimer exhibits 

transcription-inducing capacity when oxidized, thus up-regulating the transcription of 

soxS more than 100-fold (Hidalgo and Demple, 1994).  

OxyR is a transcriptional activator (Storz et al., 1990) that responds to H202 

(Christman et al., 1985) and nitrothiol stress (Hausladen et al., 1996). OxyR binds as a 

tetramer to a set of four ATAG elements spaced by 10 bp in promoter regions (Toledano 

et al., 1995). Each monomer contains two cysteine residues that form intramolecular 

disulfide bonds when exposed to oxidative stress (Pomposiello and Demple, 2001, 

Toledano et al., 1995). OxyR binds to its own operator region regardless of its redox state 

(Pomposiello and Demple, 2001). In this case, OxyR acts as a transcriptional repressor 

and limits the amount of protein produced in the cell. OxyR orthologues have been 

identified in more than 15 bacterial species including gram-positive bacteria 

(Pomposiello and Demple, 2001, Choi et al., 2007, Hahn et al., 2002, Kim and Mayfield, 

2000, Ramachandran et al., 2000, van Vliet et al., 1999, Dhandayuthapani et al., 1997). 

These oxidative stress sensing regulators in Mycobacterium tuberculosis have been 

recently reviewed (Bhat et al., 2012).  

In E. coli, Hsp33, coded by the hslO gene, protects proteins under oxidative stress 

conditions when other HSPs, such as DnaK, are unable to function (Winter et al., 2005). 

DnaK is inactivated under oxidative and heat stress losing its chaperone activity due to a 

drop in cellular ATP that causes the N-terminal ATPase domain to unfold. Hsp33 

becomes active in oxidative and heat stress conditions by the triggering of disulfide bond 

formation in four conserved cysteine residues (Winter et al., 2005, Kumsta and Jakob, 



 

26 

2009). The activation of Hsp33 leads to the exposure of high affinity binding sites for 

unfolded protein substrates, these substrates overlap in many cases with DnaK substrates. 

When the stress condition is cleared, cellular ATP and reducing conditions are restored, 

thus Hsp33 is inactivated at the same time that DnaK becomes active again (Winter et al., 

2005). Many lactic acid bacteria harbor orthologues of Hsp33 (Sugimoto et al., 2008). 

However, Bifidobacterium spp. and certain Lactobacillus spp. lack an orthologue protein. 

2.4.  Bile salts and acid stress  

Bile salts and acids are encounter during early transit through the gastrointestinal 

tract at concentrations typically ranging from 10 mM in the small intestine to 1 mM in the 

cecum (Hofmann, 1999). Thus, a probiotic strain must withstand these stresses to reach 

its colonization site, which is the large intestine in the case of bifidobacteria. In addition, 

acids are produce during food fermentations where probiotics are commonly 

incorporated.  Bile salts achieve their antimicrobial effect by disrupting the cell 

membrane. As a consequence, acid, osmotic, and stationary phase adaptations that alter 

the characteristics of the membrane renders the cells more resistant to the effects of bile 

salts (Begley et al., 2005). This suggests that a similar mechanism is involved in coping 

with all these environmental conditions. Gram-negative bacteria seem to be inherently 

more tolerant to bile salts than gram-positive, thus bile salts are often used in their 

selective enrichment media. The tolerance for bile salts is a strain-specific trait and 

tolerances show high variability within a species or genus (Begley et al., 2005). This 

variability may explain contradicting studies where B. longum was reported to have 

higher tolerance than B. infantis in some studies, while the opposite was found in others 

(reviewed by Ibrahim and Bezkorovainy, 1993). The food-borne pathogen, Listeria 

monocytogenes, has the ability to colonize the gallbladder, where bile concentrations are 

high (Hardy et al., 2004). The bilE operon, under the control of a σ
A
 – and σ

B
 – 

dependent promoter, encodes a bicistronic mRNA involved in the exclusion of biles 

needed for the tolerance to the stress (Sleator et al., 2005). Similar multidrug efflux 

pumps are present in other pathogenic bacteria (reviewed by Piddock, 2006), lactic acid 
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bacteria (Pfeiler and Klaenhammer, 2009) and bifidobacteria (Ruiz et al., 2012, 

Gueimonde et al., 2009).  

In bifidobacteria, production of exopolysaccharides (EPS) has been found to 

protect against both stresses (Alp and Aslim, 2010). Furthermore, the cross-resistance 

between acid and bile salt stress suggests that the molecular mechanisms for dealing with 

these stresses are similar (Noriega et al., 2004). A proteomic approach identified several 

proteins expressed in an overlapping manner during bile salt stress and acid stress 

(Sanchez et al., 2008). However, several proteins (Bile salt hydrolase, HtrA, ClpB, 

GroES, GroEL, and GrpE) were uniquely expressed when exposed to bile salt. In the acid 

response, ATP synthase components and amino acid metabolism-related proteins were 

uniquely expressed. Interestingly, the expression of Bile salt hydrolase (BSH) seems to 

be constitutive in some strains (Begley et al., 2005, Sanchez et al., 2008). Additionally, 

an acid inducible ATPase (F1F0) was identified in Lactobacillus acidophilus as possibly 

involved in the expulsion of protons and pH maintenance in the cytoplasm (Kullen and 

Klaenhammer, 1999). Using bioinformatics approaches, similar enzymes, encoded by 

atpBEFHAGDC, were found in the genomes of B. animalis subsp. lactis, B. breve, and B. 

longum (Ventura et al., 2004). Since bifidobacteria lack a respiratory chain to generate 

ATP from a proton gradient, the only use of this complex is believed to be linked with the 

modulation of protons in the cell. Furthermore, it was found to be linked to bile-stress 

response in Propionibacterium freudenreichii (Leverrier et al., 2003), Lactobacillus 

plantarum (Bron et al., 2006) and B. animalis subsp. lactis (Sanchez et al., 2006). In the 

same species, it was observed that oxidative stress resulted in an increased expression 

level of coproporphyrinogen III oxidase and NADH oxidase specific activity (Ruiz et al., 

2012). Coproporphyrinogen III oxidase is widely distributed in nature and it is known to 

be induced under oxidative stress in E. coli (Mukhopadhyay and Schellhorn, 1997). In B. 

animalis subsp. lactis, these changes were accompanied by a shift towards acetate 

production, allowing an increase in the pool of NADH due to the decrease of lactate 

production (Ruiz et al., 2012). 
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2.5.  Iron stress 

Iron is considered the most important micronutrient used by bacteria (Escolar et 

al., 1999). The metal is an essential co-factor for a large number of enzymes rendering it 

essential for life. The only known exceptions are Lactobacillus plantarum (Archibald, 

1983) and Borrelia burgdorferi (Posey and Gherardini, 2000). Under physiological 

conditions iron exists in two oxidative states: Ferrous iron (Fe
2+

), which is relatively 

soluble (0.1 M at pH 7.0,) and ferric iron (Fe
3+

), which is highly insoluble (10
-18

 M at pH 

7.0) (Andrews et al., 2003). This represents a challenge for any cell since 10
-7

 to 10
-5

 M 

are typically required for optimal growth. To overcome the low solubility of iron, 

specialized iron transporters are present in bacteria to recover iron from the environment. 

This ability is essential for bifidobacteria and other bacteria during colonization of the 

intestinal tract. Mutations in these transporters yielded E. coli strains that were unable to 

colonize the mouse intestine (Igor et al., 1993) and Salmonella typhymurium strains that 

were outcompeted during mixed colonization in the same model (Tsolis et al., 1996). Iron 

metabolism, as well as other metals, is under the control of the ferric uptake regulator 

(Fur) and other analog proteins (Bagg and Neilands, 1985). In response to high iron 

concentrations, Fur acts as a repressor of various proteins including those involved in 

sequestering and transport of iron into the cell (Hantke, 1981). Fur represses transcription 

by binding to the Fur box or Iron box located in the operator region (Coy and Neilands, 

1991, MichaudSoret et al., 1997). The activity of this repressor is dependent on the iron 

concentration in the cell, such that when iron is limiting Fur losses its ability to bind 

DNA, thus allowing transcription (Bagg and Neilands, 1987).  

Fur homologs have been described in gram-positive bacteria, such as Bacillus 

subtilis (Bsat et al., 1998), Staphylococcus epidermidis (Heidrich et al., 1996) and 

Actinobacteria (Santos et al., 2008). However, in many gram-positive bacteria, 

particularly Actinobacteria, an alternative family of regulators control iron metabolism. 

First identified in Corynebacterium diphtheria, the diphteria toxin regulator (DtxR) 

controls the diphtheria toxin and a similar set of genes that are under Fur control in E. 

coli (Tao et al., 1994). The Fur and DtxR families share low sequence similarity (Hantke, 
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2001). However, they exhibit similar three-dimensional structures. In both protein 

families, the amino-terminal domain contains the DNA binding motif, while the 

carboxyl-domain binds two metal ions and is responsible for dimerization (Hantke, 

2001). In Mycobacterium, the iron-dependent regulatory protein (IdeR) is a DtxR 

homolog that regulates siderophore biosynthesis and other iron metabolism-related 

proteins (Schmitt et al., 1995, Dussurget et al., 1996). In a similar way as Fur, DtxR and 

IdeR are also involved in other cellular responses, particularly oxidative stress (Tao et al., 

1994, Dussurget et al., 1996). Another member of the DtxR family, SirR, was first 

identified in Staphylococcus (Hill et al., 1998).  

B. subtilis harbors three fur analogs. The gene yqkL encodes Fur, which is 

involved in siderophore and iron uptake regulation, but not in oxidative stress (Bsat et al., 

1998). The gene yqfV encodes the zinc-uptake regulator Zur (Gaballa and Helmann, 

1998), and ygaG, encodes PerR, that regulates oxidative-stress and manganese intake-

related proteins (Bsat et al., 1998). 

In Mycobacterium tuberculosis, at least 150 genes that are regulated by iron are 

under the control of a Fur homolog, FurA, and a DtxR homolog, IdeR (Rodriguez, 2006, 

Cole et al., 1998). IdeR binds to a 19 bp sequence of inverted repeats 

(TWAGGTWAGSCTWACCTWA) in the promoter region of at least one third of the 

iron-regulated genes (Rodriguez, 2006, Gold et al., 2001). Interestingly, IdeR represses 

several genes by binding to its promoter region, but has an opposite effect when binding 

to certain promoter regions, such as iron storage genes (Gold et al., 2001, Rodriguez et 

al., 2002). Repression occurs when the iron box overlaps the -10 position and up-

regulation occurs when the iron box is located between the -35 and -100 regions 

(Rodriguez, 2006). FurA regulates the oxidative stress response by negatively regulating 

katG (catalase-peroxidase), located immediately downstream of furA (Zahrt et al., 2001, 

Pym et al., 2001). A FurA paralogue, FurB, is present in this bacterium and it responds to 

Zn
2+

 (Canneva et al., 2007). Additionally, a second DtxR homolog, SirR, is also present 

and it responds to Mn
2+

 (Rodriguez, 2006, Guedon and Helmann, 2003).  
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The Fur orthologue, FurS, regulates the expression of oxidative-stress related 

proteins in response to iron concentration in Streptomyces reticuli (Zou et al., 1999). It is 

believed that other Fur orthologues may exist in other Streptomyces spp. 

2.6.  DNA repair 

2.6.1.  DNA repair mechanisms 

All organisms have developed several mechanisms to maintain the integrity of 

their DNA. These mechanisms are conserved in all three domains of life and are essential 

for the survival of the organism. Deletions in genes coding for proteins involved in DNA 

repair mechanisms yield nonviable or highly mutable individuals. 

2.6.1.1.  Direct repair 

UV-induced DNA damage results in the formation of pyrimidine dimers that can 

be repaired by a DNA photolyase encoded by pyr in E. coli (Sancar, G. B. et al. 1984). 

This is achieved through a process known as photoreactivation where the enzyme uses 

energy derived from the absorption of blue light (300 – 500nm) to split the dimer into its 

original bases (Balgavy and Rauko 1976, Webb 1978). This mechanism was first 

observed in Streptomyces griseus (Kelner 1949a). Photolyase and the process of 

photoreactivation have been identified in several gram-negative bacteria (Kelner 1949b, 

Kozakiewicz et al. 2005, Gunasekera and Sundin 2006), gram-positive bacteria (Kelner 

1949a, Nicholson 1995, Peccia and Hernandez 2001), Archaea (Kiener et al. 1985, 

Tashiro et al. 2006) and Eukarya (Chelico et al. 2006, Lv et al. 2008, Reef et al. 2009). 

The enzyme binds non-covalently to FADH2 (Sancar, A. and Sancar 1984) and 5,10-

methenyltetrahydrofolyl polyglutamate (MTHF) (Johnson et al. 1988) that absorb the 

corresponding light. Using the same mechanism this enzyme can split cytosine dimer and 

cytosine-thymine dimmers (Fenick et al. 1995). In some organisms, MTHF is replaced 

with 8-hydroxy-5-deazaflavin (Sancar, G. B. et al. 1984, Durbeej and Eriksson 2000). 

Alkyltransferases are required to remove alkyl groups from the O-6 position in 

guanine caused by mutagens such as nitrosoguanidine and ethylmethanesulfonate (Pegg 

2000). It has been proposed that the enzyme acts on double-stranded DNA by flipping the 
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O-6-guanine adduct out of the DNA helix and into a binding pocket (Vora et al. 1998). 

The enzyme then transfers the alkyl group to a cysteine residue in the active site (Lindahl 

et al. 1982). This process inactivates the enzyme. As expected, this enzyme is inducible 

during alkaline adaptive responses (Cairns et al. 1981). Similarly to photolyase enzymes, 

alkyltransferases orthologues are present in all domains of life, from E. coli to humans 

(Pegg 2000). 

2.6.1.2.  Base-excision repair 

Apyrimidinic or apurinic sites, also known as AP sites, are a consequence of 

deamination of bases in the DNA. In an AP site, the amino group is replaced by a keto 

group leading to base mispairing. AP sites are generated spontaneously at a high rate 

(Lindahl and Andersson 1972, Lindahl and Karlström 1973) and are also the product of 

DNA glycosylases that recognize and cleave the damaged base by breaking the glycosyl 

bond between the base and the sugar (Sakumi K and Sekiguchi 1990). After the excision, 

AP endonucleases cleave the phosphodiester link usually in the 5’ side next to the AP site 

(Spiering and Deutsch 1986). A deoxyribophosphodiesterase catalyzes the hydrolytic 

release of 2-deoxyribose-5-phosphate from single-strand interruptions in DNA (Franklin 

and Lindahl 1988). The enzyme removes a small stretch of bases, usually only one 

(Kataoka and Sekiguchi 1982). The DNA polymerase can now fill in the stretch with 

complementary bases and the DNA ligase closes the phosphate backbone gap (Sancar, A. 

1994). 

2.6.1.3.  Nucleotide-excision repair 

UV irradiation causes the formation of cyclobutane pyrimidine dimers in DNA 

that blocks the replication fork (Setlow and Setlow 1962, Bollum and Setlow 1963). The 

UvrABC nuclease (uvrABC) is able to recognize distortions in the DNA commonly 

caused by this dimerization (Howard-Flanders et al. 1966). The enzyme complex cleaves 

eight nucleotides upstream and four or five nucleotides downstream from the dimer 

(Sancar, Aziz and Rupp 1983). In solution, either a trimeric complex containing two 

UvrA and one UvrB polypeptides (Orren, D. K. and Sancar 1989) or a tetrameric 

complex containing two UvrA and two UvrB polypeptides (Verhoeven et al. 2002) is 
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formed. The complex recognizes and binds to damaged DNA through UvrA:DNA 

interactions  (DellaVecchia et al. 2004). UvrA loads UvrB onto the lesion with the 

posterior release of UvrA triggered by ATP hydrolysis (Orren, David K and Sancar 

1990). UvrA can load multiple UvrB proteins onto DNA strands (Van Houten 1990). 

This explains why fewer copies of UvrA are present in the cell (1:10 constitutively and 

1:4 upon induction). ATP-bound UvrB recruits UvrC which catalyzes incisions at the 5’ 

and 3’ side of the lesion (Moolenaar et al. 2000, Verhoeven et al. 2000). When UvrC 

dissociates, DNA helicase II (uvrD) releases the incised piece. The repair is completed by 

DNA polymerase and DNA ligase (Sancar, A. 1994). 

Expression analysis of Mycobacterium tuberculosis showed that it relies on uvrB 

and other uvr genes for the protection against H2O2, NO and UV radiation (Darwin et al. 

2003, Cabusora et al. 2005, Darwin and Nathan 2005). However, uvrA, uvrC, and uvrD 

and other genes are not simultaneously expressed. This suggests that they are individually 

dispensable or their function can be done by other gene products (Darwin et al. 2003, 

Darwin and Nathan 2005). In addition to all the uvr genes, M. tuberculosis harbors an 

additional copy of the DNA helicase II (uvrD2) (Cole et al. 1998). UvrD1 is a weak 

DNA-unwinding enzyme on its own (Sinha et al. 2007, Dos Vultos et al. 2009). It 

requires Ku, a DNA-end-binding protein, to be fully active. In contrast, UvrD2 possesses 

a Ku-independent helicase activity. UvrD1 is up-regulated by UV damage and H2O2 

exposure, while UvrD2 is induced by UV radiation (Boshoff et al. 2003, Sinha et al. 

2007). Interestingly, the E. coli UvrD is non-essential, but the M. smegmatis UvrD2 is 

essential (Sinha et al. 2008). Furthermore, UvrD2 is similar to the B. subtilis and 

Staphylococcus aureus helicase PcrA. 

2.6.1.4.  Recombination repair 

Double-strand breaks can be produced by replication over imperfect DNA 

templates, oxidizing agents, UV, and other DNA-damaging agents. These potentially 

lethal lesions can be repaired through a process known as recombinational repair or 

daughter strand gap (DSG) repair (Dillingham and Kowalczykowski 2008). 
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The recombination pathway requires RecA, RecBCD, and Chi (χ) sites in the 

donor double-stranded and recipient DNA (Dixon and Kowalczykowski 1991). The 

RecBCD holoenzyme, first discovered as an exonuclease in E. coli (Goldmark and Linn 

1970), and the RecA recombinase are key in salvaging broken replication forks and 

double-strand breaks in general. RecBCD recognizes χ sites, which are short asymmetric 

sequences (GCTGGTGG) (Bianco and Kowalczykowski 1997) in the host DNA (Thaler 

et al. 1989, Stahl et al. 1990). These χ sites are within GT-rich regions that are the 

preferred substrate for RecA homology-dependent pairing (Tracy et al. 1997). RecBCD 

3’ to 5’ nuclease activity is attenuated when positioned at the 5’ side of a χ site (Ennis et 

al. 1987, Lam et al. 1995) and a weaker 5’ to 3’ nuclease activity is activated creating a 

single stranded DNA with χ at its 3’ terminus (Dixon and Kowalczykowski 1991, 

Anderson and Kowalczykowski 1997). The donor double-stranded DNA is unwound by 

the helicase activity of RecBCD and an invasive strand is generated at the χ site. This 

invading strand contains homology (χ site) to the recipient DNA substrate at its newly 

formed 3' end (Dixon and Kowalczykowski 1991). RecA is loaded onto the generated 

single stranded DNA by the RecB subunit (Spies and Kowalczykowski 2006). RecA 

forms a nucleoprotein filament with the single stranded DNA (Persky and Lovett 2008). 

This filament catalyzes a recombination event through homology search between the 

double-stranded template and the damaged daughter strand. The DNA polymerase can 

now fill in the stretches with complementary bases, and the DNA ligase closes the 

backbone gap left by the DNA polymerase (Sancar, A. 1994). This mechanism results in 

two strands of DNA with no mutations. Other models for homologous recombination 

mechanisms have been proposed (Persky and Lovett 2008).  

Other members of the Rec family, RecF, RecO, and RecR allow RecA to compete 

with the single-strand binding (SSB) protein for binding to single stranded DNA (Umezu 

et al. 1993, Umezu and Kolodner 1994). These proteins serve as alternative loading 

pathways for RecA functioning in different conditions (Sakai and Cox 2009). 

Short sequences with a similar function as χ have been identified in Lactococcus 

lactis (GCGCGTG) (Biswas et al. 1995), Haemophilus influenzae (GNTGGTGG and 
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G(G/C)TGGAGG) (Sourice et al. 1998), and Bacillus subtilis (AGCGG) (Chedin et al. 

1998). However, in the case of the low GC gram-positive organisms, an alternative 

enzyme to RecBCD has been identified. AddAB, coded by addA and addB (Kooistra and 

Venema 1991), has helicase and exonuclease activity (Chedin et al. 1998). The enzyme 

has been found in B. subtilis, B. anthracis, B. stearothermophilus, B. halodurans, L. 

lactis, Clostridium acetobutylicum, C. difficile, Enterococcus faecalis, Staphylococcus 

aureus, Streptococcus pyogenes, S. mutans, and S. pneumoniae (Chedin and 

Kowalczykowski 2002). AddA shares regions of identity with RecB and other ATP-

dependent DNA helicases (Haijema et al. 1996b, Chedin and Kowalczykowski 2002). 

Mycobacterium species and Corynebacterium species lack recBCD genes, which may 

explain their stable genomes (Nakamura et al. 2003). However, M. tuberculosis does 

have these genes, probably acquired through horizontal transfer (Dos Vultos et al. 2009). 

If a double stranded break occurs when no homologous DNA strand is available, a 

non-homologous recombination pathway is activated in certain bacteria (Shuman and 

Glickman 2007). In this pathway, the end-binding protein Ku binds to the ends of the 

broken DNA putting the ends together and preventing further damage. The specialized 

ligase LigD joins the strands together. This pathway is error prone depending on 

modifications that nucleases or polymerases may add. Because E. coli lacks a pathway to 

join non-homologous ends, homologous recombination is the only means to salvage 

broken chromosomes (Persky and Lovett 2008). 

In M. tuberculosis, LigD is a large multifunctional enzyme comprising an ATP-

dependent ligase domain, a polymerase domain, and a phosphoesterase domain (Dos 

Vultos et al. 2009). The Ku protein is needed for efficient recombination event to take 

place, deletion of the gene makes recombination hundreds of times lower (Shuman and 

Glickman 2007). However, an alternative pathway must exist since non-homologous 

recombination remains active, possibly linked to the products of ligC and uvrD1 that are 

also Ku-dependent (Dos Vultos et al. 2009). LigD has also been identified in 

Pseudomonas, Bacillus and Agrobacterium species suggesting a similar repair 

mechanism (Shuman and Glickman 2007). 



 

35 

2.6.1.5.  The GO system 

Reactive forms of oxygen such as superoxide radical, hydrogen peroxide, and 

hydroxyl radicals can damage DNA by oxidizing guanine into 8-oxo-7,8-dihydroguanine 

(GO). This modification will lead to mutation if GO mispairs with adenine (Shibutani et 

al. 1991, Maki and Sekiguchi 1992). In addition, the E. coli Pol IV is known to 

incorporate 8-oxo-dG into the DNA in vitro (Yamada et al. 2006). 

The GO system consists of two N-glycosylases and a phosphatase. MutM, also 

Fpg, is an N- glycosylase that removes GO and other lesions (Chetsanga and Lindahl 

1979, Chetsanga and Frenette 1983, Boiteux et al. 1992), after which the DNA 

polymerase and DNA ligase activity completes the repair. The other N-glycosylase, 

MutY, also MicA, removes adenines that have been produced by the pairing of 8-

oxoguanine with AMP before it could be removed (Au et al. 1988, Au et al. 1989). 

Finally, the phosphatase, MutT, prevents the incorporation of 8-oxoguanine-dGTPs into 

the DNA by catalyzing their dephosphorylation into 8-oxoguanine-dGMPs (Maki and 

Sekiguchi 1992). Other members of the mut family are MutS, MutL, and MutH are part 

of the mut family that functions in the mismatch repair system. In addition, MutD is the 

ε-subunit of DNA polymerase III responsible for its 3’-exonuclease activity. 

Mycobacterium spp. harbors multiple copies of mutM and mutT orthologues (Cole 

et al. 1998). Biochemical analysis of Mycobacterium smegmatis showed that the MutM 

orthologue has similar substrate specificity as the E. coli counterpart (Jain et al. 2007). 

Interestingly, a ΔmutM mutant predominantly accumulated A to G mutations and not C to 

A mutation like in E. coli. This is probably due to the preferential incorporation of G by 

the M. smegmatis DNA polymerase as opposed to the preference for A in E. coli.  

2.6.1.6.  Mismatch repair 

Mismatches in newly replicated DNA can be identified by methylation patterns 

present in the old strand that is most likely to be correct (Wagner and Meselson 1976, 

Lahue et al. 1989, Grilley et al. 1993). In E. coli, the methylation pattern consists of a 

methylated adenine in the sequence GATC (Modrich and Rubin 1977, Lahue et al. 1989). 

This modification is catalyzed by the enzyme deoxyadenosine methylase (Dam 
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methylase). Mutations in these genes generate mutators or hypermutator strains that 

possess mutation rates 100-fold more frequent than the E. coli wild types (Leong et al. 

1986, Schaaper and Dunn 1987). A similar effect is observed in B. subtilis (Sasaki and 

Kurusu 2004). 

The mismatch repair machinery consists of products from mutH, mutL, mutS, and 

mutU (uvrD) (Maples and Kushner 1982, Oeda et al. 1982, Grafstrom et al. 1983, Lu et 

al. 1984). The repair pathway requires the cooperation of these enzymes (Lehman and 

Nussbaum 1964, Chase and Richardson 1974, Lovett and Kolodner 1989, Grilley et al. 

1993). MutS recognizes and binds the mismatched base pair. MutH and MutL join the 

MutS-DNA complex. The GATC-specific endonuclease activity of MutH creates an 

excision that can be one thousand or more bases away from the mismatch in the 5’ or the 

3’ side of the mismatch (Lahue et al. 1989, Au et al. 1992). The final excision of the 

strand containing the mismatch base requires the 5’ to 3’ exonuclease activity of 

exonuclease VII or RecJ if the mismatch is in the 5’ side of the GATC sequence. If the 

mismatch is in the 3’ side, the exonuclease I or exonuclease X catalyze the excision. 

MutU helicase activity is probably required for the release of the incised piece, in a 

similar way as in the nucleotide-excision repair pathway (Modrich 1991). Finally, DNA 

polymerase III fills in the gaps and DNA ligase seals nicks (Modrich 1989, 1991). This 

system is highly conserved in all organisms. Interestingly, genome sequences of 

mycobacteria show that they lack this system, possibly contributing to the evolution of 

paralogous genes in these bacteria (Springer et al. 2004).  

2.6.2.  The SOS response 

If the DNA is damaged beyond the capacity of error-free repair mechanisms, the 

cell relies on the SOS response to repair its DNA. The system consists of two subunits of 

the polymerase V, coded by umuC and umuD, which catalyze replication through 

severely damaged segments of DNA were the activity of polymerase III is blocked. 

Although the process results in a higher mutation rate, the cell can survive and it is 

believed that these mutations can potentially generate favorable phenotypes promoting 

survival to the stress. 
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The SOS response was first hypothesized in the early 1970s as a DNA repair 

system dependent on LexA (locus for X-ray sensitivity) and RecA (recombinational 

protein) (Radman 1974). The 27 kDa LexA and the 36 kDa RecA proteins were 

identified as recombination proteins operating in the sexual life and genetic exchange of 

bacteria (Clark and Margulies 1965). Mutations in these genes make cells highly 

sensitive to UV irradiation. The regulation of the system is the result of an interplay of 

these proteins, where LexA is a transcriptional repressor and RecA is a co-protease aiding 

the autocatalytic self-cleavage of LexA (Little and Mount 1982). The system is induced 

by agents that disrupt DNA, arrest DNA synthesis or cell division, and lead to 

accumulation of single stranded DNA, or during infection of a mutant single-stranded 

DNA phage that is defective in synthesis of the complementary strand (Janion 2008). 

RecA has a strong tendency to form nucleoprotein filaments on single stranded DNA and 

a much weaker one with broken double-stranded DNA (Arenson et al. 1999, Schlacher et 

al. 2006). These filaments assemble and disassemble in the 5' to 3' direction at a ratio of 

one molecule of RecA per three DNA bases, possibly protecting the DNA from further 

degradation (Arenson et al. 1999). Once assembled, RecA acquires co-protease activity 

facilitating the self-cleavage of LexA repressor protein resulting in derepression of SOS-

regulated genes (Janion 2008).  

LexA binds in the operator region of multiple genes to an inverted repeat 

sequence, known as the SOS box. In E. coli the consensus sequence is 

TACTGTATATATATACTGTA (Berg, O. G. 1988). Different consensus sequences 

have been identified in representative members of all bacterial groups (Table I.1). As 

expected, the binding affinity of LexA depends on how close the sequence is to the 

consensus, thus different subsets of genes can be expressed depending on the magnitude 

of the stress received (Shinagawa 1996). For instance, LexA binds weakly to lexA, uvrA, 

uvrB, and uvrD that are expressed even when lower doses of damaging treatment is 

applied to the cells. In contrast, sfiA and umuDC are tightly bound by LexA and their 

expression requires a higher level of stress. 
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Table I.1. Consensus binding sequence for SOS repressor protein. 
Bacterial group Repressor 

protein 

Consensus sequence Reference 

Alpha proteobacteria LexA GAAC(N7)GAAC 

GTTC(N7)GTTC 

(Antonio et al. 1998, 

Tapias and Barbe 1999) 

Beta/Gamma 

proteobacteria 

LexA CTGT(N8)ACAG (Erill et al. 2003) 

Delta proteobacteria LexA CTRHAMRYBYGTTCAGS (Susana et al. 2003) 

Firmicutes DinR CGAACRNRYGTTYC (Winterling et al. 1998) 

Actinobacteria LexA TCGAAC(N4)GTTCGA (Davis, Elaine O. et al. 

2002a) 

A = Adenine, G = Guanine, C = Cytosine, T = Thymine, Y = pYrimidine (C or T), R = 

puRine (A or G), W = Weak (A or T), S = Strong (G or C), K = Keto (T or G), M = 

aMino (C or A), D = A, G, T (not C), V = A, C, G (not T), H = A, C, T (not G), B = C, 

G, T (not A), X/N = any base
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The SOS response results in the induction of more than 40 genes that will deal 

with repairing the damage DNA, allowing DNA replication past the damaged site 

(translesion synthesis), and stalling cell division to give time for DNA repair (Fernandez 

de Henestrosa et al. 2000). These genes include umuDC (Pol V) (Friedman et al. 2005, 

Krishna et al. 2007), dinB (Pol IV) (Kim, S. R. et al. 1997b), recA (Ivancic-Bace et al. 

2006); sulA involved in the inhibition of cell division leading to filamentation 

(Schoemaker et al. 1984, Trusca et al. 1998); uvrA, uvrB, and uvrD; recA, recN, and 

ruvABC (Chan et al. 1994, West 1997, Dunman et al. 2000). Interestingly, the genes 

uvrC and phr, coding for a photoreactivating enzyme, are not under LexA control.  

In Bacillus subtilis, the SOS response is mediated by DinR and RecA (Haijema et 

al. 1996a). The dinR gene encodes a 23-kDa protein that shares 34% identity with the E. 

coli LexA protein (Miller, M. C. et al. 1996). Although a rename of the damage inducible 

repressor (DinR) to RecA was proposed, the substantial differences in binding sequence 

impeded the change (Table I.1) (Winterling et al. 1998). Correspondingly, the SOS box 

orthologue in B. subtilis is called DinR box (Winterling et al. 1998). In Actinobacteria a 

similar consensus sequence has been found, but the name given to the protein remains 

LexA (Winterling et al. 1998, Davis, Elaine O. et al. 2002a). 

Mycobacterium tuberculosis has orthologues of all the SOS-inducible genes 

found in E. coli with the exception of polB and umuD (Cole et al. 1998). However, recA 

promoter region is under dual control (Davis, E. O. et al. 2002b).  The expression of recA 

can respond to the classic LexA repression and can respond in a LexA- and RecA-

independent manner. The gene recA is co-transcribed with recX, whose product functions 

as a negative regulator of RecA by suppressing its ATPase activity (Venkatesh et al. 

2002). Interestingly, in a ΔrecA mutant many genes predicted to be involved in DNA 

repair were up-regulated at the same level as the wild type after DNA damage induced by 

mitomycin C, suggesting that there is a different regulatory mechanism (Rand et al. 

2003). Other species with recX orthologues include Streptomyces lividans, 

Mycobacterium smegmatis, Pseudomonas aeruginosa, and Thiobacillus ferrooxidans 

(Venkatesh et al. 2002). 
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2.6.3.  Other stress responses 

Other cellular systems known to respond to stress are listed in Table I-2. 

3.  Small RNAs 

Small RNAs (sRNAs), also known as non-coding RNA (ncRNAs), are RNA molecules 

that do not encode for mRNA, tRNA, or rRNA (Storz et al., 2004, Vogel and Sharma, 

2005). These regulatory elements were first observed in plasmids (Light and Molin, 

1983), bacteriophage (Spiegelman et al., 1972) and transposons (Simons and Kleckner, 

1983). In these original discoveries, the sRNA was encoded by the complementary strand 

of the mRNA they regulated. To date, more than 1,300 families of sRNAs have been 

proposed, tripling the number from 2005 (Griffiths-Jones et al., 2005). The first 

chromosomal-encoded, trans-acting sRNA molecule was described in the early 1980’s 

(Mizuno et al., 1983). It is now known that these sRNAs are abundant in bacteria and 

confer another layer of regulation targeting post-transcript messages and proteins (Fozo 

et al., 2008). These regulatory agents can function as integral parts of RNA-protein 

complexes and as expression and protein regulatory elements, generally range from 50 to 

400 nucleotides, are encoded by their own chromosomal region and are often regulated in 

response to stress (Reviewed by Storz et al., 2004, Papenfort and Vogel, 2009). 

Several characteristics make them difficult to identify and study (Livny and 

Waldor, 2007). Due to their small size, random mutagenesis approaches, such as 

transposon-based methods, have a low rate of success. Since their functionality does not 

require extensive or perfect base paring, single-nucleotide mutation experiments will not 

provide much information and are equally difficult to achieve due to the sRNA length. 

Since sRNAs are not translated, they cannot be identified by searching for open reading 

frames. Finally, searching for homology is only effective within closely related bacteria, 

thus limiting the use of this approach. Nonetheless, sRNAs are subjects of numerous 

studies that yield insights into their mechanism of action, furthermore, their potential use 

as genetic tools has already been proposed (Barrangou, 2012). 
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Table I-2. Selected stress-responding systems in Bacteria. 
System Host Regulatory mechanism Notes Reference 

BlaRI/MecRI Firmicutes Transmembrane sensing protein, BlaRI or 

MecRI; and repressor proteins BlaI and 

MecI 

Induced by β-lactans (Jordan et al., 2008, Fuda et al., 2005) 

BcrR Firmicutes Membrane-anchored 

sensor/transcriptional regulator, BcrR 

Induced by bacitrocin (Manson et al., 2004) 

Rcs E. coli Sensor kinase, RcsC; response regulator, 

RcsB; and auxiliary regulatory protein, 

RcsA 

Induced by osmotic stress; 

induction of capsule synthesis 

(Majdalani and Gottesman, 2005, 

Stout and Gottesman, 1990) 

LiaRS Firmicutes Activation of a transcriptional activator, 

LiaR, by a transmembrane sensor kinase, 

LiaS 

Cell envelope stress (Jordan et al., 2006) 

HdiR Lactococcus 

lactis 

Transcriptional repressor HdiR Induced by heat and DNA 

damage 

(Savijoki et al., 2003) 

σ
w

 Bacillus 

subtilis 

Degradation of anti-σ factor RsiW by ClpXP Induced by alkaline stress (Zellmeier et al., 2006) 

Spx Bacillus 

subtilis 

Global transcriptional regulator, Spx, that 

interacts with RNA polymerase and is 

degraded by ClpXP 

Induced by oxidative stress (Nakano et al., 2003) 
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3.1.  Small RNAs complexing with proteins and mimicking other 

nucleic acids 

A few sRNAs have been found to be integral parts of RNA-protein complexes 

such as the 4.5S RNA component of the signal recognition particle and the RNase P 

(Storz et al., 2004). Some sRNAs act by nucleic acid mimicking, such as the 6S RNA, 

which binds the σ
70

-RNA polymerase complex possible resembling an operator, and the 

CsrB and CsrC sRNAs, each containing repeats of the CsrA protein-binding sequence 

found in several mRNAs (Storz et al., 2004). 

3.1.1.  4.5S RNA 

In E. coli, the essential gene ffs encodes for the 114 nucleotide 4.5S sRNA 

(Lentzen et al., 1996, Mikulik, 2003). This sRNA complexes with the protein Ffh and 

stabilizes it forming the signal recognition particle (Jensen and Pedersen, 1994). FtsY 

binds to the Ffh-4.5S complex in a GTP-dependent manner resulting in the activation of 

the GTP hydrolysis activity of FfH (Miller et al., 1994). This complex is involved in 

membrane protein assembly (Tian et al., 2000) and in protein translation by binding to 

the elongation factor G (EF-G) (Shibata et al., 1996). The current model describes Ffh-

4.5S complex binding to the nascent protein through a signal sequence and then 

associating with FtsY at the membrane, where GTP hydrolysis catalyzes the translocation 

of the peptide into the translocon (Mikulik, 2003). Analysis of bacterial signal 

recognition particles, including gram-positives, reveals a highly conserved central motif 

(Mikulik, 2003).  

3.1.2.  tmRNA 

The transfer-messenger RNA (tmRNA), also known as 10Sa, was first identified 

in E. coli, but it is present in all bacteria (Ray and Apirion, 1979, Zwieb et al., 1999). The 

363-nucleotide sRNA is coded by ssrA, which generates a 475 nucleotide transcript 

(Zwieb et al., 1999, Subbarao and Apirion, 1989). The processing is done by RNase P at 
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the 5’ end and RNase III at the 3’ side (Makarov and Apirion, 1992). Both ends fold to 

form a tRNA
Ala

-like structure that allows aminoacylation by alanyl-tRNA synthetase 

(Komine et al., 1994). Three of the twelve helices in the E. coli tmRNA fold into a 

ribosomal protein S1-binding motif and a mRNA-like region that contains a short open 

reading frame coding for a degradation peptide (Felden et al., 1998). The tmRNA sRNA 

interacts with the elongation factor Tu (EF-Tu), the ribosomal protein S1, and the SmpB 

protein among others (Mikulik, 2003). The complex tmRNA-SmpB interacts with 

translational complexes stalled at the 3’ end of a mRNA to release a stalled ribosome and 

tag the incomplete peptide for degradation (Keiler, 2008). In addition, the pathway is 

used to aid in responses that require considerable changes in expression profiles such as 

environmental stress and pathogenesis (Keiler, 2008, Withey and Friedman, 2002). In the 

process, the tmRNA enters the A site of a ribosome, after which alanine is transferred 

into the nascent peptide and the template mRNA is released. Following this, the tmRNA 

becomes the template and the ten amino acids of the degradation signal are added to the 

nascent peptide until the stop codon is reached. Finally, the complex dissociates from the 

ribosome and the tagged protein is degraded. The activity of tmRNA does not seem to be 

needed for bacterial growth, but it is needed to survive and adapt to stressful conditions 

(Nakano et al., 2001, Wiegert and Schumann, 2001, Julio et al., 2000). 

3.1.3.  M1 RNA 

The M1 RNA is the catalytic component of the RNase P holoenzyme additionally 

composed of a small peptide (Guerriertakada et al., 1983). The peptide allows for the 

multiple functions in vivo while maintaining the catalytic effect of the sRNA (Kim et al., 

1997, Kurz et al., 1998, Niranjanakumari et al., 1998). The enzyme catalyzes the 

maturation of pre-tRNA by cleaving the P-3’-O to yield a 5’-P and a 3’-OH 

(Niranjanakumari et al., 1998). The maturation of tRNA is required across all domains of 

life. However, M1 shows only reduced similarities among different organisms (Kurz and 

Fierke, 2000). 
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3.1.4.  6S RNA 

The sRNA 6S (ssr) is known to tightly and specifically bind to RNA polymerase 

by associating to the β/β’ subunits and σ
70

 (Wassarman and Storz, 2000). The sRNA 

accumulates during stationary growth, where it interferes with the transcription of σ
70

-

dependent promoters (Storz et al., 2004, Wassarman and Storz, 2000). It was 

demonstrated that the binding sites of σ
70

 for promoter DNA and 6S RNA are 

overlapping but distinct (Klocko and Wassarman, 2009). This interference allows the 

transcription of σ
s
-dependent promoters in stationary phase (Decker and Hinton, 2009). 

3.1.5.  CsrB 

The CsrB RNA forms a large complex with 18 CsrA molecules that inhibits CsrA 

activity (Liu and Romeo, 1997). CsrA is the carbon storage modulator that is involved in 

carbon metabolism, flagellum synthesis, and repression of biofilm formation in E. coli 

(Romeo, 1998). CsrB interacts with CsrA through several imperfect seven-nucleotide 

sequences located in stem-loops of its secondary structure (Romeo, 1998). CsrA is 

conserved among bacteria, but absent in other domains of life (Romeo, 1998). 

3.1.6.  Nc1 and Nc5 

Two sRNAs, encoded by nc1 and nc5, are involved in nucleoid morphology 

within the E. coli chromosome (Macvanin et al., 2012). These two sRNAs bind to the 

nucleoid protein HU and presumably assist in the stabilization of the nucleoid. Genetic 

studies revealed that the absence of both sRNAs yields phenotypical changes in the 

nucleoid as assessed by transmission electron microscopy. It was also found that HU 

binds to ffs, ssrA, ssrS (associated with the RNA polymerase) and rnpB (the RNA 

component precursor of RNase P) all of which are independent of the RNA chaperone 

Hfq discussed below. 



 

45 

3.2.  Base-paring regulation of small RNAs 

Most of the sRNAs described to date achieve their regulatory function by base 

paring with their targets. The base paring can have a positive or negative effect on the 

transcription or translation of the gene. 

3.2.1.  MicF 

MicF was the first trans-encoded sRNA described (Mizuno et al., 1983). The 

sRNA is encoded upstream of the ompC promoter region and its transcription blocked the 

translation of the ompF mRNA by base pairing (Mizuno et al., 1983). OmpC and OmpF 

are essential proteins that function as passive diffusion pores for small and hydrophilic 

molecules, both are regulated in response to different osmotic stresses (Mizuno et al., 

1983). MicF showed only partial and imperfect sequence complimentary with ompF 

mRNA (Vogel and Sharma, 2005, Mizuno et al., 1983). It was later discovered that 

OmpC and OmpA, other major membrane protein, are also regulated by sRNAs, MicC 

and MicA respectively (Chen et al., 2004, Udekwu et al., 2005). 

MicF is also responsible for regulating the mRNA of Lrp, a global transcription 

factor involved in nutrient stress (Holmqvist et al., 2012). The regulatory mechanisms 

consist of a double feedback loop where MicF blocks expression of the Lrp mRNA and 

Lrp binds the promoter region of micF inhibiting transcription.  

3.2.2.  DsrA 

DsrA is a sRNA of approximately 90 nucleotides long encoded between yodD and 

yedP, both genes with unknown function (Papenfort and Vogel, 2009). DsrA binds to a 

secondary structure in the translation initiation region of rpoS mRNA resulting in up-

regulation of the gene (Lease et al., 1998, Lease and Woodson, 2004). The 5’ 

untranslated region of rpoS folds into a loop that traps the ribosomal binding site, 

inhibiting translation (Lease and Woodson, 2004, Brown and Elliott, 1997). DsrA pairs 

with a sequence 100 nucleotides upstream of the ribosomal binding site with the aid of 

the Hfq protein preventing the inhibitory structure from forming and allowing translation 
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(Lease et al., 1998, Brown and Elliott, 1997, Majdalani et al., 1998, Sledjeski et al., 

2001). Interestingly, DsrA down-regulates the translation of the hns mRNA and other 

mRNAs (Lease et al., 1998). DsrA binds to the hns mRNA in a Hfq-dependent manner to 

block the ribosomal binding site and prevent translation (Sledjeski et al., 2001). A 

secondary structure consisting of three loops has been predicted for DsrA (Lease and 

Belfort, 2000). At least two of these loops are necessary for the interaction with its targets 

(Lease et al., 1998, Lease and Belfort, 2000). The first loop interacts with rpoS mRNA, 

while the second loop pairs with the hns mRNA (Lease et al., 1998, Lease and Belfort, 

2000). Furthermore, it was observed that the overexpression of DsrA conferred a strong 

acid resistance in E. coli (Lease et al., 2004) possibly by the up-regulation of σ
s
. 

3.2.3.  RyhB 

RyhB is another sRNA that induces up-regulation or down-regulation on multiple 

targets. This sRNA is under control of Fur involved in iron homeostasis (Masse and 

Gottesman, 2002). RyhB is located in the intergenic region of yhhX and yhhY, genes of 

unknown function (Masse and Gottesman, 2002).This 90 nucleotide sRNA down-

regulates the expression of iron-storage and iron-usage proteins when iron is limiting 

(Masse and Gottesman, 2002). These genes include succinate dehydrogenase (sdhCDAB), 

iron superoxide dismutase (sodB), ferritin (ftnA), ferritin (brf), tricarboxylic acid cycle 

aconitase (acnA), and tricarboxylic acid cycle fumarase (fumA) (Papenfort and Vogel, 

2009). In addition, a microarray approach increased the RyhB regulon to at least 18 

operons that code for 56 proteins (Masse et al., 2005). However, only sodB, uof-fur and 

shiA mRNAs have been experimentally tested for RyhB base-paired interaction 

(Papenfort and Vogel, 2009). The sodB mRNA is made accessible for base pairing with 

RyhB by Hfq. Hfq binds strongly to the sodB mRNA altering its structure and partially 

opening a loop (Geissmann and Touati, 2004). This gives access to a nine base-pairs long 

RyhB complementary sequence that includes the translation starting codon. The 

interaction frees an RNase E recognition site leading to degradation of the mRNA 

(Afonyushkin et al., 2005). To a lesser extent, RNase III also degrades the complex. In E. 
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coli, RyhB also controls the expression of Fur in a feed-forward loop by binding to a co-

transcribed open reading frame (uof) upstream of fur and blocking its translation 

(Vecerek et al., 2007). On the other hand, RyhB up-regulates the translation of shiA 

mRNA (Prevost et al., 2007). This gene encodes a permease involved in the biosynthesis 

of siderophores believed to be involved in the intake of iron (Papenfort and Vogel, 2009, 

Prevost et al., 2007). RyhB directly pairs at the 5'-untranslated region of the shiA mRNA 

disrupting an inhibitory secondary structure that hides the ribosomal binding site 

allowing translation (Prevost et al., 2007). 

3.2.4.  GcvB 

Multiple ABC-type transporters are under the control of a sRNA coded by gcvB 

(Sharma et al., 2007). Although it was first identified in E. coli, orthologues of this sRNA 

are commonly found in bacteria (Sharma et al., 2007, Urbanowski et al., 2000). GcvB 

binds to an extended G/U conserved element found in the operator region of the genes it 

regulates (Sharma et al., 2007). The regulation over the mRNA can be positive, when 

binding upstream of the ribosomal binding site. However, the regulation can be negative 

when blocking the ribosomal binding site (Sharma et al., 2007). GcvB was the first sRNA 

identified with a conserved element (C/A) targeting different mRNA (Papenfort and 

Vogel, 2009, Sharma et al., 2007). The sRNA is under dual control of GcvA, acting as an 

activator, and GcvR, acting as a repressor (Urbanowski et al., 2000). Furthermore, both 

proteins are regulators of the glycine cleavage system (gcvTHP). Therefore, high 

intracellular concentrations of glycine up-regulate gcvB transcription, thus blocking 

translation of glycine transport systems (Papenfort and Vogel, 2009). GcvB activity 

requires Hfq chaperoning, presumably for the stabilization of the sRNA (Pulvermacher et 

al., 2009). Accumulation of OppA, DppA and other periplasmic proteins occurs when 

GcvB or Hfq are inactivated (Sharma et al., 2007, Pulvermacher et al., 2009). 
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3.2.5.  RNAIII 

RNAIII is the largest sRNA described to date, it is 514 nucleotides long and it 

folds into 14 stem loops (Benito et al., 2000). The RNA molecule has dual functionality 

as a regulatory RNA and also encodes a δ-hemolysin (Janzon et al., 1989). The transcript 

is believed to be important in the pathogenic phenotype of Staphylococcus aureus 

(Papenfort and Vogel, 2009). RNAIII activates the translation of hla (Novick et al., 

1993), coding for an α-hemolysis protein, and suppresses the translation of the repressor 

of toxins (rot) mRNA. Rot is a repressor of agr (Boisset et al., 2007), known to have a 

crucial role in pathogenicity (Papenfort and Vogel, 2009). In addition, RNAIII has the 

peculiarity that it does not require the chaperone activity of Hfq (Bohn et al., 2007). 

3.2.6.  E. coli motility 

In E. coli, five sRNAs have been identified as modulators of the expression of the 

bicistronic mRNA composed of flhD and flhC, which encode the master regulator of the 

flagella synthesis (De Lay and Gottesman, 2012, Thomason et al., 2012). Four of these 

sRNAs negatively regulate the mRNA by binding to its 5’ untranslated region. These are 

ArcZ, involved in sensing oxygen levels; OmrA and OmrB, involved in osmotic stress; 

and OxyS, involved in oxidative stress. In addition, this mRNA is the first identified to be 

negatively and positively regulated by sRNAs. McaS that responds to low glucose, 

positively regulates the stability of the flhDC mRNA.  

Similarly, the mRNA of csgD, encoding for the master regulator of curli 

synthesis, is also under sRNA regulation (Thomason et al., 2012, Mika et al., 2012). 

Curli, produced by many Enterobacteriaceae, are one of the major components of an 

extracellular matrix involved in biofilm formation, adhesion and invasion (Barnhart and 

Chapman, 2006). RprA, GcvB, OmrB, OmrA and McaS are all involved in the negative 

regulation of the csgD transcript. 



 

49 

3.3.  Other small RNAs 

Other sRNAs that have been described are listed in Table I-3. These are grouped 

based on their regulatory mechanisms. An additional regulatory mechanism is possible, 

where base pairing will stabilize the mRNA (Storz et al., 2004). However, this 

mechanism has not been identified to date. 

3.4.  The RNA chaperone Hfq 

In many bacteria, an RNA chaperone, Hfq, is needed for the effective activity of 

numerous sRNAs. This chaperone was first described in 1968 as a host factor required 

for phage Qβ RNA replication (Hfq) (Franze de Fernandez et al., 1968). Hfq belongs to 

the Sm family of proteins that are characterized by the formation of rings consisting of 

six or seven subunits with a central pore needed for the binding of U-rich regions of 

single-stranded RNA (Scofield and Lynch, 2008). In E. coli, this protein is involved in 

the stability, translation and processing of many mRNAs (Jousselin et al., 2009, Folichon 

et al., 2003). However, the dependence for Hfq is variable among species such that in E. 

coli reduced growth is observed in Hfq mutants (Tsui et al., 1994), in Staphylococcus 

aureus no phenotype is apparent (Bohn et al., 2007) and in Actinobacteria the gene is not 

present (Sittka et al., 2008).  

Hfq presumably acts by strongly enhancing the rate of sRNA-mRNA duplex 

formation through the melting of inhibitory secondary structures or by serving as a 

platform to bring the two together and increase the local RNA concentration (Jousselin et 

al., 2009, Aiba, 2007, Brennan and Link, 2007). Moreover, Hfq interacts with RNase E, a 

single-strand specific endoribonuclease, promoting the cleavage of mRNAs (Morita et 

al., 2006). For example, in S. aureus, RNAIII facilitates the degradation of mRNA 

through the activity of RNase III, a double-strand specific endoribonuclease (Boisset et 

al., 2007). However, Hfq also blocks the recognition site of RNase E in several sRNAs, 

increasing their half-life (Moll et al., 2003, Urban and Vogel, 2007). 
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Table I-3. Selected sRNAs and their function in E. coli. 

Effects sRNA 
Target 

Mechanism Reference 
mRNA Function 

Translation 

inactivation 
DsrA hns 

Stress inducible condensation and 

organization of the chromosome 

Blocking the ribosomal binding 

site 
(Lease et al., 1998) 

 OxyS fhlA Oxygen stress 
Blocking the ribosomal binding 

site 

(Altuvia et al., 1998, Argaman and Altuvia, 

2000) 

 MicF ompF Osmotic stress 
Blocking the ribosomal binding 

site 
(Mizuno et al., 1983) 

 MicC ompC 
Low temperature and growth in 

minimal medium 

Blocking the ribosomal binding 

site 
(Chen et al., 2004) 

 MicA ompA Entry into stationary phase 
Blocking the ribosomal binding 

site 
(Udekwu et al., 2005) 

 DicF ftsZ Cell division 
Blocking the ribosomal binding 

site 
(Tetart and Bouche, 1992) 

 Spot42 galETKM Galactose metabolism 
Blocking the ribosomal binding 

site 
(Moller et al., 2002) 

 GcvB oppA Peptide transport systems Unknown (Urbanowski et al., 2000) 

Translation 

activation 
DsrA rpoS 

Global stationary phase and stress 

regulator – low temperatures 

Disrupting secondary structure 

that inhibits ribosomal binding 
(Lease et al., 1998, Majdalani et al., 1998) 

 RprA rpoS 
Global stationary phase and stress 

regulator – capsule synthesis 

Disrupting secondary structure 

that inhibits ribosomal binding 

(Majdalani et al., 2002, Majdalani et al., 

2001) 

mRNA 

degradation 
RhyB sodB Iron stress 

RNase E degradation of mRNA 

downstream of complementary 

sequence 

(Masse and Gottesman, 2002, Masse et al., 

2003) 

 GcvB dppA Peptide transport systems Unknown (Urbanowski et al., 2000) 

 IstR-1 tisAB SOS response RNase III degradation (Vogel et al., 2004) 
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3.5.  Small RNA in Actinobacteria 

Limited research has been published regarding trans-coded sRNAs in 

Actinobacteria. However, recent publications address the topic of some members of the 

phylum. 

A bioinformatics approach predicted 32 sRNAs in Streptomyces using S. 

avermitilis and S. coelicolor as models (Panek et al., 2008). The following criteria were 

used to identify potential candidates.  

 Intergenic region sequence conservation analyzed through BLAST alignments.  

 Localization of transcription termination factors, ensuring that the Rho-independent 

terminator will start less than 50 bp from the 3’ end of the putative sRNA. In addition, 

an alternative terminator was identified in a previously known sRNA, M1 RNA. This 

terminator consisted of a C-rich stretch that could form a loop, thus this feature was 

also employed in the search.  

 Surrounding genomic arrangement.  

Twenty of the 32 predicted sRNAs were found to be expressed through a 

microarray analysis. However, real time PCR confirmed only nine. These techniques 

were chosen over northern blotting for their sensitivity and high throughput capability. 

No data on the possible function of the sRNAs were reported. 

A study on Mycobacterium tuberculosis identified sRNAs through the 

construction of two independent cDNA libraries from cells in logarithmic phase and cells 

in stationary growth (Arnvig and Young, 2009). In the study, nine potential sRNAs were 

identified by locating cloned sequences in the genome and determining if they were 

coded in the opposite strand to a gene or at least 100 bp from the adjacent gene. 

Additionally, real time PCR was used to ensure that the transcript was not either a 5’ or 

3’ untranslated region of adjacent genes. Using a Northern blot, they determined that the 

cloned fragments of potential sRNAs were smaller than the transcript in vitro, possibly 

due to degradation. Some of the sRNA candidates showed putative promoter regions and 

putative stem-loop terminator followed by a poly-U region. However, several of the 

predicted sRNAs did not show any of these features. Predicted secondary structures 
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showed that most of the candidates formed high C loops similar to the RNAIII in 

Staphylococcus aureus. The independent overexpression of three of the putative sRNAs 

was detrimental and even toxic to the cell suggesting that they have a function in the cell. 

In a more recent study, 50 potential sRNAs were identified by analyzing 31 

Actinobacteria genomes of which four were experimentally confirmed in Mycobacterium 

tuberculosis using Northern blotting (McGuire et al., 2012). However, their specific role 

in regulation remains unknown. 

4.  Bacterial conjugation 

Bacterial conjugation is a genetic exchange mechanism that requires direct 

contact between cells and was first proposed to describe DNA transfer between different 

strains of E. coli (Lederberg and Tatum, 1946). In nature, conjugation is believed to be 

the main route for horizontal gene transfer as illustrated by relatively recent bacterial 

antibiotic resistance acquisitions (Mazel and Davies, 1999). The conjugation machineries 

observed in nature have been adopted as a powerful molecular technique. The Ti plasmid 

from Agrobacterium tumefaciens is one of the early examples of these techniques, in this 

case, used to transform plants with genetic constructs of interest (Watson et al., 1975, 

Marton et al., 1979). Today, conjugation techniques have been used in virtually all 

cultured gram-negative bacteria, including Acetobacter (Valla et al., 1986), 

Agrobacterium (Lai et al., 1977), Erwinia (Lai et al., 1977), Myxococcus (Breton et al., 

1985), Neisseria (Olsen and Shipley, 1973), Pseudomonas (Datta and Hedges, 1972), 

Rhizobium (Datta and Hedges, 1972) and Vibrio (Olsen and Shipley, 1973). In addition, 

conjugation has been reported in several gram-positive bacteria including members of the 

Firmicutes phylum, such as, Bacillus (Trieucuot et al., 1987), Enterococcus (Trieucuot et 

al., 1987), Lactococcus (Vanderlelie et al., 1991), Listeria (Trieucuot et al., 1987), 

Staphylococcus (Trieucuot et al., 1987) and Streptococcus (Trieucuot et al., 1987, Dunny 

et al., 1982) and many genera of the Actinobacteria phylum, discussed below.  

Conjugation has at least two important advantages over electroporation, a widely 

used gene transfer technique. First, electroporation efficiencies are known to decrease as 

the size of the vector increases (Szostkova and Horakova, 1998, Alvarez-Martin et al., 

2007). Conjugation does not have this limitation and has been successfully used to 
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transfer entire genomes in E. coli (Isaacs et al., 2011). Second, during conjugation the 

DNA is transferred from the donor to the recipient cell as a single strand which is 

methylated following second strand synthesis, thus minimizing the effect of restriction 

systems in the recipient cell. 

5.  Conclusion 

The bacterial response to stress is a highly complex network involving the tight 

regulation of transcription, translation and protein activity of a large number of molecular 

players. Our understanding of this response is a powerful tool to enhance characteristic of 

beneficial bacteria as well as the elimination of harmful ones. However, most of our 

understanding comes from E. coli and a few model microorganisms. Although several of 

the molecular players are conserved throughout Bacteria, their activity and regulatory 

mechanism vary greatly. In the particular case of Bifidobacterium, the stress response is 

largely unknown and is mostly based on bioinformatics data. Recent studies are 

beginning to uncover the stress response network in the genus. However, many gaps in 

our understanding still exist. The advances in this field depend in part on the 

development and availability of genetic tools. The current available gene transfer tools in 

bifidobacteria are based on electroporation protocols. However, electroporation in 

bifidobacteria often exhibits low efficiencies and are strain dependent. Conjugative-based 

strategies overcome the strain-specificity issue by transferring DNA from the donor to 

recipient cell in a single strand, unrecognized by the restriction/modification system in 

the host, which limits the success of electroporation. Therefore, the objective of this study 

was to develop an efficient and reproducible gene transfer system to study the stress 

response of B. longum DJO10A during a yogurt fermentation. 
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Bifidobacteria are widely used as probiotics and have attracted increasing 

research interest worldwide. However, molecular techniques are still very scarce mainly 

due to the low efficiencies and strain-specific electroporation protocols that have been 

developed. Bacterial conjugation enables the transfer of genetic material among a 

relatively wide range of organisms and with virtually no size limitation. A conjugation 

protocol was developed based on the RP4 conjugative machinery in the Escherichia coli 

strain WM3064(pBB109). Using this machinery, the newly constructed transmissible E. 

coli–Bifidobacterium shuttle vector, pDOJHR-WD2, was successfully and consistently 

transferred into several strains representing four Bifidobacterium species at efficiencies 

which correlated with the E. coli to bifidobacteria ratios. Higher ratios were found to 

significantly improve transfer frequency per recipient, with almost 100 % transfer 

frequency occurring when the ratio was 10
5
 : 1. The incompatible resident plasmid, 

pDOJH10S, in B. longum DJO10A was able to coexist, albeit at lower copy numbers, 

with the incoming vector pDOJHR-WD2 even though they possess the same ori. In some 

cases the copy number of this resident plasmid was too low to observe via gel 

electrophoresis, but it could be detected by Southern hybridization. Plasmid curing 

resulted in a strain, DJO10A-W3, that had lost both plasmids and this showed a one-log 

increase in conjugation efficiency due to the lack of plasmid incompatibility. In 

conclusion, this novel conjugative gene transfer protocol can be used for the introduction 

of genetic material (without size restriction) into Bifidobacterium species and is 

particularly useful for strains that are recalcitrant to electroporation. 
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1.  Introduction 

Bifidobacteria are gram positive, high guanine cytosine (GC) microorganisms that 

are widely used as probiotics in fermented dairy foods such as yogurts. These bacteria 

belong to the Actinobacteria phylum and the genus Bifidobacterium (Fox et al., 1977). 

Although they were first described more than one hundred years ago (Tissier, 1899), 

molecular techniques for bifidobacteria are still scarce, primarily due to the difficulties in 

introducing DNA into these bacteria. To date, electroporation has been the only 

successful means of introducing genetic material into bifidobacteria, but it is strain 

dependent and generally of low efficiency (Alvarez-Martin et al., 2007; Argnani et al., 

1996; Matsumura et al., 1997). Therefore, other methods, such as conjugation, might 

provide more robust means of transferring DNA into the genus. 

Bacterial conjugation is a genetic exchange mechanism that requires direct 

contact between cells and was first proposed to describe DNA transfer between different 

strains of E. coli (Lederberg & Tatum, 1946). Today, conjugation techniques have been 

used in virtually all cultured gram-negative bacteria and have been reported in several 

gram-positive bacteria (Reviewed in Schröder & Lanka, 2005). However, the only report 

of conjugative gene transfer in the Bifidobacterium genus was unsuccessful (Shkoporov 

et al., 2008). 

The bacterial conjugation machinery is composed of an oriT sequence and tra 

genes (reviewed in Smillie et al., 2010). The oriT sequence is the only component needed 

in cis to transfer a plasmid through conjugation, providing the Tra functions are present 

either in cis or in trans. The tra genes encode a relaxase, a mating pair formation (MPF) 

complex and a type IV coupling protein. The oriT is recognized by the relaxase that binds 

and nicks the DNA at the nic site within the oriT (Varsaki et al., 2009). The relaxase 

together with one or several auxiliary proteins are termed the relaxosome (Pansegrau et 

al., 1990). The relaxosome generates a ssDNA strand that is transferred into the recipient 

cell. The type IV coupling system serves as a bridge between the relaxosome and the 

MPF, a type IV secretion system (Mihajlovic et al., 2009). This secretion system 

transfers the ssDNA-bound protein complex into the recipient cell (Cascales & Christie, 

2004). In addition, the secretion system mediates the initial cell to cell contact through a 
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specialized structure, termed a pilus, which is depolymerized to bring the mating cells 

together (Smillie et al., 2010). It has been proposed that the characteristics of a particular 

pilus dictate in part the ability of the conjugative system to mate with different cells and 

under different environmental conditions (Bradley, 1984). 

The naturally occurring conjugative plasmids have been classified into four 

groups represented by the F, R64, ICEHIN1056 and pTi plasmids as prototypes 

(reviewed in Smillie et al., 2010). The pTi plasmid, together with the RP4 and other 

plasmids, belongs to the incompatibility group P (IncP) and are known for their ability to 

replicate and conduct conjugal transfer among a wide range of bacteria (reviewed in 

Thomas & Smith, 1987). The RP4 plasmid is 60 kb and was first described in 

Pseudomonas aeruginosa (Datta et al., 1971). The plasmid contains 74 open reading 

frames (Pansegrau et al., 1994) and allows efficient mating only on solid surfaces 

(Bradley, 1980, 1984). While RP4 only replicates in gram negative bacteria, its Tra 

functions have been used to promote conjugation between E. coli and diverse bacteria, as 

well as yeast and mammalian cells, demonstrating its ability to form functional pili 

between various organisms (Bates et al., 1998; Waters, 2001). The RP4 Tra functions 

have been used successfully to transfer plasmids from E. coli to several Actinobacteria, 

including the genera Corynebacterium (Schafer et al., 1994), Streptomyces (Luzhetskyy 

et al., 2006), Rhodococcus (Desomer et al., 1988) and Mycobacterium (Gormley & 

Davies, 1991).  

As discussed above, electroporation in Bifidobacterium species has proven to be 

challenging. It was proposed that this difficulty is mainly due to restriction-modification 

(R/M) systems in the different strains that efficiently degrade foreign DNA (Kim et al., 

2010; Motherway et al., 2009; Yasui et al., 2009). This hypothesis is supported by the 

observation that plasmid DNA isolated from a Bifidobacterium transformant, exhibited 

higher electroporation efficiencies than plasmid isolated from an E. coli host (Rossi et al., 

1998; Shkoporov et al., 2008; Yasui et al., 2009). This limitation has been overcome for 

specific R/M systems by cloning the cognate methylase gene in E. coli (Yasui et al., 

2009) and by in vitro methylation (Kim et al., 2010; Motherway et al., 2009). However, 

these methodologies require strain-specific designs and knowledge of the resident R/M 

systems.  
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In our laboratory, exhaustive attempts using published and modified 

electroporation protocols were conducted to introduce a shuttle vector into different 

Bifidobacterium longum and B. animalis subsp. lactis strains. Very low transfer 

efficiency was achieved only with some strains and it was not reliable, requiring many 

attempts for each. This prompted the development a functional conjugative system to 

introduce the vector into bifidobacteria, as conjugation has at least two important 

advantages over electroporation. First, electroporation efficiencies are known to decrease 

as the size of the vector increases (Szostkova & Horakova, 1998). Conjugation does not 

have this limitation and has been successfully used to transfer entire genomes in E. coli 

(Isaacs et al., 2011). Second, during conjugation the DNA is transferred from the donor 

to the recipient cell as a single strand which is methylated following second strand 

synthesis, thus bypassing the restriction systems in the cells. Therefore, the objective of 

this study was to develop the first functional conjugation system that could enable 

intragenetic transfer of genetic material between E. coli and Bifidobacterium species 

using the RP4 machinery. 

2.  Materials and methods 

2.1.  Bacterial strains, plasmids and growth conditions 

The bifidobacteria and E. coli strains used in this study are listed in (Table II-1). 

Bifidobacteria were grown anaerobically at 37°C in de Man, Rogosa and Sharpe (MRS) 

medium (Difco) supplemented with 0.05% L-cysteine HCl (Sigma-Aldrich). When 

needed for selection, 2.5 µg chloramphenicol ml
-1

 were added to the media for all 

bifidobacteria except for B. animalis subsp. lactis Bb-12 that required 6 µg ml
-1

. For 

erythromycin selection, 2 µg ml
-1

 were used. E. coli WM3064 was grown at 37°C 

shaking at 250 rpm in Brain Heart Infusion (BHI) medium (Difco) and 25 µg 

diaminopimelic acid (DAP) ml
-1

, when needed it was supplemented with 20 µg 

chloramphenicol ml
-1

 and 50 µg kanamycin ml
-1

. E. coli DH5α was grown at 37°C 

shaking at 250 rpm in LB broth when selection with 20 µg chloramphenicol ml
-1

 was 

required or in BHI broth when selection with 175 µg erythromycin ml
-1

 was used. 
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Table II-1. Strains and plasmids used in this study. 
Strain / plasmid Relevant characteristics Source or Reference 

Bifidobacterium strains   

B. animalis subsp. lactis Bb-12 Commercial probiotic strain Chr. Hansen (Milwaukee, WI) 

B. bifidum ATCC 15696 Culture collection strain American Type Culture 

Collection (Manassas, VA) 

B. breve ATCC 15701 Culture collection strain American Type Culture 

Collection 

B. longum subsp. infantis RECb4  Human intestinal isolate (Kullen et al., 1997) 

B. longum DJO10A Minimally cultured  human intestinal 

isolate; contains 2 plasmids (3.7 and 10 

kb); wild type 

(Islam, 2006; Lee et al., 2008) 

B. longum DJO10A-W1 B. longum DJO10A conjugant with 

pDOJHR-WD2 and pDOJH10S  

This study 

B. longum DJO10A-W2 B. longum DJO10A-W1 cured of 

pDOJH10S 

This study 

B. longum DJO10A-W3 B. longum DJO10A cured of 

pDOJH10S and pDOJHR-W2 

This study 

B. longum DJO6A Minimally cultured  human intestinal 

isolate; plasmid free 

(Islam, 2006) 

B. longum VMK44 Human intestinal isolate; contains a 3.6 

kb plasmid 

J. Steele*  

E. coli strains   

WM3064 RP4(tra) in chromosome, DAP- (Dehio & Meyer, 1997) 

DH5α Transformation host Invitrogen, Life Technologies 

Plasmids   

pBB109 4.4 kb, Kmr, RK2(mob) (Kovach et al., 1995; Palani, 

2011) 

pDOJHR 8.6 kb, Cmr (Lee & O'Sullivan, 2006) 

pDOJHR-WD1 8.1 kb, Cmr, Emr This study (Supplementary 

Material) 

pDOJHR-WD2 8.2 kb, Cmr, Emr, RK2(oriT) This study 

pMSP3535 8.4 kb, Emr (Bryan et al., 2000) 

pRK2013 48 kb, Kmr ,RK2(oriT, mob, tra) (Figurski & Helinski, 1979) 

*
Department of Food Science, University of Wisconsin. DAP

-
, diaminopimelic acid 

auxotroph. Km
r
, kanamycin resistance. Cm

r
, chloramphenicol resistance. Em

r
, 

erythromycin resistance. Sm
r
, streptomycin resistance.  



 

112 

 

Conjugations were conducted on Bifidobacteria Low-Iron Medium with Iron (BLIM+Fe) 

(Islam, 2006) agar plates containing 2.0% proteose peptone, 0.15% K2HPO4, 0.5% 

glucose, 0.15% MgSO4-7H2O, 0.05 mM FeCl3, 100 mM PIPES (MP Biomedicals), 1.8% 

agar and the pH adjusted to 7.0 with 9 M NaOH. Growth was routinely monitored trough 

optical density at 600 nm using a Spectronic 20D spectrophotometer (Milton Roy 

Company). 

2.2.  Molecular techniques 

Total DNA from bifidobacteria was isolated by pelleting the cells from a 15 ml 

fully grown culture, washing and re-suspending in 450 µL of a lysozyme solution (100 

mg ml
-1

). The mixture was incubated at 37°C for 1 h, placed at – 80°C for 10 min and 

incubated at 37°C for 10 min. The cells were then mixed with 200 µL of proteinase K 

solution (Qiagen) and incubated at 37°C for 1 h. The mixture was centrifuged and the 

supernatant was extracted with an equal volume of phenol:chloroform:isoamyl alcohol 

25:24:1 saturated with 10 mM Tris, pH 8.0, 1 mM EDTA (Sigma-Aldrich). The upper 

layer was transferred to a new tube where the residual RNA was digested with 3 µL 

RNase A (100 mg ml
-1

) for 1 h at 37°C. A second extraction was conducted with an equal 

volume of phenol:chloroform:isoamyl alcohol. The upper layer was transferred to a new 

tube and the DNA was precipitated with an equal volume of isopropanol and 1/10
th

 

volume of 3M potassium acetate (pH = 5.5). The DNA was collected through 

centrifugation and re-suspended by incubating at 55°C for 1 h in molecular-grade water. 

Plasmids were isolated from bifidobacteria as previously described (Lee & 

O'Sullivan, 2006). E. coli plasmid isolations were conducted using the Zyppy™ Plasmid 

Miniprep Kit (Zymo Research, Irvine, CA) according to the manufacturer’s 

recommendations. Gel extractions and PCR cleaning was conducted using the Gel/PCR 

DNA Fragment Extraction Kit (IBI Scientific) following the manufacturer’s 

recommendations. Restriction enzyme digestions were conducted using New England 

Biolabs enzymes according to the recommended manufacture’s protocol in 20 µL 

reactions. Gel electrophoresis was conducted with 0.9% agarose gels in TAE buffer and 

10 V cm
-1

. The 1 kb Plus DNA Ladder (Invitrogen Life Technologies) was used as a 

standard. DNA ligations were conducted using T4 DNA ligase (New England Biolabs) 
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following the manufacturer’s recommended protocol in 20 µL reactions. E. coli WM3064 

was made chemically competent using the rubidium protocol described previously 

(Hanahan, 1983).  Chemically competent E. coli DH5α cells (Invitrogen Life 

Technologies) were used according to manufacturer’s recommendations. Transformants 

and conjugants were confirmed by plasmid isolation followed by restriction digest 

analysis. Routine PCR was conducted using Taq DNA polymerase (New England 

Biolabs) with 200 µM dNTP, 0.6 µM of each primer, 0.1 – 20 ng of template DNA in 

reaction buffer supplied by the manufacturer in 25 µL total volume. When using 

amplicons for cloning, PCR SuperMix High Fidelity DNA polymerase (Invitrogen Life 

Technologies) was used according to the manufacturer’s instructions. The thermal 

cycling conditions were 94°C for 2 min; 35 cycles of 94°C, appropriate annealing 

temperature (Table II-2) for 30 s, and 72°C for 1 minute per kb of expected product size; 

and a final extension step at 72°C for 5 minutes. Sequencing was conducted at the 

BioMedical Genomics Center, University of Minnesota. 

2.3.  Conjugation 

An optimized protocol for intrageneric plasmid transfer between E. coli and 

bifidobacteria consisted of the following. Fully grown cultures of bifidobacteria strains 

were diluted approximately 1:15 into fresh medium and incubated at 37°C anaerobically 

until they reached an OD600  of 0.8 – 0.9. The cells were harvested by centrifugation 

(2,000 x g, 25°C and 5 min) and washed with one fifteenth culture volume of fresh BHI 

broth and re-suspended in approximately one twentieth of the culture volume. The donor 

E. coli strain was diluted 1:20 into fresh medium from an overnight culture and incubated 

at 37°C with shaking at 250 rpm to an OD600 of 0.6. The cells were harvested by 

centrifugation (2,000 x g, 25°C and 5 min) and washed with 1/50
th

 of the culture volume 

using fresh BHI broth. The donor and recipient strains were mixed by brief vortexing. 

The mixture was collected by centrifugation (16,100 x g, 25°C and 30 s) and re-

suspended in 100 µl of fresh BHI broth. The cells were then spotted on BLIM+Fe and 

incubated aerobically at 37°C for 12 h. The cells were collected using a loop and re-

suspended in 1 ml of MRS supplemented with 0.05% cysteine and 10% glycerol (v/v).
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Table II-2. Primers used in this study. 

Name Sequence (5’ to 3’) (°C)
 †
 

Cat-F TCGCGTCATGTGAGGCATTT 60 

Cat-R AACAGGCGTTATCGTAGCGT 60 

GroE-F AACAACATCCGTGGCACCTT 54 

GroE-R AGCTTCAGGCCCAGTTCGT  

Orit-F AGAGAGTCGACCCTGCAGGCCGGCCAGCCTCGCAGAGCAG 65 

Orit-R AGAGAGTCGACCCGGGCAGGATAGGTGAAGT  

Plas-F ATTTCCACCTTTCTCTGTCC 54 

Plas-R AAACGGGAGCAACAGCAGG  

Plas1-F CCCGCTGTGCACGAACGACT 65 

Plas1-R CGGGCAGGGGACGCTTCTTG  

Plas2-F ATCACCGTCCAAAGCGCCCG 65 

Plas2-R GGAGAGCATCGGACACGGCG  

Plas3-F GCCCACAGTGCGCATTCCCT 65 

Plas3-R GACGCGAGGGGCGAGACCTA  

Plas4-F GCTTGCGGTTGCGCTTGTCC 65 

Plas4-R CCGCCGTGCGCTTTTTCCAC  

†
Annealing temperature for primer pair used during PCR. Restriction enzyme sites. 
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An aliquot of the suspension was plated on MRS agar supplemented with 0.05% cysteine 

and chloramphenicol. The plates were incubated for two to three days anaerobically.  

2.4.  Plasmid curing  

Plasmid curing was conducted on B. longum DJO10A transconjugants. The strain 

was inoculated into MRS broth supplemented with 4 µg of ethidium bromide ml
-1

. The 

culture was incubated anaerobically at 37°C for 24 h. Single colonies were obtained by 

streaking the culture on MRS agar and incubating at 37°C anaerobically. The plasmid-

cured colonies were screened by patch-plating individual colonies on duplicate MRS 

plates with and without chloramphenicol. Plasmid profiles analysis was conducted on 

chloramphenicol sensitive colonies.  

2.4.1.  Southern hybridization 

Approximately 20 µg of total DNA per sample were digested with BamHI and 

electrophoresed through a 0.9% agarose gel in TAE buffer at 5 V cm
-1

. The gel was then 

prepared by denaturing the DNA with an alkaline treatment and transferred to a 

positively charged nylon membrane (Roche) using capillary transfer. The DNA was fixed 

to the membrane using the auto crosslink function of a UV Stratalinker® 2400 

crosslinker (Stratagene). The Gene Images
TM

 AlkPhos Direct
TM

 labeling and detection 

system with CDP-Star
TM

 (GE Healthcare) was used for labeling, hybridization and 

detection according to the manufacturer’s protocols. The probes were labeled using DNA 

obtained from gel-extracted pDOJH10S and the PCR products of GroE-F and GroE-R. 

The entire 1 kb ladder was used as probe and separately hybridized to the fragment of the 

membrane that contained it. 

2.4.2.  Dot blot hybridization 

Approximately 6 µg of DNA per spot were denatured using an alkaline treatment 

and then transferred to a positively charged nylon membrane (Roche) using the Bio-Dot® 

apparatus (Bio-Rad) following the manufacturer’s recommendations. The DNA was fixed 

to the membrane and hybridized as described above for the Southern hybridization.  
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3.  Results 

3.1.  Electroporation into bifidobacteria 

Numerous electroporation attempts were conducted using vectors from two 

incompatibility groups and either chloramphenicol or erythromycin selection marker. 

Multiple strategies were investigated and tested for at least five independent attempts. 

The cells from each strategy were incubated on selective medium for at least five days 

before rendering the strategy unsuccessful. The protocols employed and results are 

described in the Supplementary Material. As electroporation of plasmid DNA isolated 

from E. coli only resulted in a single transformant of one strain (B. animalis subsp. lactis 

Bb-12) and B. longum VMK44 was only reproducibly transformed with a vector 

reisolated from itself, it was concluded that current electroporation protocols were not 

feasible for reproducible gene transfer into bifidobacteria in general. Therefore, a 

conjugation approach was investigated. 

3.2.  Construction of a mobilizable shuttle vector for bifidobacteria 

The mobilizable plasmid pDOJHR-WD2 (Figure II-1) was constructed by 

engineering the oriT from pRK2013 into the pDOJHR-WD1 vector. The oriT was 

amplified using SalI site-flanking primers (Orit-F and Orit-R) and ligated into the XhoI 

site of pDOJHR-WD1, thus forming TaqI sites at either side of oriT. Therefore, 

pDOJHR-WD2 is an E. coli – Bifidobacterium shuttle vector with two gram-positive 

selection markers and an oriT that can be mobilized by the RP4 conjugative machinery in 

trans. 

3.3.  Intergeneric conjugation of pDOJHR-WD2 between E. coli and 

bifidobacteria 

The E. coli strain WM3064 (pBB109) was transformed with pDOJHR-WD2. The 

pBB109 vector in the E. coli strain provided the relaxase functions in trans, which 

catalyses the nicking of the pDOJHR-WD2 at the oriT sequence. The Tra functions, 
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Figure II-1. Mobilizable vector pDOJHR-WD2 based on pDOJHR with an erythromycin 

resistance gene from pMSP3535 and the oriT from pRK2013. This vector contains the 

entire pDOJH10S plasmid sequence and the approximate position of the primers pairs described 

in Table II-2 and in the text are shown. 
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provided by the chromosomally integrated RP4 in this E. coli strain, form the MPF and 

the type IV coupling system. The conjugation protocol was optimized by testing different 

conjugation temperatures (25, 30, 37 or 42°C) under both aerobic and anaerobic 

conditions using B. animalis subsp. lactis Bb-12 and B. longum DJO10A. Similar 

conjugation efficiencies were observed when the mating was conducted at 37 and 42°C 

aerobically. However, no transconjugants were observed using the other tested 

conditions.  

To evaluate this conjugation protocol for a range of bifidobacteria, approximately 

10
7
 cells of mid-log E. coli cells, washed with antibiotic-free broth, were used in each 

conjugation with bifidobacteria. The bifidobacteria cultures were harvested at an OD600 

between 0.8 and 0.9, washed and re-suspended in 1/15
th

 of the original volume with fresh 

broth to remove acids that could inhibit E. coli completely. A defined volume of cells, 

corresponding to approximately 10
5
 – 10

9
 cells depending on the strain, were used in 

each conjugation (Table II-3). Chloramphenicol resistant transconjugants were counted 

and sampled to verify the transferring of the vector by conducting plasmid isolations. The 

conjugation was successful for all the strains tested as assessed by plasmid analysis 

(Figure II-2 and Figure II-3a). At least 16 colonies were screened for each strain and no 

false positives were detected.  The efficiencies observed varied from 10
-4

 to 10
-6

 

transconjugants per recipient cell (Table II-3). It was evident that the higher efficiencies 

occurred when the ratio of bifidobacteria to E. coli in the conjugation favored E. coli. The 

highest transfer efficiency occurred for B. animalis subsp. lactis Bb-12 and that 

conjugation also had a bifidobacteria to E. coli ratio that favored E. coli the most (1:730). 

To investigate the impact of the ratio, several conjugations were set up between E. coli 

and B. animalis subsp. lactis Bb-12 with variable ratios of donor and recipient. The 

results showed a clear and exponential relationship between the donor /recipient ratio and 

the conjugation efficiency. Ratios favoring E. coli more than approximately 10
5
 to 1 yield 

almost 100% efficiency while ratios favoring bifidobacteria more than approximately 10
2
 

to 1 yield no detectable transconjugants (Figure II-4). 
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Table II-3. Efficiencies of intergeneric conjugations between E. coli and Bifidobacterium 

strains. 

Strain 
Count 

(CFU)
#
 

Ratio
*
 Colonies

†
 Efficiency

‡
 

B. animalis subsp. lactis Bb-12 5.3 x 10
6
 730 : 1 24 ± 11 1.8 x 10

-4
 

B. bifidum ATCC 15696 1.8 x 10
5
 60 : 1 3 ± 2 6.5 x 10

-4
 

B. breve ATCC 15701 3.7 x 10
8
 1 : 36 27 ± 6 2.9 x 10

-6
 

B. longum subsp. infantis RECb4 1.2 x 10
7
 1 : 1 2 ± 2 7.5 x 10

-6
 

B. longum DJO6A 1.2 x 10
8
 1 : 3 51 ± 14 1.7 x 10

-5
 

B. longum DJO10A 1.5 x 10
8
 33 : 1 6 ± 2 1.6 x 10

-5
 

B. longum VMK44 1.2 x 10
9
 1 : 33 91 ± 21 3.0 x 10

-6
 

#
Average colony forming units (CFU) from four replicates. 

*
Ratio between E. coli and 

bifidobacteria cells in each conjugation.
  †

Average transconjugants in four replicate 

conjugations plated in duplicate plates and standard deviation, approximately 1/40
th

 of 

the total conjugation volume was plated. 
‡
Average transconjugants per recipient from 

four replicate conjugations plated in duplicates.  
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Figure II-2. Confirmation of bifidobacteria transconjugants after mating with E. coli 

WM3064 harboring the mobilizable vector pDOJHR-WD2 (8.2 kb). (a) – Lane 1 shows 

the 1 kb ladder; Lane 2 shows EcoRI digestion of pDOJHR-WD2; Lanes 3 – 7 show 

EcoRI digestion of plasmids isolated from transconjugants of B. animalis subsp. lactis 

Bb-12, B. bifidum, B. breve, B. longum subsp. infantis and B. longum DJO6A. The 

pDOJHR-WD2 plasmid generates 7.0 and 1.2 kb fragments after EcoRI digestion. (b) – 

Lane 1 shows the 1 kb ladder; Lanes 2 – 4 show EcoRI and XhoI digestion of  B. longum 

VMK44 wild type, B. longum VMK44 transconjugant and  pDOJHR-WD2. XhoI 

linearizes the native plasmid (3.7 kb) in the wild type and does not cut the pDOJHR-

WD2 vector. No false positives were detected in at least 16 colonies screened for each 

strain.  
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Figure II-3. Confirmation of conjugation and plasmid curing in B. longum DJO10A and 

derived strains. (a) – Lane 1 shows a 1 kb ladder; Lanes 2 – 5 show ApaLI digestions of 

pDOJHR-WD2, B. longum DJO10A wild type, B. longum DJO10A transconjugant with 

no visible pDOJH10S (designated DJO10A-W1) and B. longum DJO10A transconjugant 

with visible pDOJH10S. ApaLI linearizes both native plasmids (10 kb and 3.7 kb) and the 

vector pDOJHR-WD2 (8.2 kb). (b) – Lane 1 and 2 show ApaLI digestion of B. longum 

DJO10A-W2 and B. longum DJO10A wild type; Lane 3 shows the 1 kb ladder. Seven 

other chloramphenicol sensitive colonies were screened and they showed similar plasmid 

profiles.  
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Figure II-4. Relationship between donor (E. coli WD3064) / recipient (B. animalis subsp. 

lactis Bb-12) ratio and conjugation efficiencies. Detection limit for transconjugants was 

calculated at 10
-7

. Bars indicate standard deviation. 
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3.4.  Incompatibility effects of introduced vector with a resident 

plasmid in B. longum DJO10A  

The pDOJHR-WD2 and the pDOJH10S plasmid, one of the resident plasmids in 

B. longum DJO10A, have the same plasmid origin of replication for bifidobacteria. In 

fact, the entire sequence of the pDOJH10S is present in pDOJHR-W2. Therefore, it was 

expected that conjugation with pDOJHR-WD2 will replace the resident plasmid. 

Interestingly, the plasmid analysis revealed that the two plasmids coexisted in most of the 

transconjugants (Figure II-3a Lane 5). In only one case, among more than 50 successful 

transconjugants screened, the plasmid analysis suggested that the incoming vector 

replaced the resident plasmid. This strain was designated B. longum DJO10A-W1 (Figure 

II-3a Lane 4). However, further analysis of the strain through PCR, using the Plas-F and 

Plas-R primers targeting a sequence unique to pDOJH10S disrupted when the vector 

pDOJHR was constructed, revealed the presence of this plasmid at a low copy number, 

undetectable by plasmid profiling. 

To assess the stability of pDOJH10S in the transconjugants, two conjugated 

strains, one with visible pDOJH10S and the B. longum DJO10A-W1 strain, were grown 

overnight in different concentrations of chloramphenicol (0, 2.5, 5, 7, 10, 15 and 30 µg 

ml
-1

). In addition, the two strains were grown for more than 30 generations using 2.5 µg 

chloramphenicol ml
-1

. In all cases the plasmid profile was not altered and no loss of the 

resident pDOJH10S plasmid was evident.  

3.5.  Curing of pDOJHR-WD2 from B. longum DJO10A-W1 

B. longum DJO10A is of particular interest because it is the only strain of bifidobacteria 

with a publically available genome sequence that was obtained prior to extensive 

laboratory culturing. As it exhibits several unique characteristics that are pertinent to 

survival in the gut, such as the ability to produce a lantibiotic, its study could lead to the 

development of an improved probiotic bifidobacteria. It contains two plasmids, 

pDOJH10L and pDOJH10S, the latter of which contains the same origin of replication as 

the vector pDOJHR-WD2 used in this study. Thus, a strain free of the resident 
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Figure II-5. A) Dot blot hybridization of total DNA from 1) B. longum DJO10A, 2) B. 

longum DJO10A-W1, 3) B. longum DJO10A-W2 and 4) B. animalis subsp. lactis Bb-12 

as a negative control, with probes targeting a) groEL gene as a positive control and b) the 

whole pDOJH10S plasmid. B) Southern blot showing a) 1 kb ladder, b) total DNA from 

B. longum DJO10A-W1 digested with BamHI, and c) total DNA from B. longum 

DJO10A-W2 digested with BamHI and hybridized with the whole pDOJH10S plasmid 

and groEL gene fragment as probes. Arrows show 1. groEL in a 22.7 kb BamHI segment, 

2. pDOJH10L (10 kb) containing a 708 bp segment with 74% identity to pDOJH10S, 3. 

pDOJHR-WD2 (8.2 kb) constructed with the entire pDOJH10S plasmid, and 4. 

pDOJH10S (3.6 kb). All plasmids are linearized by BamHI digestion. 
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pDOJH10S could potentially exhibit higher transformation or transconjugation 

efficiencies. To investigate if this was the case, the B. longum DJO10A-W1 strain was 

subject to curing as described in Materials and Methods. 

Plasmid analysis of chloramphenicol sensitive colonies only revealed the 

pDOJH10L native plasmid of the parent strain (Figure II-3b). One of the 

chloramphenicol sensitive colonies was designated B. longum DJO10A-W2. Further 

analysis of DJO10A-W2 using PCR with the primer pairs Plas1-F/R, Plas3-F/R and 

Plas4-F/R (Table II-2), revealed the presence of the either pDOJH10S or pDOJHR-W2. 

The chloramphenicol sensitive phenotype and the negative PCR with the primer pairs 

Plas-F/R and Plas2-F/R, suggested that pDOJH10S was present in the strain possibly 

integrated in to the chromosome. To further investigate this, a dot blot hybridization 

using the entire plasmid pDOJH10S as a probe, was conducted. Interestingly, the assay 

was positive for both DJO10A-W1 and DJO10A-W2 (Figure II-5A). To investigate if the 

plasmid was present in circular form or inserted in the chromosome, a Southern 

hybridization of BamHI digested total chromosomal DNA was conducted using 

pDOJH10S as a probe.  This assay indicated that the strain DJO10A-W1 contained both 

plasmids in circular form and DJO10A-W2 contained pDOJHR-W2 in circular form. 

This was surprising as the strain is chloramphenicol sensitive. The chloramphenicol 

resistance gene, cat, and its promoter region from DJO10A-W2 were sequenced using the 

primers Cat-F and Cat-R (Table II-2). The sequencing data showed several mutations in 

the cat gene rendering it nonfunctional. To investigate if this phenomenon was 

reproducible, a new curing experiment was conducted. From this experiment, 

chloramphenicol sensitive colonies were screened for pDOJH10S and pDOJHR-WD2 

using PCR. Interestingly, one other colony contained the pDOJH10S and the other four 

were free of either plasmid. One of these plasmid-free strains was designated DJO10A-

W3. 

To assess the influence of the resident plasmid in the conjugation efficiency, 

conjugations were conducted using the wild type, DJO10A-W2 and DJO10A-W3 strains. 

These strains contain high, low and zero copy number of the pDOJH10S origin of 

replication respectively. The influence of the origin of replication is evident as the 

absence of the plasmid increased the efficiency by nearly a log (Table II-4).
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Table II-4. Efficiencies of intergeneric conjugations between E. coli and B. longum 

DJO10A strains. 

Strain 
Count 

(CFU)
#
 

Ratio
*
 Colonies

†
 Efficiency

‡
 

B. longum DJO10A 1.5 x 10
8
 33 : 1 6 ± 2 1.6 x 10

-5 
(
a
) 

B. longum DJO10A-W2 2.4 x 10
8
 21 : 1 28 ± 6 4.7 x 10

-5 
(
b
) 

B. longum DJO10A-W3 3.5 x 10
8
 14 : 1 19 ± 7 2.2 x 10

-4 
(
c
) 

#
Average colony forming units (CFU) from four replicates. 

*
Ratio between E. coli cells 

and bifidobacteria cells in each conjugation.
  †

Average transconjugants in four replicate 

conjugations plated in duplicate plates and standard deviation, approximately 1/40
th

 of 

the total conjugation volume was plated except for B. longum DJO10A-W3 where 1/400
th

 

was plated. 
‡
Average transconjugants per recipient from four replicate conjugations 

plated in duplicates, different letters indicate statistically significant means (p < 0.01). 
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4.   Discussion 

Transformation through electroporation is a widely use technique due to its 

success in a large number of bacteria. To date, electroporation has been the only means of 

introducing plasmids into Bifidobacterium species. However, the published protocols are 

strain dependent requiring optimization for individual strains. Therefore, it is not 

surprising that these protocols were inefficient for the strains of interest in our laboratory. 

Conjugation could be a simple solution to this issue since conjugation protocols tend to 

be efficient through a wide range of hosts and are able to successfully transfer genetic 

material even between different phyla. The present work describes a robust conjugation 

protocol to be used in the transfer of genetic material from E. coli to several 

Bifidobacterium species. This represents the first confirmed report of a successful 

intergeneric conjugation into this genus. The system consists of a donor E. coli strain, 

that can be easily excluded from the selection medium by taking advantage of its DAP 

auxotrophy, and a transmissible vector, pDOJHR-WD2, engineered with two gram-

positive antibiotic markers and the same 112 bp oriT sequence previously used in a 

Streptomyces species conjugation (Nikodinovic & Priestley, 2006). The conjugation 

between E. coli and bifidobacteria was successful only when the mating occurred at 37 or 

42°C, aerobically on a buffered agar medium. Under these conditions, growth is impaired 

by the lack of DAP for E. coli and the presence of oxygen for bifidobacteria. Therefore, 

growth appeared to be unnecessary for the conjugation to occur and it seems that 

anaerobic conditions, where bifidobacteria will be able to grow, inhibited the process. 

Since bifidobacteria is routinely grown under anaerobic conditions, this may be one of 

the reasons for unsuccessful conjugation attempts, as conjugation protocols call for 

mating conditions that favor the growth of the recipient strain. 

When using the optimized protocol, the conjugation efficiencies observed initially 

ranged from 10
-4

 to 10
-6

 transconjugants per recipient, which are similar to reports in 

other Actinobacteria. Efficiencies of 10
-4

 to 10
-8

 have been reported for Streptomyces 

(Blaesing et al., 2005; Mazodier et al., 1989) and 10
-6

 for Mycobacterium
 
(Gormley & 

Davies, 1991). Other groups have reported better efficiencies. These include 

Streptomyces (up to 10
-2

) (Luzhetskyy et al., 2006; Phornphisutthimas et al., 2010), 
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Rhodococcus (10
-2

 to 10
-7

, typically 10
-3

 to 10
-4

) (Desomer et al., 1988) and 

Corynebacterium (up to 10
-1

) (Schafer et al., 1994). From the initial conjugations into 

different bifidobacteria in this study, the highest conjugation efficiencies were obtained 

when the ratio of E. coli to bifidobacteria cells favored E. coli (Table II-3). When the 

ratio donor / recipient was further investigated for B. animalis subsp. lactis Bb-12 (Figure 

II-4), close to 100% of the recipients were conjugated when the ratio favored E. coli 

100,000 to 1 showing a dramatic improvement on the conjugation efficiency (>10,000 

fold) when compared to a 1:1 ratio, which is typically suggested in conjugation protocols. 

Conversely, ratios that favored the bifidobacteria strain showed low efficiencies and no 

transconjugants could be obtained once the ratio favored bifidobacteria more than 100 to 

1. This was not observed for plasmid transfer from E. coli to Staphylococcus aureus  (Al-

Masaudi et al., 1991) and therefore should be recognized as an important parameter for 

conjugative plasmid transfer between E. coli and bifidobacteria.  

Plasmid incompatibility was defined more than 30 years ago (Novick et al., 1976) 

and experimental evidence supports it (reviewed in Nordstrom & Austin, 1989; Novick, 

1987). However, we observed that in all cases the incoming vector (pDOJHR-WD2) 

coexisted with the resident plasmid (pDOJH10S) in B. longum DJO10A. Even in the case 

of strain DJO10A-W1, where the pDOJH10S plasmid was not visible by gel analysis, 

PCR and Southern blotting indicated that it was still present. The apparent reluctance to 

lose the pDOJH10S plasmid may suggest that it confers an advantage to the host. Small 

cryptic plasmids have previously been shown to confer fitness to a Corynebacterium 

renale host by an unexplained mechanism, but theorized to involve advantages accrued 

during coevolution of cryptic plasmids and the host cell (Srivastava et al., 2011). To 

investigate elements that could be advantageous for the strain, the pDOJH10S sequence 

was re-analyzed. When analyzing the sequence, it was evident that aside from the three 

ORFs previously annotated (mob, rep and orfIV) a new ORF was located overlapping by 

one nucleotide at the 3’ end of the rep gene. This newly identified ORF consisted of 324 

base pairs and a BLASTp analysis with a translated sequence revealed homology with a 

gene predicted to be repB that was identified in pBS423 from B. longum (Hirayama et al., 

2012), pFI2576 from  B. longum (Moon et al., 2009), pMB1 from B. longum (Rossi et al., 

1996), pBC1 from B. catenulatum (Alvarez-Martin et al., 2007), pNV18 from Nocardia 
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(Chiba et al., 2007), pAL5000 from Mycobacterium fortuitum (Rauzier et al., 1988) and 

pRGO1 from Propionibacterium acidipropionici (Kiatpapan et al., 2000). In all cases a 

similar gene organization is shared where this gene is immediately downstream and 

overlapping a repA gene, as now depicted for pDOJHR-W2 in Figure II-1. However, no 

evidence of potentially advantageous elements was found. It was also intriguing that 

DJO10A-W2, which was initially believed to be cured of both pDOJH10S and pDOJHR-

WD2, due to its sensitivity to chloramphenicol and lack of visible plasmids via gel 

electrophoresis, retained pDOJHR-WD2 with a mutated cat gene, presumably caused by 

the ethidium bromide curing, as this has been reported previously for other 

Actinobacteria (Crameri et al., 1986). However, as both plasmids were subsequently lost 

during future curing experiments, it can be concluded that while the strain has an affinity 

for this cryptic plasmid, similarly to cryptic plasmids in other bacteria (Srivastava et al., 

2011), it contains no essential functions for the organism and can be successfully 

eliminated without any noticeable deleterious effects. 

The vector in strain DJO10A-W2 did allow a small, but statistically significant, 

increase in transfer efficiency compared to the wild-type, presumably due to a lower copy 

number of the plasmid ori. When the ori was completely removed from strain DJO10A-

W3, the conjugation efficiency increased by one log comparable to the efficiency 

predicted for B. animalis subsp. lactis Bb-12 at a comparable donor to recipient ratio 

(Figure II-4). In contrast, both the wild type and DJO10A-W1 showed efficiencies below 

of what was expected in B. animalis subsp. lactis Bb-12. This shows that, although 

pDOJH10S and pDOJHR-W2 can coexist in the host, there is a degree of incompatibility 

as expected for two plasmids with the same origin of replication.  

In conclusion, a robust and simple conjugation method to transfer genetic material 

from E. coli into potentially any bifidobacteria was developed. This method could enable 

the transfer of large constructs and assist in the development of genetic engineering tools 

for the Bifidobacterium species.  
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7.  Supplementary material 

7.1.  Electroporation protocols 

Electrocompetent bifidobacteria were prepared from cells harvested at different 

points during log phase by collecting them at OD600 ranging from 0.3 to 1.2. The cells 

were centrifuged (5,000 x g, 5 min, 4°C) and washed four times with equal volumes of 

one of several tested buffer solutions at 4°C. The cells were re-suspended in 1/50
th

 of the 

culture volume in the same washing buffer. The cells were frozen at -80°C for the buffer 

composed of 15% glycerol and 0.5 M sucrose. In all other cases, the cells were 

electroporated immediately. The cells were thawed and kept on ice at all times until the 

pulse was applied. Less than 5 µL of plasmid DNA (100 – 500 ng) were mixed with the 

cells. The mixture was placed in a pre-chilled 1 or 2 mm gap cuvette (Molecular 

BioProducts, San Diego, CA). A Gene Pulser™ (Bio-Rad, Hercules, CA) apparatus was 
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used to apply the electric pulse. The pulse used ranged from 2.0 – 2.5 kV, 100 - 1000 Ω 

and 25 µF. After the pulse, the cells were either recovered immediately in MRS broth 

supplemented with 0.05% L-cysteine and 1 mM MgCl2, recovered after a heat shock at 

different temperatures (42 – 50°C) for 5 – 15 min or recovered after a hypertonic buffer 

(2 M sorbitol) treatment. The cells were plated and incubated anaerobically for at least 

five days. A summary of the conditions tested is described in Table II-5S. 

7.2.  Electroporation of pDOJHR into bifidobacteria 

The pDOJHR shuttle cloning vector was previously constructed using a small cryptic 

plasmid from B. longum DJO10A and the E. coli plasmid replication origin p15A (Lee & 

O'Sullivan, 2006). It is a theta replicating plasmid, thus enhancing its structural and 

segregational stability in bifidobacteria. It was previously electroporated into B. longum 

VMK44, but at a very low frequency (Lee & O'Sullivan, 2006). As this low frequency 

minimizes its usefulness for molecular characterization of bifidobacteria, attempts were 

made to improve it. Several electroporation protocols were tested to transform B. longum 

strains VMK44 and DJO10A, as well as B. animalis subsp. lactis Bb-12 with pDOJHR. 

This included protocols reported for Bifidobacterium species (Argnani et al., 1996; 

Matsumura et al., 1997; Missich et al., 1994; Rossi et al., 1997), other Actinobacteria 

(Dorella et al., 2006; Jore et al., 2001; van der Rest et al., 1999), other gram-positive 

bacteria (Dunny et al., 1991; Trieucuot et al., 1993; Wyckoff & Whitehead, 1997) and 

even yeast (Suga & Hatakeyama, 2009; Thompson et al., 1998; Watanabe et al., 2010; 

Wu & Letchworth, 2004; Zhou et al., 2009). A summary of the parameters tested is listed 

in Table II-5S. 

While chloramphenicol resistant colonies were obtained at low frequencies, a 

plasmid analysis did not reveal the presence of the pDOJHR vector in all cases except 

one. This confirmed successful transformation was observed in B. animalis subsp. lactis 

Bb-12. However, the transformed plasmid contained a deletion, which was confirmed by 

PCR and gel electrophoresis sizing. The deletion included a section of the E. coli origin 

of replication making it unpractical as a shuttle vector.  
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Table II-5S. Summary of electroporation conditions tested to transform bifidobacteria through electroporation. 
Culture growth  Cell preparation  Pulse  Post Pulse 

Harvest++ 

(OD600nm) 
Media  

Media 

supplement Washing buffer Treatments 

 
Cuvette 

(mm) 

Voltage 

(kV) 

Resistance 

(Ω) 

Volume 

(µL) 

 Heat shock Hypertonic 

solution   Temperature 

(°C) 

Time 

(s) 

0.2 

0.4 

0.5 

0.6 

0.7 

0.8 

0.9 

1.0 

1.2 

MRS 

BLIM 

BHI+Glucose 

Optimal 

glycine* 

 

0.24% 

Threonine 

 

30 µg penicillin 

G ml-1 ‡ 

 

0.3 M raffinose 

 

20 – 150 ng 

nisin µl-1  

15% glycerol 

(v/v), 0.5M 

sucrose 

 

0.5 M 

mannitol, 1 

mM 

ammonium 

citrate (pH 6.0) 

 

272 mM 

sucrose, 7 mM 

sodium 

phosphate, 1 

mM 

magnesium 

chloride 

Lysozyme† 

 

10 mM 

DTT and 

100 mM 

LiAc# 

 1 

2 

2.00 

2.20 

2.40 

2.45 

2.50 

200 

400 

600 

800 

1000 

∞ 

50 

100 

200 

400 

 46 

48 

50 

5 

10 

15 

2 M 

sorbitol¶ 

++
 All combinations were used for cells harvested at OD600nm of 0.8 and 1.0. Cells harvested at all other OD’s were only tried 

with conditions indicated by bold and underlined typeface. 
*
Optimal glycine represents the maximum amount of glycine that 

will allow overnight growth when sub-inoculating from an actively growing culture (Mid log). 
‡
Added an hour before 

harvesting cells. 
†
20 mg lysozyme ml

-1
 at 37°C for 10, 20 or 30 min, cells were washed twice with buffer. 

#
Dithiothreitol and 

lithium acetate treatment at 37°C for 30 min, cells were washed twice with buffer. 
¶
Treatment for 10 min prior recovery.  
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As pDOJHR, was previously introduced into strain VMK44 (Lee and O’Sullivan, 

2006), it was isolated from this strain and electroporated back into strain VMK44. This 

did result in chloramphenicol resistant isolates which did contain the vector, as confirmed 

by plasmid profiles. The frequency was approximately 10
3
 transformants per µg of 

plasmid DNA, which is much higher than the original electroporation of this stain with 

pDOJHR isolated from E. coli, which was measured at 2 x 10
1
 transformants per µg of 

DNA.  

In an attempt to overcome the restriction enzymes encoded by B. longum 

DJO10A, the genes encoding the methylases from B. longum DJO10A, Sau3AI and 

EcoRII methylases, were cloned into E. coli in an attempt to methylate pDOJHR prior to 

electroporation into bifidobacteria. EcoRII, encoded by dcm-1, was amplified through 

PCR using a forward primer (Met1-F) encoding the lac promoter and an EcoRI site at the 

5’ end and a reverse primer (Met1-R) containing a SacI site at the 5’ end (Table II-6S). 

Sau3AI, encoded by dcm-2, was amplified by PCR using a forward primer (Met2-F) 

encoding the lac promoter and a SacI site at the 5’ side and a reverse primer (Met2-R) 

encoding an XbaI site at the 5’ end. Both fragments were double digested at their 

respective restriction sites and ligated into similarly digested pMOD-2 (2.5 kb, Amp
r
, 

Epicentre, Madison, WI) in order to first clone each individually for analysis. Selected 

clones for both genes were subsequently confirmed by sequencing. Induction with 0.1 

mM IPTG at mid-log phase (OD600 0.4 – 0.5) did not show any growth impedance, 

suggesting lack of toxicity. However, the DNA isolated from these clones did not exhibit 

protection against the Sau3AI restriction enzyme, suggesting lack of adequate expression 

possibly due to codon usage differences.
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Table II-6S. Primers used in cloning of methylases from bifidobacteria. 

Name Sequence (5’ to 3’) (°C)
 †

 

Met1-F AAAAAAGAATTCTTTACACTTTATGCTTCCGGCTCGTATGTTGTGTGGAATTGTGAGCG

GATAACAATTTCACACAGGAAACAGCTATGAGTGAGATCAGGATAGCGG 
65 

Met1-R AAAAAGAGCTCTCAGTCGGACAGGTAGGGTCTCATCG  

Met2-F AAAAAAGAGCTCTTTACACTTTATGCTTCCGGCTCGTATGTTGTGTGGAATTGTGAGCG

GATAACAATTTCACACAGGAAACAGCTATGACTATACGCATAGCCGAGC 
65 

Met2-R AAAAAATCTAGATCACTCAGAACGTGAAACATCGGC  

CmEx-F AAAAAAGATCTAAGAATCATAATGGGGAAGG 54 

CmEx-R AAAAACATATGGCTTTACACTTTATGCTTCC  

Emr-F AAAAACTCGAGGGGAGATAAGACGGTTCGTGT 54 

Emr-R AAAAAGAATTCTCTACATTCCCTTTAGTAACGTGT  

†
Annealing temperature for primer pair used during PCR. Restriction enzyme sites and 

lac promoter.  
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7.3.  Replacement of the chloramphenicol resistance marker of 

pDOJHR by erythromycin resistance  

Given the propensity for bifidobacteria to give chloramphenicol resistant colonies 

at low frequencies, which were not due to an introduced plasmid, a second marker was 

introduced into the pDOJHR vector. The pDOJHR-WD1 vector was constructed by 

digesting the pDOJHR with EcoRI and XhoI. The digested vector was ligated with a PCR 

product containing the erythromycin resistance (Em
r
) gene from pMSP3535 (Bryan et al., 

2000) and flanking XhoI and EcoRI sites. The primers used were Emr-F and Emr-R 

(Table II-6S). Although no false positives were observed when using this marker, 

electroporation was not successful.  

7.4.  Evaluation of pJRD215 based vectors for electroporation into 

bifidobacteria 

The vector pDOJHR belongs to the incompatibility group P (IncP). To test a 

different incompatibility group, an IncQ plasmid, pJRD215 that has been used in a wide 

range of hosts, including the Actinobacteria (Hermans et al., 1991) was investigated. This 

vector harbors kanamycin and streptomycin resistance markers, which are ineffective for 

bifidobacteria. Therefore, the cat gene from pDOJHR was obtained using PCR with 

NdeI- and XhoI-site flanking primers CmEx-F and CmExp-R (Table II-6S), digested with 

NdeI and XhoI and ligated it into similarly digested pJRD215, resulting in pJRD215-

WD3 (Figure II-6Sa). Another vector with an Em
r
 marker, pJRD215-WD4 (Figure 

II-6Sb), was constructed using an analogous strategy using pMSP3535 as the source of 

the Em
r
 marker and primers Emr-F and Emr-R (Table II-6S).  

Both pJRD215-based vectors were used for electroporation into bifidobacteria 

with no positive results. The same series of protocols, used for the pDOJHR-based 
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Figure II-6S. Vectors constructed for electroporation with bifidobacteria. (a) – Broad-

host range vector based on pJRD215 (Davison et al., 1987) with the cat gene from pDOJHR-

WD; and (b) – Broad-host vector based on pJRD215 with the erythromycin resistance 

gene from pMSP3535.
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vectors and summarized in Table II-5S, were tested. Since electroporation approaches 

were not feasible for these bifidobacteria, a conjugation approach was investigated. 
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Chapter III.  Defining the Stress Regulon of 

Bifidobacterium longum During Yogurt Fermentation 
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Bifidobacterium species have been associated with a healthy gastrointestinal tract 

since 1899. It has been suggested that these bacteria are able to stimulate the immune 

system of the host, exclude pathogenic bacteria and regulate colonic transit among others. 

Dairy products, particularly yogurt, are commonly used to deliver these bacteria to 

consumers. However, it is known that intestinal strains, such as B. longum DJO10A, are 

not adapted to processing conditions like commercially used cultures, such as B. animalis 

subsp. lactis Bb-12. The objective of this study was to analyze the expression patterns of 

B. longum DJO10A during a yogurt fermentation to identify potential molecular players 

of the stress response under these conditions. The mRNAs encoding for IbpA, DnaK, 

GroEL and the novel protein BspA were found at high levels at the end of the 

fermentation. The expression of these genes was up-regulated in response to heat stress at 

levels between 1.5 and 2.5 times higher than under normal conditions. The expression of 

ibpA and bspA responded strongly to acid stress (pH = 3.0) particularly when the stress 

was applied in milk. Overexpression of any of these genes in B. longum DJO10A resulted 

in compromised expression levels of the other stress genes, which resulted in less 

tolerance to acid stress. However, overexpression of ibpA and bspA resulted in a better 

tolerance to heat stress and short term tolerance to osmotic stress compared to an equally 

stressed control with wild-type levels of all the stress genes. The overexpression of dnaK 

resulted in an enhanced long-term tolerance to osmotic stress. In conclusion, this is the 

first report of a molecular level analysis of bifidobacteria during yogurt fermentation. In 

addition, this is the first report of the involvement of IbpA and the bifidobacteria-specific 

BspA in the acid-stress response in bifidobacteria. 
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1.  Introduction 

Bifidobacteria were first characterized more than 110 years ago (1). Since their 

early discovery, they were associated with a healthy intestinal tract present in vaginally-

delivered and breast-fed infants compared to their C-section and bottle-fed counterparts. 

In a more recent study, elderly individuals from a Japanese region characterized by its 

long-lived inhabitants were found to harbor higher numbers of Bifidobacterium species 

and lower numbers of Bacteroides and Clostridium species compared to their urban 

counterparts (2).  These landmark observations generated vast interest in the beneficial 

properties of these bacteria and their application in the food industry. Since then, 

numerous studies have been conducted in humans and murine models suggesting that 

bifidobacteria helps in preventing diarrhea, establishing a healthy microflora in premature 

infants, colon regularity, lactose intolerance, cholesterol reduction, immunomodulation 

and cancer prevention (reviewed in 3). The term probiotic has been used to describe these 

organisms that when administered live and in adequate amounts confer a health benefit 

on the host (4).These studies also uncover the strain-specific nature of the beneficial 

properties (reviewed in 5). Therefore, claims made in food products containing probiotics 

require the characterization of the particular strain being used. Fermented products, such 

as yogurt, have been traditionally associated with probiotics since fermentation already 

involves the use of live cultures.  

Commercial bifidobacteria strains, such as B. animalis subsp. lactis Bb-12, have 

been selected to tolerate processing and storage conditions found in food processing, 

which often include heat, cold, acid and oxidative stresses (6). In addition, once ingested 

probiotics encounter other sets of hurdles including stomach acids, intestinal biles and 

other microorganisms that the strains must tolerate in order to survive and provide a 

benefit to the host (reviewed in 7). Although commercial strains appear to survive these 

hurdles, they seem to lack the ability to persist in the intestinal tract (8). Furthermore, it 

has been reported that continuous culturing outside the intestine could lead to the loss of 

key genetic material probably needed for the survival inside the host and thus preventing 
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colonization (9).  Therefore, it would be preferable to be able to use a minimally cultured 

strain, such as B. longum DJO10A, for probiotic applications providing they could 

remain viable in foods. However, the survival of this intestinal strain in a food system 

was considerably lower than the survival of a commercial strain (6). Hence, 

understanding the stress response in intestinal strains could enable their incorporation in 

food systems. 

Studies of the stress response in several organisms have revealed that certain 

aspects of it, such as the heat-shock proteins (HSPs), are conserved among bacteria and 

sometimes all forms of life. However, the regulatory mechanisms are often distinct 

(reviewed in 10). The HSPs are a large family of molecular chaperons and proteases that 

work in a complex network to protect the cell from misfolded and defective proteins 

(reviewed in 11). This function is required during normal growth, but the demand for this 

protein quality control increases during stress. The objective of this study was to identify 

these molecular players in B. longum DJO10A during yogurt fermentation through the 

analysis of its stress response with the ultimate goal of enhancing the survival of this 

intestinal strain during food processing.  

2.  Materials and methods 

2.1.  Strains, plasmids and growth conditions 

The strains and plasmids used in this study are listed in Table III-1. Bifidobacteria strains 

were grown anaerobically at 37°C in the buffered medium Bifidobacteria Low-Iron 

Medium supplemented with iron (BLIM+Fe) containing 2.0% proteose peptone, 0.15% 

K2HPO4, 0.5% glucose, 0.15% MgSO4-7H2O, 0.05 mM FeCl3, 100 mM PIPES (MP 

Biomedicals), adjusted to pH 7 with 9 M NaOH (12). When needed for selection or 

growth of transconjugants, 2.5 µg/ml of chloramphenicol were added to the medium. The 

starter cultures were grown in pasteurized 13% solids non-fat dry milk at 42°C. E. coli 

strains were grown in LB broth supplemented, when required, with 25 µg/ml 

diaminopimelic acid (DAP), 50 µg/ml of kanamycin and 20 µg/ml of chloramphenicol.
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Table III-1. Strain and plasmids used in this study. 

Strain / plasmid Relevant characteristics 
Source or 

Reference 

Strains   

Bifidobacterium longum DJO10A Minimally cultured  human 

intestinal isolate; contains 2 

plasmids (3.7 and 10 kb); wild type 

(9, 12) 

E. coli WM3064 RP4(tra) in chromosome, DAP
-
, 

host for pBB109 

(55) 

E. coli DH5α Transformation host Invitrogen, Life 

Technologies 

Streptococcus thermophilus Yogurt starter culture DPL 6111 Danisco, DuPont 

Lactobacillus delbrueckii subsp. 

bulgaricus 

Yogurt starter culture DPL 6111 Danisco, DuPont 

   

Plasmids   

pBB109 4.4 kb, Km
r
, RK2(mob) (56, 57) 

pDOJHR 8.6 kb, Cm
r
 (13) 

pDOJHR-WD6 8.2 kb, Cm
r
, expression cassette

+
, 

RK2(oriT) 

This study 

pDOWD6-bspa pDOJHR-WD6 expressing bspA This study 

pDOWD6-dnak pDOJHR-WD6 expressing dnaK This study 

pDOWD6-groel pDOJHR-WD6 expressing groEL This study 

pDOWD6-ibpa pDOJHR-WD6 expressing ibpA This study 

pRK2013 48 kb, Km
r
, RK2(oriT, mob, tra) (58) 

*
Department of Food Science, University of Wisconsin. DAP

-
, diaminopimelic acid 

auxotroph. Km
r
, kanamycin resistance. Cm

r
, chloramphenicol resistance. Em

r
, 

erythromycin resistance. Sm
r
, streptomycin resistance. 

+
Expression cassette is described 

in Figure III-1. 
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Growth was routinely monitored trough optical density at 600 nm using a Spectronic 20D 

spectrophotometer (Milton Roy Company).  

2.2.  DNA techniques  

Plasmids were isolated from bifidobacteria as previously described (13). E. coli 

plasmid isolations were conducted using the Zyppy™ Plasmid Miniprep Kit (Zymo 

Research) according to the manufacturer’s recommendations. Gel extractions and PCR 

cleaning was conducted using the Gel/PCR DNA Fragment Extraction Kit (IBI 

Scientific) following the manufacturer’s recommendations. Restriction enzyme digestions 

were conducted using New England Biolabs enzymes according to the recommended 

manufacture’s protocol in 20 µL reactions. DNA ligations were conducted using T4 DNA 

ligase (New England Biolabs) following the manufacturer’s recommended protocol in 20 

µL reactions. E. coli WM3064 was made chemically competent using the rubidium 

protocol described previously (14).  Chemically competent E. coli DH5α cells (Invitrogen 

Life Technologies) were used according to manufacturer’s recommendations. PCR 

products for cloning were obtained by using PCR SuperMix High Fidelity DNA 

polymerase (Invitrogen Life Technologies) according to the manufacturer’s instructions. 

The thermal cycling conditions used were 94°C for 2 min; 35 cycles of 94°C, appropriate 

annealing temperature (Table III-2) for 30 s, and 72°C for 1 minute per kb of expected 

product size; and a final extension step at 72°C for 5 minutes. Sequencing was conducted 

at the BioMedical Genomics Center, University of Minnesota. Constructs were mobilized 

into bifidobacteria through conjugation with E. coli WM3064 (pBB109). The conjugation 

conditions used were the same as previously described (15). 

2.3.  RNA isolation 

Bifidobacteria RNA was isolated from cultures growing in broth medium using 

the RiboPure™-Bacteria Kit (Ambion, Life Technologies) following the manufacturer’s 

recommendations. To isolate RNA from yogurt, a new method was developed. One ml 
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Table III-2. Primers and probes used in this study. 

Name Sequence (5’ to 3’) 
Temp 

(°C)
1
 

F-Exp 
AAAAAGAATTCGTCCTTCCTTAAGGACGTGCTCGTCAATTTTTGTTTT

GAGAGTCATCTATTCGGATGCTTTTCATGAAGTTTTTTGCGG 
54 

R-Exp 
AAAAAGAATTCTTTTTCGGCGTTCCGCTCCCTCCACGACGCAAGCGC

AAACCCCTCGAGATGCATACTAGTGCGGCCGCAAAAAACTTCA 
 

F-Ori AAAAAAGGCCTCCTGCAGGCCGGCCAGCCTCGCAGAGCAG 54 

R-Ori AAAAAAGGCCTCTCGAGCCGGGCAGGATAGGTGAAGT  

F-1532 
TTGCGGCCGCTAAGGAGGACACATATGATGTATACCGTCACATTTTC

GG 
60 

R-1532 TTACTAGTTTATTTACTGAGCTTTGGTGCC  

F-DnaK TTGCGGCCGCTAAGGAGGACACATATGGCACGTGCAGTTGGTATCG 60 

R-DnaK TTACTAGTTCACTTGTTGTCCTTGTCGTCATCGTCG  

F-GroE 
TTGCGGCCGCTAAGGAGGACACATATGGCAAAGATCATCTCTTATGA

TGAGG 
60 

R-GroE TTACTAGTTCAGTAGCCCATGTCGGCACC  

F-IbpA TTGCGGCCGCTAAGGAGGACACATATGGCAATGTTTCCGGC 60 

R-IbpA TTACTAGTTCAGCCCTCAATCGCG  

  

RT-qPCR primers and probes  

groEL AACAACATCCGTGGCACCTT 60 

 AGCTTCAGGCCCAGTTCGT  

 (6-FAM) CTGACCGGTGCTCAGGTTGTCT (TAMRA)  

dnaK GAAGAAATAGTGCGGTCAACGTT 60 

 GTGGTGGCCTTCTCCAAGTC  

 (6-FAM) TTCGCCGACGAGGATCTCGCC (TAMRA)  

ibpA CGCACATCGGTAGTCATCATG 60 

 GCGCAACACGGACAACAC  

 (6-FAM) TGGCGGGCATTACGGCACTCA (TAMRA)  

bspA GATGAGCGGCACACCTTTG 60 

 GAAACCGGCGTGGATGTAGT  

 (6-FAM) CGAGAGGCTATTGCGGATGCTGTCC (TAMRA)  
1
Annealing temperature used for PCR. RBS (from dnaK). NotI site. SpeI site. StuI site. 

EcoRI site. 16S promoter region. Transcriptional terminator. RT-qPCR primers and 

probes listed in the following order: Forward primer, reverse primer and hydrolysis 

probe.
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samples of bifidobacteria-inoculated yogurt in 15 ml Falcon tubes were stabilized using 

RNAprotect® Bacteria Reagent (Qiagen) following the manufacture’s protocol. The 

pellets of stabilized cells were stored at – 80°C for later processing. The pellets were 

thaw in 3 mL of Trizol Reagent® (Invitrogen) and transferred into 5 ml screw-cap tubes 

with approximately 1.5 mL of zirconia/silica beads. A Mini-Beadbeater-8™ (BioSpec 

Products) was used to disrupt the cell walls for 3 cycles of beadbeating for 1 min and 

incubation in ice for 1 min. The beads were separated by decanting the liquids into 15 ml 

Falcon tubes with 2 mL of Trizol Reagent®. One ml of chloroform was added to the 

sample and homogenized by vortexing for 20 s. Phase separation was achieved by 

incubating at room temperature for 10 min and centrifugation (10,000 x g, 30 min and 

4°C). The aqueous phase was transferred into a new 15 ml Falcon tube with 2 mL of 

Trizol Reagent®. Additional 0.5 mL of chloroform was added and the mixture was 

homogenized by vigorous shaking for 20 s. The final phase separation was achieved by 

incubating at room temperature for 10 min and centrifugation (12,000 x g, 15 min and 

4°C). The aqueous phase was transferred to a new 15 ml Falcon tube. One-third volume 

of 7 M ammonium acetate and one volume of isopropanol were added to precipitate the 

RNA. A pellet containing the RNA was obtained by centrifugation (12,000 x g, 30 min 

and 4°C). The pellet was washed twice with ice-cold 80% ethanol and dried at 37°C for 5 

min. The RNA was re-suspended in 25 µL of molecular-grade water and the residual 

DNA was removed using Turbo™ DNase (Ambion, Life Technologies) following the 

manufacture’s protocol. Total RNA was analyzed using a NanoDrop (Thermo Scientific) 

and a 2100 Bioanalyzer (Angilent Technologies). 

2.4.  Microarray hybridization and RT-qPCR 

Double stranded cDNA, for microarray analysis, was synthesized from total RNA 

using the Superscript Double-Stranded cDNA Synthesis Kit (Invitrogen) following 

manufacturer’s recommended protocol. The cDNA quality was assessed using a 

NanoDrop and a 2100 Bioanalyzer. The cDNA was labeled with cyanine 3 and 
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hybridized to a B. longum DJO10A genome wide multi-probe microarray designed by 

Roche Nimblegen. Each of the 1,989 genes in the genome of B. longum DJO10A was 

represented by an average of 20 60-mer probes randomly distributed on the chip. Each 

sample was hybridized five times. The microarray data was normalized using quantile 

normalization (16) and the Robust Multichip Average (RMA) algorithm (17, 18). 

ArrayStarver 1.0 (DNASTAR) was used to analyze the normalized data. In addition, 

ratios were calculated to compare the different samples.  

Reverse Transcriptase Real-Time PCR (RT-qPCR) was used to validate the 

results from the microarray analysis. Highly expressed and up-regulated genes were 

selected for this purpose. Hydrolysis probes and primers, listed in Table III-2, were 

designed using the Primer Express® Software v2.0 (Applied Biosystems, Carlsbad, 

California). The sample concentrations were standardized to10 nM/µL with molecular-

grade water. One microliter of standardized samples, 12.5 µL of 2 x TaqMan® RT-PCR 

Mix (Applied Biosystems), 0.6 µL of 40 x TaqMan®RT Enzyme Mix, 900 nM of each 

primer and 250 nM of the probe were analyzed in a 7500 Real Time PCR System 

(Applied Biosystems) using a reverse transcription step of 15 min at 48°C, a denaturing 

and polymerase activation step of 10 min at 95°C, and 40 cycles of 15 s at 95°C and 1 

min at 60°C, where the fluorescence was recorded. At least three experimental replicates 

were analyzed in duplicate. Relative quantification was used to compare the expression 

patterns. Standard curves were generated by serially diluting a known amount of total 

RNA and plotting the observed threshold cycle against the amount of total RNA. Control 

reactions omitting the reverse transcriptase were conducted for every RNA sample and 

controls reactions with no template were conducted for every 96-well plate analyzed. 

2.5.  Yogurt fermentation  

A 32 ml culture of B. longum DJO10A at late logarithmic phase of growth in 

BLIM+Fe was inoculated into two liters of pre-warmed (37°C) BLIM+Fe. The culture 

was incubated at 37°C until late logarithmic phase (OD600 = 0.8) before harvesting by 
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centrifugation at 10,000 g and 4°C for 15 min. The pellet was re-suspended in 1 L of 

pasteurized, 13% non-fat dry milk pre-warmed at 37°C. Simultaneously, a 0.005% 

inoculum with the DPL 611 yogurt starter culture blend was added to the milk. The 

inoculated milk was promptly added to a sterile New Brunswick Bioflo 110 fermenter set 

at 42°C, agitation at 175 rpm and continuous N2 purging. One ml samples were collected 

as the fermentation was taking place and until the pH reached 4.6, after which, the 

fermentation vial was placed at 4°C for 24 h and one more sample was taken. A control 

fermentation was also conducted under the same conditions excluding the bifidobacteria 

strain. The samples were immediately stabilized using 2 ml RNAprotect® Bacteria 

Reagent (Qiagen, Valencia, CA) by mixing vigorously for 20 s, incubating at room 

temperature for 5 min and pelleting the cells by centrifugation (10,000 g, 4°C for 10 

min). The pellets were stored at – 80°C for later processing. 

2.6.  Construction of mobilizable expression vector 

The expression vector pDOJHR-WD6 (Figure III-1) was constructed by digesting 

pDOJHR with EcoRI and ligating the equally digested oligonucleotide encoding an 

expression cassette that was generated by incubating the overlapping oligonucleotides F-

Exp and R-Exp (Table III-2) with SuperMix High Fidelity DNA polymerase (Invitrogen 

Life Technologies) at 92°C for 1 min followed by 72°C for 10 min. The expression 

cassette contained, in the 5’ to 3’ direction, flanking EcoRI sites, the 16S promoter region 

from B. longum DJO10A, a multicloning site (NotI, SpeI, NsiI, and XhoI) and a 

transcriptional terminator from the B. longum pMB1plasmid that was previously used in 

an expression vector for bifidobacteria (19). The vector was made mobilizable by 

amplifying the oriT from pRK2013 using StuI-flanking primers (F-Ori and R-Ori) (Table 

III-2), and cloning it into the StuI site of the vector. The genes encoding for the stress 

proteins BspA, DnaK, GroEL and IbpA were cloned into the multicloning site of the 

vector using high fidelity PCR amplification with primers harboring the dnaK ribosomal 

binding site (RBS) from B. longum DJO10A (Table III-2 and Figure III-1). This 



 

154 

 

  
Figure III-1. Mobilizable expression vector and genes cloned into the expression 

cassette’s multicloning site (MCS). The expression cassette (Exp) was engineered with 

the 16S promoter region of B. longum DJO10A and a transcriptional terminator loop 

(TL) previously described (19). The primers used to amplify each gene were engineered 

with the dnaK ribosomal binding site (RBS) from B. longum DJO10A and shown in 

Table III-2.  
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generated the vectors pDOWD6-bspa, pDOWD6-dnak, pDOWD6-groel and pDOWD6-

ibpa respectively. The constructs were mobilized from E. coli into bifidobacteria through 

conjugation using the same conditions as previously described (15). 

2.7.  Stress conditions for expression analysis  

B. longum DJO10A was grown in buffered medium to OD600 = 0.8 before 

applying acid or heat stress. Heat stress was applied by shifting the incubation 

temperature of a 1 L culture to 60°C with gentle agitation. The temperature increase was 

monitored and samples were collected at different points in time. Acid stress was applied 

by adjusting the pH with organic (lactic) or inorganic (HCl) acid of 1 L cell cultures 

prepared as follows. Bifidobacteria cells were collected by centrifugation (5,000 x g at 

room temperature for 5 min) and the pellet was re-suspended in the same volume of 

unbuffered medium with gentle agitation. The cells were allowed to acclimatize for 1 h 

before the first sample was taken and the pH was shifted for the first time. A 10 min 

incubation period was allowed after every shift in pH before sample collection. Special 

care was taken to avoid dropping the pH beyond the intended level during every shift. A 

similar approach was used to apply the acid stress in pasteurized 13% non-fat milk. 

2.8.  Stress conditions for cell viability assessment 

Bifidobacteria strains were grown in buffered medium to an OD600 of 0.8 – 0.9 

before applying stress conditions. Heat stress was applied by mixing 110 µl of culture 

with pre-warmed (50°C) 990 µl acetate buffer (pH 6.5) and incubating at 50°C. Samples 

were taken at different points in time for viable cell counts. Acid stress was applied by 

mixing 110 µl of culture with pre-warmed (37°C) 990 µl acetate buffer (pH 6.5, 4.5 or 

3.0) or acidified (lactic acid) milk (pH 3.0) and incubating at 37°C. The osmotic stress 

was assessed using a Bioscreen C (Growth Curves USA) with the EZ Experiment 

Software to monitor OD600 by using 100-well plates filled with 350 µl of 30% inoculated 

buffered broth with 1 M NaCl, overlaying it with 50 µL of mineral oil and incubating at 
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37°C. Measurements were taken every 15 min and before each measurement, the plate 

was shook for 1 min using maximum amplitude. 

3.  Results 

To analyze the expression patterns of bifidobacteria during yogurt fermentation, 

an RNA isolation protocol had to be developed taking into consideration the stressed 

state of the target strain and the complex environment in the fermentation. A protocol for 

isolation of total RNA from yogurt was successfully developed and it is described in 

Materials and Methods. The RNA obtained from yogurt using the described protocol was 

stable at – 80°C for at least 3 months. Routinely, at least 10 µg of high quality RNA 

(260/280 ≥ 2.0; 260/230 ≥ 1.8) was recovered per 1 ml of yogurt. 

3.1.  Global expression analysis during yogurt fermentation 

A yogurt fermentation containing bifidobacteria was conducted and progressed 

successfully achieving an expected pH of 4.6 after 6.7 h (Figure III-2). Total RNA was 

isolated for subsequent microarray analysis from samples taken at different points in time 

during the fermentation (Table III-3).  

To assess non-specific hybridization from the starter cultures to the B. longum 

DJO10A microarray, cDNA synthesized from a fermentation excluding the bifidobacteria 

strain was hybridized to the microarray. Only one gene, predicted to encode for a phage 

protein, showed high cross-hybridization (Table III-4). As expected, the signal from this 

gene increased as the fermentation with B. longum DJO10A was taking place 

corresponding to the growth of the starter cultures. At a similar pH (5.5), the expression 

level of this gene was more than 33 times greater in the yogurt fermentation without B. 

longum DJO10A compared to the fermentation that included the bifidobacteria strain. 

 

The microarray data from the yogurt fermentation with B. longum DJO10A 

showed several genes that could be involved in the stress response under these 
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Figure III-2. Temperature and pH profile of yogurt fermentation with B. longum 

DJO10A. 
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Table III-3. Sample collection during yogurt fermentation with DPL 611 yogurt starter 

culture blend and B. longum DJO10A. 

Sample Time (h) pH Temp (°C) 

1 0.3 6.4 41.8 

2 0.9 5.5 42.0 

3 4.0 5.0 42.0 

4 6.7 4.6 42.0 

5 30.3 4.6 4.0 

Control* 4.0 5.7 42.0 

*Control sample did not include B. longum DJO10A. 
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Table III-4. Highly expressed or induced genes from a multi-probe microarray 

hybridization with cDNA from multiple time points during a yogurt fermentation with 

DPL 611 yogurt starter culture blend and B. longum DJO10A. 
Gene  Average relative fluorescent signal1 

# Annotation  pH 6.4 pH 5.5 pH 5.0 pH 4.6 pH 4.6, 4°C Ctrl2 

2 Chaperonin GroEL (HSP60 family)  6742 10283 9264 17193 13022 362 

852 GTPase - translation elongation factor  10639 25312 21213 12013 12519 857 

1092 Predicted permease  42698 15178 4302 5098 7907 175 

1093 Uncharacterized conserved protein (not curated)  47014 23875 10011 8044 11373 305 

1148 Predicted protein similar to phage major tail protein  2500 1466 4304 7202 12458 48483 

1312 Molecular chaperone (GrpE)  23244 20069 14198 29075 31214 275 

1313 Molecular chaperone (DnaK)  55625 53650 54013 52871 53921 397 

1368 Molecular chaperone (IbpA)  4121 1254 2142 29770 28546 173 

1461 Protein involved in ribonucleotide reduction  13776 52836 48284 22682 18260 391 

1490 ABC-type sugar transport system, periplasmic component  24314 5214 2281 2158 3030 206 

1532 Predicted protein (not curated)  301 916 2486 17772 10300 262 

1585 ATP-binding subunit of Clp protease and DnaK/DnaJ 
chaperones 

 19612 13935 13095 28701 25775 408 

1693 Ribosomal protein L13  21703 29911 31254 23391 24309 173 

1712 Ribosomal protein L22  5482 16692 24248 19729 17367 872 

1722 Ribosomal protein L6P/L9E  3095 14593 22441 17092 13017 770 

1723 Ribosomal protein L18  2562 10342 16589 17742 11119 277 

 
Minimum of all genes  61 46 44 54 65 97 

 
Average of all genes  868 842 842 832 795 337 

 
Maximum of all genes  55625 53650 54013 52871 53921 48483 

1
Average of approximately twenty probes and five hybridizations; 

2
Control did not 

include B. longum DJO10A.
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conditions. Genes that showed high expression level (> 25,000 relative fluorescent units) 

and those that showed the highest up-regulation as the fermentation was taking place 

were identified (Table III-4 and Figure III-3). Highly expressed genes included those 

encoding for molecular chaperones, translation machinery and carbohydrate metabolism. 

The gene bld_1532 encoding for a predicted protein, here referred to as bifidobacteria 

stress protein A (bspA), showed the highest up-regulation. The expression level was 59 

times higher at the final stage of the fermentation compared to the initial stage. The genes 

encoding for the heat-shock proteins GroEL and IbpA were also up-regulated as the 

fermentation progressed. In addition, the gene encoding for DnaK, the first gene in the 

operon, showed the highest expression level among the genes not encoding for ribosome 

genes.  

Progressive pairwise comparisons were made between samples taken at consecutive pH 

values. Several genes were up-regulated at least 7.5 times at the initial stage of the 

fermentation (pH 6.4 to pH 5.5), many of these genes were involved in transport and 

carbohydrate metabolism. This up-regulation is likely due to the new medium, milk. 

During the shift from pH 5.0 to 4.6, bld_1367 predicted to encode an exporter protein, 

showed an expression level more than 8 times higher (Figure III-4a). This gene is directly 

downstream of the highly up-regulated ibpA, suggesting cooperative functions. As the 

fermentation was progressing, the genes encoding for a F0F1-type ATP synthase showed 

up-regulation (Figure III-4b). The induction was clear, as multiple components of the 

ATP synthase were up-regulated as the pH dropped to 5.0. However, as the fermentation 

reached pH 4.6 their expression levels decreased. The final sample analyzed was taken 

after the fermentation reached pH 4.6 and the fermentation vial was placed at 4°C 

overnight simulating a commercial yogurt fermentation setup. At this point, no pH 

change was detected and no gene was detected to be significantly up-regulated.  

Based on this microarray data, five gene clusters were identified as potentially 

involved in the yogurt-stress response. These consisted of the dnaK operon, the ibpA 

gene cluster, groEL, bspA, and the genes encoding for the F0F1-type ATP synthase. These
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Figure III-3. Graphic display of a hybridization with a B. longum DJO10A multi-probe 

microarray with total RNA isolated from the final stage (pH 4.6) of a yogurt fermentation 

with DPL 611 yogurt starter culture blend and B. longum DJO10A compared to the 

initial stage (pH 6.4) of the same fermentation. Each gene is represented by five points in 

the graph representing five hybridization replicas. Discontinued circles indicate 

ribosomal genes. Solid circles indicate genes that are potentially involved in the stress 

response. 
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Figure III-4. Up-regulation of the B. longum DJO10A a) ibpA gene cluster and b) F0F1-

type ATP synthase components during a yogurt fermentation. Each point is the average 

of five microarray hybridizations. Bars indicate standard deviation. 
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Figure III-5. Bifidobacterium longum DJO10A stress regulon based on highly expressed 

and up-regulated genes identified through a global expression analysis during a yogurt 

fermentation. 
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five gene clusters were defined as the bifidobacteria stress regulon for yogurt 

fermentation (Figure III-5). Given the first four of these were the highest up-regulated 

during the yogurt fermentation, they were selected for further analysis by RT-qPCR and 

overexpression. 

3.2.  Assessment of PCR inhibitors in total RNA samples from yogurt  

Hydrolysis probes and primers were designed targeting bspA, dnaK, groEL and 

ibpA. A PCR inhibitory test was conducted to assess the presence of inhibitory 

components in the yogurt samples that could be co-extracted with the total RNA. Total 

RNA isolated from yogurt samples and growth media at pH 6.5, 5.5, 5.0 and 4.5 were 

spiked with equal amounts of DNA from the unrelated organism Arabidopsis thaliana. 

Primers targeting the A. thaliana gene encoding for α-shaggy kinase were added in equal 

amounts to all the samples tested. No significant difference was observed among all the 

samples, including a control without B. longum DJO10A total RNA. The whole data set 

had a mean threshold cycle of 20.69 with a standard error of 0.03. This indicates that the 

RNA isolation protocol is able to exclude PCR inhibitors from the total RNA isolated 

from yogurt. 

3.3.  Microarray validation  

The RT-qPCR assay was initially used to validate the expression observed from 

the microarray data. The assay was used to analyze the same samples that were used for 

microarray hybridization. The overall correlation between the microarray and RT-qPCR 

assays was 0.74 (p < 0.001). However, the fold increase had a lower correlation of 0.24 

(p = 0.154), which is consistent with other studies (20). In general, genes with the highest 

expression levels showed low correlations, such as dnaK which had a correlation level (r 

= 0.11, p = 0.430), while high correlations were observed for genes with lower 

expression levels, such as ibpA (r = 0.96, p = 0.005) and bspA (r = 0.78, p = 0.060).  
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3.4.  Regulation of stress genes in response to heat and acid stress 

The expression levels of the stress genes identified suggests that they are involved 

in coping with the stresses found during the yogurt fermentation, such as high 

temperatures and acid accumulation. During these stresses misfolded or denatured 

proteins occur more frequently and these stress genes might be involved in relieving the 

situation. To test this hypothesis, the expression level of these genes was monitored in 

response to heat and acid stress. 

Exposure to heat stress yielded an expression level in the stress genes between 1.5 

and 2.5 times higher than the expression level observed before applying the stress (Figure 

III-6). However, these levels were not as evident as the changes observed during the 

yogurt fermentation, suggesting that heat was not a primary component of the stress 

response. Acid stress is another important stress found during yogurt fermentation, as 

lactic acid accumulates during the fermentation. Acid stress was applied by changing the 

pH of different media using organic (lactic) or inorganic (HCl) acid. The expression level 

changes from the stress applied using either acid was not different. Similar to heat stress, 

this stress also generated an up-regulation of all the stress genes tested, except for dnaK, 

which was highly expressed even at pH 6.0 (Figure III-7). Interestingly, this response was 

stronger in milk and lactose-containing medium than in glucose-containing medium, 

while applying the stress in water did not show significant changes. These suggest that 

lactose metabolism in bifidobacteria might influence the stress response. Additionally, 

there was a strong up-regulation in the expression of ibpA and bspA, suggesting that acid 

stress is the main stress encountered by bifidobacteria during yogurt fermentation (Figure 

III-7). 

3.5.  Cloning and overexpression of stress genes  

Since bifidobacteria appears to up-regulate these genes in response to stress 

conditions, overexpression of these genes even before the stress is sensed by the cell 
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Figure III-6. Relative expression level of selected genes in B. longum DJO10A exposed 

to heat stress. Values represent ratios between the sample and the initial expression level. 

Each value is the average of at least three samples analyzed through RT-qPCR in 

duplicates. Bars indicate standard deviation. 
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Figure III-7. Relative expression level of a) bspA, b) dnaK, c) groEL and d) ibpA in B. 

longum DJO10A exposed to acid stress within the pH of a yogurt fermentation in 13% 

fat-free pasteurized milk, BHI with 0.5% lactose, BHI with 0.5% glucose or distilled 

water. Cells were grown in 1 L of BLIM+Fe medium, collected by centrifugation, re-

suspended in the 1 volume of the indicated medium, which was adjusted with lactic acid 

to different pH values, and sampled 10 minutes after the pH shift. Values represent ratios 

between the sample and the initial expression level. Each value is the average of three 

samples analyzed in duplicates through RT-qPCR. Bars indicate standard deviation. 
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could potentially render the strain more resistant to these stresses. The genes were cloned 

into pDOJHR-WD6, a mobilizable expression vector as described in Materials and 

Methods (Figure III-1). The vector was constructed by cloning the 16S promoter region 

of bifidobacteria and a transcriptional terminator. The genes were cloned using primers 

engineered with the 5’ ribosomal binding site from the bifidobacterial dnaK gene. The 

vectors were conjugated into the bifidobacteria. 

Overexpression of each gene resulted in increased expression levels of that gene 

as expected, but in most cases had a negative effect on the expression of the other stress 

genes tested (Figure III-8). The phenotypic effects of each of these overexpressed genes 

on heat, acid and osmotic stresses were then evaluated. 

3.6.  Overexpression of stress genes 

Overexpression of dnaK by conjugating the pDOWD6-dnak vector into bifidobacteria 

resulted in an increase of 55% the expression level observed in the control strain under 

normal conditions, defined as anaerobic late-log phase growth at 37°C (Figure III-8). 

Although the expression level increased to a comparable level observed under stress, this 

was accompanied with a decrease in the expression level of bspA and ibpA to ~ 40% and 

~ 60% the level in the control strain respectively. The decrease in the expression of these 

genes appeared to neutralize the potential protective effect of increased levels of DnaK 

when the culture was exposed to heat stress, as its survival was not different from the 

control strain, both showing D50°C of 81 min (R
2
 = 0.97 and 0.94 respectively) (Figure 

III-9). Furthermore, the altered expression profile resulted in significantly lower 

tolerances to acid stress at pH 3.0 that was amplified when the stress was applied in milk 

(Figure III-10c). However, the higher expression levels of dnaK allowed the best long 

term (42 h) resistance to osmotic stress observed. The strain showed a decline in OD600 of 

just 0.05, which was ~ 4 times less than the control (Figure III-11). 

Conjugation of pDOWD6-groel into bifidobacteria resulted in an expression level 

of groEL more than 6 times higher than the control strain. However, this increased  
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Figure III-8. Ratio between expression level of stress genes in B. longum strains 

harboring expression vectors overexpressing bspA, dnaK, groEL or ibpA and a control 

strain harboring pDOJHR-WD6. The expression level was assessed trough RT-qPCR 

using specific primers and hydrolysis probes targeting the corresponding gene and total 

RNA isolated from the respective strains growing anaerobically at 37°C in buffered 

medium and harvested at late log phase. Values represent average of three samples 

analyzed in duplicates. Bars indicate standard deviation.  
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Figure III-9. Survival of B. longum DJO10A strains harboring the pDOJHR-WD6 with 

cloned genes after exposing the cultures to 50°C. The control strain (Ctrl) harbors the 

expression vector with no gene insert. Cells were harvest at late logarithmic phase and 

immediately exposed to the heat stress. Values represent average of at least three 

replicates plated in duplicates. Bars indicate standard deviation.  
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Figure III-10. Survival to pH stress of B. longum DJO10A strains overexpressing stress 

genes cloned into the expression vector pDOJHR-WD6. The genes cloned were a) 

control (empty vector), b) bspA, c) dnaK, d) groEL and e) ibpA. Cells were harvest at late 

logarithmic phase, exposed to acetate buffer at different pH values and acidified 13% 

non-fat sterile milk (110°C, 15 min). The treatments were sampled over timed and viable 

cell counts were conducted. Average of at least three replicates analyzed in duplicate 

plates. Bars indicate standard deviation.  
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Figure III-11. Change in optical density of B. longum DJO10A late logarithmic cultures 

inoculated (30%) into buffered medium with 1 M NaCl and incubated at 37°C. The 

strains were harboring pDOWD6-bspa, pDOWD6-dnak, pDOWD6-groel or pDOWD6-

ibpa expressing bspA, dnaK, groEL or ibpA respectively. The control strain (Ctrl) harbors 

pDOJHR-WD6. Data points indicate average of three replicates. Error bars in legend 

represent maximum standard deviation of the series. Bars indicate standard deviation. 
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expression resulted in the down-regulation of bpsA, dnaK and ibpA to respectively 75, 50, 

and 76% of the expression level observed in the control strain (Figure III-8). This altered 

expression levels were not advantageous for the survival to heat stress (D50°C = 88 min, 

R
2
 = 0.94) (Figure III-9) or acid stress (Figure III-10d). In addition, when exposed to 

osmotic stress, the performance of this strain was not different from the control (Figure 

III-11). 

Overexpression of the bspA resulted in an expression level more than 50 times 

higher, the highest expression increase observed from the cloned genes, but was 

accompanied by a decrease in the expression of the other stress genes tested (Figure 

III-8). The expression of dnaK was reduced by ~ 25% and the expression of groEL and 

ibpA were reduced by ~ 50% compared to the control. Nonetheless, this strain performed 

better than the control when the cells were exposed to heat stress, showing the longest 

survival (D50°C = 116 min, R
2
 = 0.91), which was significantly longer than the control (p 

< 0.001) (Figure III-9). However, the tolerance to acid stress was lost compared to the 

control, which was more evident when the cells were exposed to the stress in milk 

(Figure III-10). During osmotic stress, this strain was able to grow for approximately 4 h, 

as observed by an increase of OD600 of approximately 0.1 that was halted and started to 

decline thereafter (Figure III-11). However the OD600 after 42 h was higher than the 

control, suggesting a higher long term tolerance to the stress. 

Overexpression of ibpA in bifidobacteria resulted in a level 3 times higher than 

the control and did not affect the expression of the other stress genes except for bspA that 

was reduced by ~ 75% compared to the control. These resulted in an increased tolerance 

to heat stress compared to the control (D50°C = 104 min, R
2
 = 0.94, p < 0.001), but was 

lower than when bspA was overexpressed (Figure III-9). Nonetheless, the tolerance to 

acid stress was also compromised in this strain (Figure III-10). When exposed to osmotic 

stress, the strain was able to grow in a similar way as the strain harboring pDOWD6-bspa 

(Figure III-11). However, the long term adaptation (> 14 h) to the stress was not different 

from the control. 
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4.  Discussion 

To study the stress expression profile of bifidobacteria during a yogurt 

fermentation, an RNA protocol had to be developed since commercial RNA isolation 

protocols were not suitable to extract nucleic acids from yogurt. During the development 

of the protocol, it was evident that stressed cells yield lower amounts of total RNA, 

similar to previous reported observations (21). Since B. longum DJO10A is an intestinal 

strain not adapted to processing stresses, it was necessary to increase the amount of cells 

inoculated into starting yogurt fermentation to yield enough quantity of RNA for 

downstream applications. High quality RNA was achieved by adding these key steps to 

published protocols that were successful in other complex matrixes: Mixing the yogurt 

sample with RNAprotect®, for stabilization of the RNA, and double Trizol®/chloroform 

extraction to eliminate impurities. Omission of these steps resulted in degraded or poor 

quality RNA. 

Inclusion of bifidobacteria in the yogurt fermentation resulted in a prompt drop in 

pH. Another study reported increased acid production from bifidobacteria-containing 

yogurts with 5% inoculation of actively growing bifidobacteria (22). However, in the 

present study, approximately 7.2 x 10
10

 CFU of actively growing bifidobacteria were 

added to 1 L of starting yogurt fermentation to ensure that enough RNA could be 

recovered from the samples taken. Therefore, the accumulation of acids was considerably 

faster than in the conventional yogurt fermentation, where a lag phase of approximately 

2.5 h was observed before the pH started to drop, in accordance to the manufacturer’s 

indications. Thus, it is evident that bifidobacteria contributes, at least initially, to the acid 

profile of the fermentation.  

The data from the microarray hybridization showed that only one gene from the 

starter cultures significantly cross-hybridized with the bifidobacteria microarray. The 

background signal from this gene represented less than 3% of the signal observed in the 

samples with bifidobacteria at comparable points in the fermentations (pH 5.5). Therefore 

the cross-hybridization signal from the starter cultures was negligible in the fermentation 



 

175 

 

with bifidobacteria. Interestingly, this gene was annotated as a putative phage protein that 

is part of a prophage gene cluster of 57 genes in a 36.7 kb DNA segment (9). The signal 

in the microarray indicates that one of the starter cultures is expressing a gene with 

similarities to this prophage gene in B. longum DJO10A. However, no significant 

similarities outside the Bifidobacterium genus were found for this gene in publically 

available databases. Nonetheless, the prophage gene cluster was found to be related to the 

Streptococcus mitis phage Φ SM1 (23). It is unlikely that Streptococcus thermophilus in 

this yogurt starter culture harbors a related prophage in its genome, given S. thermophilus 

has a G+C content of 39% and this B. longum DJO10A prophage has a G+C content of 

64%. However, there may be some evolutionary relationship with this specific gene and a 

prophage gene in S. thermophilus.  

The RT-qPCR validation of the microarray data for the stress genes showed 

moderate positive correlation between both methods but low fold-increase correlation. 

This phenomenon is not uncommon, as it is known that validation of microarray data 

based on qPCR analysis can be quantitatively different due to differences in the detection 

limit and dynamic range of each assay (20). Additionally, correlation values have been 

reported to vary from -0.48 to 0.93 (24) and the fold increase/decrease correlations seem 

to be dependent on the expression level of the given gene such that moderately expressed 

genes tend to correlate better (20, 25). In this study, a similar pattern was observed where 

the poorest correlation was observed in the highest expressed gene, probably saturating 

the microarray signal, a known limitation of this assay (26), and the best correlations 

were observed with moderately expressed genes. Although the degree of correlation 

between both assays was different among the genes, it was clear that they were highly 

expressed during the fermentation independently of which assay was used.  

The microarray and RT-qPCR data showed no major expression differences when 

the cells were cold-stressed. Presumably due to overall slower reaction kinetics at lower 

temperatures that render the cells dormant. In addition, the detection limit and 

background signal of the microarray might have prevented detection of subtle changes in 
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expression. In E. coli, a single protein, the RNA chaperone CspA, is responsible for the 

initial response (4 h) to cold stress (27). An analog protein is present in bifidobacteria, 

encoded by cspA. However, its regulation in B. breve has been reported to respond to heat 

stress (28, 29). In the microarray data, the values of cspA expression range between 250 

and 870 relative fluorescent units which were relatively too low to draw strong 

conclusions. However, regulation in response to stress may also be the case in B. longum 

DJO10A, since this gene was up-regulated as the fermentation was taking place in a 

slight but significant and steady way (more than twice from pH 5.5 to pH 4.6, p < 

0.0001). Interestingly, the up-regulation continued at 4°C increasing to almost three times 

compared to pH 5.5 (p < 0.0001). Therefore, a role at cold temperatures cannot be 

excluded. In addition, the gene is located immediately upstream of groEL that showed 

up-regulation during the yogurt fermentation.  

The F0F1-type ATP synthase showed increasing up-regulation up to pH 5.0, after 

which, the expression was down-regulated. This large protein complex widely distributed 

among bacteria is known to be acid-inducible in lactic acid bacteria, Corynebacterium 

glutamicum and Bifidobacterium species (30-32). This protein complex alleviates acid 

stress by pumping H
+
 outside the cell at the expense of ATP. Accordingly, it was 

suggested that long-term acid adaptation of organisms lacking a respiratory chain 

involves the down-regulation of this protein complex to avoid ATP depletion (32). The 

observed expression levels in B. longum DJO10A supports this hypothesis. During the 

fermentation, the genes encoding for the components of the protein complex were 

induced as the fermentation started and peaking when the fermentation reached pH 5.0, 

but were down-regulated thereafter. However, at the end point of the fermentation (pH 

4.6 after almost 7 h) the expression levels were still higher than at the initial point in the 

fermentation.  

GroEL, DnaK and IbpA are known molecular chaperones that aid in the folding 

of proteins during normal and stress conditions. These HSPs and the novel gene encoding 

for BspA, appeared to respond to misfolded proteins that can result from the high 
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temperature (42°C) and acid accumulation encountered during the yogurt fermentation. 

The up-regulation of these genes encoding for HSPs in response to heat stress has been 

previously reported in bifidobacteria (29). However, under the conditions tested, it 

appears that the strongest inducer of these genes was acid stress applied in milk. Since 

milk is a complex buffered system, 60% more moles of acid are required to achieve the 

same pH as in an acetate buffer system. Therefore, the conjugated form of the acid, 

known to have a strong antimicrobial effect (33), appeared to enhanced the acid stress 

resulting in a stronger stress response in bifidobacteria. Interestingly, lactose-containing 

medium had a stronger effect over the acid-stress response than glucose-containing 

medium. In many bacteria, there is a preference to metabolize glucose over other carbon 

sources in a phenomenon termed carbon catabolite repression (reviewed in 34). This 

phenomenon, believed to be one of the most transcendent in bacteria, can affect the 

regulation of up to 10% of the genes. In gram-positive bacteria, CcpA is a transcriptional 

inducer known to be the global regulator of this response by binding to a DNA sequence, 

termed cre, found in the promoter region of several genes. Interestingly, it was reported 

that dnaK and groEL in Lactobacillus plantarum and Listeria monocytogenes are under 

the regulation of CcpA, thus coupling the stress response with carbohydrate metabolism 

(35, 36). In bifidobacteria, the term reverse carbon catabolite repression was proposed to 

indicate that glucose is not the preferred carbon source, a situation also present in 

Streptococcus thermophilus and Pseudomonas aeruginosa (37-39). It was found that B. 

longum prefers lactose over glucose and the intake of glucose is blocked through the 

down-regulation of a glucose permease, encoded by glcP, in the presence of lactose. 

Furthermore, it was reported that lactose metabolism in these bacteria yielded more 

lactate and acetate than the catabolism of glucose, galactose or mannitol (40). Therefore, 

it is likely that the stress proteins tested in this study are under the regulation of the 

reverse carbon catabolite repression system in bifidobacteria. Furthermore, the 

production of additional acids through lactose metabolism could have further enhanced 

the effect of environmental acid stress. 
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DnaK works in conjunction with two co-chaperones DnaJ (Hsp40) and GrpE. 

This chaperone system mediates the disaggregation and refolding of small protein 

aggregates and interacts with the nascent polypeptide during protein translation (41, 42). 

The dnaK mRNA was one of the most abundant mRNAs from genes not involved in the 

translation machinery under the conditions examined including unstressed cultures, 

suggesting an important role in protein quality control at all times during growth. 

Introduction of a second copy of dnaK under the constitutive promoter resulted in a 55% 

increase in the abundance of the mRNA, which was the lowest increase observed in this 

study. This might indicate that toxic levels were reached in a similar way as previously 

reported for E. coli (43). In addition, DnaK in E. coli and in the close bifidobacteria 

relative, Streptomyces coelicolor, is known to act as a co-repressor of the stress response 

(44, 45). In bifidobacteria, it has been proposed that DnaK also regulates the stress 

response by associating and activating the transcriptional repressor, HspR, which binds 

the operator of genes involved in the stress response, including the dnaK operon, clgR 

and clpB (29). Therefore it was not surprising that increased expression of dnaK did not 

significantly help the cell in coping with the tested stress conditions. However, during 

osmotic stress this strain showed the smallest OD600 reduction, showing long term 

adaptation to the stress. This adaptation appears to be due to exclusively the increased 

expression of dnaK, as the other stress genes were either down-regulated or showed slight 

increase compared to the control strain. The involvement of DnaK in osmotic stress has 

been observed in E. coli (46). Furthermore, it was reported that the dnaK operon in B. 

breve UCC2003 strongly responded to osmotic stress (0.7 M NaCl) and only slightly to 

heat stress (43°C) (47). Similarly, in B. adolescentis NCC251 the expression of dnaK was 

increased after heat shocks (42°C and above) and even low osmotic stress (0.26 M NaCl) 

(48). These studies in bifidobacteria further illustrate the involvement of DnaK in coping 

with these stresses and how different strains have different levels of adaptation to them.  

In contrast to DnaK, which functions as a monomer, it is known that GroEL aids 

protein folding by forming a barrel-shaped structure into which the substrate is drawn and 
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allowed to fold properly (49). Its function in the heat-shock response has been widely 

studied in several bacteria. In bifidobacteria, GroEL shows 53% amino acid identity to its 

analog in E. coli and potentially the same three dimensional structure and functionality 

(50). In the present study, groEL was induced in response to heat and acid stress. 

Interestingly, the acid induction was only present if the stress was applied in milk or 

lactose-containing medium, but not in glucose-containing medium. Overexpression of 

groEL resulted in lower expression levels of the stress genes tested. Nonetheless, the 

compromised expression levels of these genes did not affect the ability of the strain to 

tolerate heat or osmotic stress, suggesting that GroEL is able to compensate for the lower 

levels of other stress proteins. However, this strain was more susceptible to acid stress 

than the control. Thus, it appears that GroEL has a major role in coping with heat and 

osmotic stress, but has a limited role when coping with acid stress. 

The expression of ibpA and bspA was clearly up-regulated in response to the 

yogurt stresses, particularly acid stress. The expression of ibpA in response to acid stress 

was the highest observed in the study. This gene encodes a small heat-shock protein 

(sHSP) belonging to a family of HSPs that function in an ATP-independent manner, are 

not widely conserved in bacteria and vary in sequence, size of single polypeptide and 

oligomerization subunit number (Reviewed in 51). They cooperate with other HSPs by 

binding to non-native proteins in order to maintain them in a re-foldable state. The gene 

bspA showed the highest up-regulation during the yogurt fermentation. Due to its small 

size and stress-dependent regulation, it is tempting to suggest that the gene product 

functions as a sHSP. However, the conserved α-crystalline domain, characteristic of these 

molecular chaperons (52), is absent in the protein. Furthermore, BspA is a predicted 

peptide of about 11 kDa, which is small even for sHSP that range from 15 to 43 kDa. 

However, the gene is conserved in B. longum, B. longum subsp. infantis and B. breve 

suggesting that it might be involved in a novel response mechanism specific to the genus. 

Constitutive expression of ibpA and bspA resulted in a slight, but significant improved 

phenotype compared to the control when exposed to heat stress (p = 0.067 and p = 0.015 
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respectively). In addition, both strains were able to continue growth for a few hours to a 

level significantly higher than in any other strain tested when exposed to osmotic stress. 

However, the long term adaptation to the stress was significantly better when bspA was 

overexpressed compared to ibpA overexpression that after 12 h showed a phenotype 

similar to the control. These phenotypes can be attributed exclusively to the constitutive 

expression of ibpA or bspA since the other stress genes were down-regulated or exhibited 

no change in these strains. The ibpA analog in B. breve has also been reported to respond 

to heat (50°C) and osmotic stress (0.7M NaCl) (53). This sHSP has been found in the 

genomes of B. breve, B. angulatum, B. longum, B. longum subsp. infantis, B. bifidum and 

B. adolescents which are intestinal strains where heat stress is not common (53). These 

suggest that the expression of this gene is mainly influenced by stresses other than heat, 

such as osmotic and acid stress. It is also interesting to note that the constitutive 

expression of ibpA resulted in the down-regulation of bspA and the analogous situation 

occurred when bspA was expressed constitutively. This observation, together with the 

similar responses to the different stresses tested, suggests that these genes encode 

proteins that function in overlapping or potentially cooperative ways. Similarly, E. coli 

harbors two sHSP, IbpA and IbpB, which have been reported to work cooperatively in 

coping with stress (54). In addition, the gene encoding the predicted protein Bld_1367, 

located directly downstream of ibpA in B. longum DJO10A that showed up-regulation 

during the fermentation, showed amino acid  similarities (> 90%) to membrane 

embedded transporters, such as putative multidrug resistance efflux transporter, 

suggesting a role in aiding in excluding potentially detrimental molecules from the 

cytoplasm. 

In conclusion, this is the first report of a transcriptional analysis in situ in a yogurt 

fermentation. The data suggest that the sHSP IbpA and the novel protein BspA are 

needed in B. longum DJO10A to cope with acid stress, but only low levels of these 

proteins are needed during normal growth. In addition, the chaperoning activity of GroEL 

seems to be particularly useful to cope with heat stress and DnaK appears to be needed at 
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all times during growth of the strain. Finally, the coordinated expression of all the stress 

genes is needed to cope with acid stress, which was found to be main stress during yogurt 

fermentation. 
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Chapter IV.  Identification of Non-Coding RNAs Involved 

in the Regulation of Stress Gene Expression in 

Bifidobacteria 
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Non-coding RNAs (ncRNAs) are regulatory elements known to be involved in the 

regulation of stress gene expression in different bacteria. However, these transcripts have 

been the subject of limited research in the Actinobacteria phylum. Bifidobacterium 

species are members of this phylum and are commonly incorporated in yogurts as 

probiotic strains. Therefore, there is interest to understand how these bacteria respond to 

the stresses encountered during yogurt fermentation. B. longum DJO10A is an intestinal 

strain that has not been adapted to processing conditions and was minimally cultured in 

the laboratory prior to sequencing its genome. Thus, it provides an opportunity to study 

the transcription patterns of intestinal bifidobacteria in response to environmental 

stresses. In the present study, a sRNA library was constructed from total RNA isolated 

from the start and end point of a yogurt fermentation containing B. longum DJO10A. 

Forty-three unique ncRNAs sequences were identified from which 7 were found at least 

twice in the library that consisted of 1481 clones. Cloning of the loci encompassing four 

of these ncRNAs was not possible in E. coli, suggesting they were functional in this host. 

The other three transcripts (designated Bl20, Bl30 and Bl39) were cloned into an 

expression vector and conjugated into B. longum DJO10A. Bl20 overexpression resulted 

in an overall decrease in the expression of the bspA, dnaK, groEL and ibpA stress genes. 

The expression of dnaK was specifically targeted by the overexpression of Bl39 reducing 

its expression to 1/5
th

 the expression observed in the control. The expression of the ibpA 

was significantly reduced by the overexpression of Bl30. The compromised expression 

levels of the stress proteins resulted in lower tolerance to acid stress (pH = 3.0) in a buffer 

system and this effect was more pronounced when the same acid stress was applied in a 

milk system. Interestingly, the low expression levels of ibpA showed the highest loss of 

acid tolerance, representing the first report of the involvement of this small heat-shock 

protein in acid stress in Bifidobacterium species. In addition, this is the first experimental 

evidence of the expression and regulatory function of ncRNAs in a Bifidobacterium 

species.  
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1.  Introduction 

Bifidobacteria are believed to be an important inhabitant of a healthy 

gastrointestinal tract. Therefore, there is interest in incorporating these bacteria into food 

products such as yogurt. The shelf-life of these bifidobacteria-containing yogurts is often 

limited by the viability of the probiotic strain in the product during shelf life. It has been 

recommended that a minimum of 10
6
 CFU per gram of product should be present at the 

time of consumption to permit sufficient viable cells to reach the intestine. Bifidobacteria 

are anaerobic bacteria and are susceptible to oxygen, acid accumulation and other 

environmental factors during processing and storage of the food product. It is not 

surprising that commercial strains, such as B. animalis subsp. lactis Bb-12, have been 

selected to tolerate these stresses and are consequently better adapted to the dairy 

fermentation environment than intestinal strains of bifidobacteria (Scheller & O'Sullivan, 

2011). However, it has been reported that continuous culturing in pure culture outside the 

intestine could lead to the loss of key genetic material that might be linked to the 

probiotic characteristics of the strains such as survival in the host and colonization (Lee et 

al., 2008; Turroni et al., 2009). Therefore, the use of an intestinal strain, such as B. 

longum DJO10A, would be desirable provided that it could survive processing 

conditions. 

B. longum DJO10A is an intestinal strain minimally cultured in the laboratory 

prior to genome sequencing and has not been adapted to food processing conditions. Our 

laboratory is interested in understanding the stress response of this strain to enhance its 

survival during processing while maintaining its ability to survive in the intestinal tract. 

In this way, the strain may be modified to provide good processing characteristics 

without compromising its probiotic abilities. The complex stress response network in B. 

longum was proposed to consist of at least four transcriptional regulators (HrcA, ClgR, 

HspR and LexA), their interaction with heat-shock proteins and the promoter regions of 

these proteins (Zomer, Fernandez et al. 2009). It is now known that small RNAs (sRNAs) 

provide another layer of regulation that is often linked to stress responses in bacteria and 
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all forms of life (reviewed by Papenfort & Vogel, 2009). However, to date these elements 

in Bifidobacterium species have not been investigated. 

Small RNAs do not encode for mRNA, tRNA, or rRNA and were first observed 

in plasmids (Light & Molin, 1983), bacteriophage (Spiegelman et al., 1972) and 

transposons (Simons & Kleckner, 1983). In these original studies, the sRNAs were 

encoded by the complementary strand of the mRNA they regulated. The first 

chromosomal-encoded, trans-acting sRNA molecule, from a non-coding region of the 

genome, hereafter referred to as non-coding RNA (ncRNA), was described in the early 

1980’s (Mizuno et al., 1983). These elements generally range from 50 to 400 nucleotides, 

are encoded by their own chromosomal region, and are often regulated in response to 

stress. Bifidobacterium species are often incorporated into yogurt fermentations where 

they are exposed to different stresses including acid and heat. We hypothesized that 

ncRNAs in B. longum DJO10A might be involved in orchestrating the stress response 

during these fermentations. In an attempt to discover these regulatory elements, the 

objective of this study was to investigate the ncRNA profile of this strain at the beginning 

and end point of a yogurt fermentation. In addition, comparison of these profiles could 

reveal insights into the regulatory mechanisms of these elements. 

2.  Methods 

2.1.  Bacterial strains and growth conditions 

The strains and plasmids used in this study are listed in Table IV-1. Bifidobacteria 

were grown anaerobically at 37°C in Bifidobacteria Low-Iron Medium with iron 

(BLIM+Fe) containing 2.0% proteose peptone, 0.15% K2HPO4, 0.5% glucose, 0.15% 

MgSO4-7H2O, 0.05 mM FeCl3, 100 mM PIPES (MP Biomedicals) and the pH adjusted to 

7.0 with 9 M NaOH (Islam, 2006). The yogurt starter cultures were grown in 13% non-fat 

dry milk at 42°C. E.coli strains were grown at 37°C with shaking at 250 rpm in LB broth 

and when appropriate the broth was supplemented with 20 µl ml
-1

 chloramphenicol, 50 µl 

ml
-1

 kanamycin and 50 µl ml
-1

 diaminopimelic acid (DAP).
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Table IV-1. Bacterial strains and plasmids used in this study. 
Strain / plasmid Relevant characteristics Source or Reference 

Strains   

Bifidobacterium longum DJO10A Minimally cultured  human 

intestinal isolate; contains 2 

plasmids (3.7 and 10 kb); wild 

type 

(Islam, 2006; Lee et al., 2008) 

E. coli WM3064 RP4(tra) in chromosome, DAP
-
, 

host for pBB109 

(Dehio & Meyer, 1997) 

E. coli DH5α Transformation host Invitrogen, Life Technologies 

Streptococcus thermophilus Yogurt starter culture DPL 6111 Danisco, DuPont 

Lactobacillus delbrueckii subsp. 

bulgaricus 

Yogurt starter culture DPL 6111 Danisco, DuPont 

Plasmids   

pBB109 4.4 kb, Km
r
, RK2(mob) (Kovach et al., 1995; Palani, 

2011) 

pDOJHR 8.6 kb, Cm
r
 (Lee & O'Sullivan, 2006) 

pDOJHR-WD6 8.2 kb, Cm
r
, expression cassette

+
, 

RK2(oriT) 

Chapter II.  

pDOWD6-Bl20 pDOJHR-WD6 expressing the 

Bl20 locus 

This study 

pDOWD6-Bl30 pDOJHR-WD6 expressing the 

Bl30 locus 

This study 

pDOWD6-Bl39 pDOJHR-WD6 expressing the 

Bl39 locus 

This study 

pRK2013 48 kb, Km
r
 ,RK2(oriT, mob, tra) (Figurski & Helinski, 1979) 

*
Department of Food Science, University of Wisconsin. DAP

-
, diaminopimelic acid 

auxotroph. Km
r
, kanamycin resistance. Cm

r
, chloramphenicol resistance. Em

r
, 

erythromycin resistance. Sm
r
, streptomycin resistance. 

+
Expression cassette consists of 

16S promoter region from B. longum DJO10A, a multicloning site (NotI, SpeI, NsiI, and 

XhoI) and a terminator loop (Moon et al., 2005). 
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2.2.  DNA manipulation and cloning  

Plasmids were isolated from bifidobacteria as previously described (Lee & 

O'Sullivan, 2006). E. coli plasmid isolations were conducted using the Zyppy™ Plasmid 

Miniprep Kit (Zymo Research) according to the manufacturer’s recommendations. Gel 

extractions and PCR cleaning was conducted using the Gel/PCR DNA Fragment 

Extraction Kit (IBI Scientific) following the manufacturer’s recommendations. 

Restriction enzyme digestions were conducted using New England Biolabs enzymes 

according to the recommended manufacture’s protocol in 20 µL reactions. DNA ligations 

were conducted using T4 DNA ligase (New England Biolabs) following the 

manufacturer’s recommended protocol in 20 µL reactions. E. coli WM3064 was made 

chemically competent using the rubidium protocol described previously (Hanahan, 1983).  

Chemically competent E. coli DH5α cells (Invitrogen Life Technologies) were used 

according to manufacturer’s recommendations. PCR products for cloning were obtained 

by using PCR SuperMix High Fidelity DNA polymerase (Invitrogen Life Technologies) 

according to the manufacturer’s instructions. The thermal cycling conditions used were 1 

cycle of 94°C for 2 min, 35 cycles of 94°C for 30 s, appropriate annealing temperature 

(Table IV-2) for 30 s and 72°C for 1 minute per kb of expected product size, followed by 

a final extension step at 72°C for 5 minutes. Sequencing was conducted at the 

BioMedical Genomics Center, University of Minnesota. 

2.3.  Yogurt fermentation 

A 32 ml culture of B. longum DJO10A at late logarithmic phase of growth in 

BLIM+Fe was inoculated into two liters of pre-warmed (37°C) BLIM+Fe. The culture 

was incubated at 37°C until late logarithmic phase (OD600 = 0.8) before harvesting by 

centrifugation at 10,000 g and 4°C for 15 min. The pellet was re-suspended in 1 L of 

pasteurized, 13% non-fat dry milk pre-warmed at 37°C. Simultaneously, a 0.005% 

inoculum with the DPL 611 yogurt starter culture blend was added to the milk. The 
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Table IV-2. Primers and probes used in this study. 

Name Sequence (5’ to 3’) 
Ann. Temp 

(°C)1 

F-Bl7&8 TTGCGGCCGCCGCTTGTGCTTGAACGGCGCG 60 

R-Bl7&8 TTACTAGTACCCCACCTTCCATCTCACCG  

F-Bl20 TTGCGGCCGCTTGAACAATCGTTTGACGTGAGCG 60 

R-Bl20 TTACTAGTGCCGATGCATCTGAACCGG  

F-Bl27 TTGCGGCCGCCGTGTTCTTCGTGTTCATCTACC 60 

R-Bl27 TTACTAGTCATTCCGCCCTTCATAGCG  

F-Bl28 TTGCGGCCGCGCAACATGCATTTCACATCGGCGC 60 

R-Bl28 TTACTAGTGGTAACACTGCCACGAATAAGCCGGC  

F-Bl30 TTGCGGCCGCCCAAGACCGGCGTGGTCACCC 60 

R-Bl30 TTACTAGTAAGGTATGGAGATTTGTAGTACCTGCGGC  

F-Bl39 TTGCGGCCGCCGAGACGTTGCGTGTAGATTTCAAGCCCGGC 60 

R-Bl39 TTACTAGTCGGAAGGGCGAAAAGGCAACGACGCCCG  

F-groel AACAACATCCGTGGCACCTT 60 

R-groel AGCTTCAGGCCCAGTTCGT  

P-groel (6-FAM) CTGACCGGTGCTCAGGTTGTCT (TAMRA)  

F-dnak GAAGAAATAGTGCGGTCAACGTT 60 

R-dnak GTGGTGGCCTTCTCCAAGTC  

P-dnak (6-FAM) TTCGCCGACGAGGATCTCGCC (TAMRA)  

F-ibpa CGCACATCGGTAGTCATCATG 60 

R-ibpa GCGCAACACGGACAACAC  

P-ibpa (6-FAM) TGGCGGGCATTACGGCACTCA (TAMRA)  

F-bspa GATGAGCGGCACACCTTTG 60 

R-bspa GAAACCGGCGTGGATGTAGT  

P-bspa (6-FAM) CGAGAGGCTATTGCGGATGCTGTCC (TAMRA)  

1
Annealing temperature used for PCR. NotI site. SpeI site. 6-FAM

TM
, fluorescent dye 6-

carboxyfluorescein. TAMRA
TM

, fluorescent quencher carboxytetramethylrhodamine. 
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inoculated milk was promptly added to a New Brunswick Bioflow110 fermenter set at 

42°C, agitation at 175 rpm and continuous N2 purging. A 1 ml sample was collected at 

the beginning of the fermentation (pH 6.3) and another at the end point of the 

fermentation (pH 4.6). The samples were immediately stabilized using 2 ml 

RNAprotect® Bacteria Reagent (Qiagen, Valencia, CA) by mixing vigorously for 20 s, 

incubating at room temperature for 5 min and pelleting the cells by centrifugation (10,000 

g, 4°C for 10 min). The pellets were stored at -80°C for later processing. 

2.4.  Total RNA extraction from bifidobacteria 

The pellets of stabilized cells were mixed with 3 mL aliquots of Trizol Reagent® 

(Invitrogen) and transfer to 5 ml screw-cap tubes containing approximately 1.5 mL of 

zirconia/silica beads were added. The cells were disrupted in a Mini-Beadbeater-8™ 

(BioSpec Products) for 3 min. The beads were separated by decanting the liquid into 2 

mL of Trizol Reagent® in 15 ml Falcon tubes. One ml of chloroform was added to the 

samples and homogenized by vortexing for 20 s. The samples were incubated for 10 min 

prior to centrifugation for 30 min at 10,000 x g and 4°C. The aqueous phase was 

transferred into a new tube with 2 mL of Trizol Reagent® and 0.5 mL of chloroform and 

mixed by vortexing for 20 s. The samples were incubated for 10 min at room temperature 

and centrifuged for 15 min at 12,000 x g and 4°C. The aqueous phase was transferred to a 

new tube and mixed with one-third volume of 7 M ammonium acetate and one volume of 

room temperature isopropanol. The RNA was precipitated by centrifugation for 30 min at 

12,000 x g and 4°C. The pellet was washed twice with ice-cold 80% ethanol and dried at 

37°C for 10 min. The RNA was re-suspended in 25 µL of molecular-grade water. Any 

residual DNA was removed using Turbo™ DNase (Ambion) following the manufacture’s 

protocol. The quantity and quality of the RNA was assessed by using a NanoDrop 

(Thermo Scientific) and a 2100 Bioanalyzer (Angilent Technologies).  
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2.5.  Small RNA library construction and sequence analysis 

Thirty-nine micrograms of RNA from each sample were processed using the 

ExactSTART™ small RNA cloning kit (Epicentre) as follows. Single stranded and small 

RNAs (less than 150 bp) were selectively separated by precipitating the rest of the RNAs 

using the small RNA enrichment solution. The RNA was then tagged with a 3’-poly(A) 

tail using poly(A) polymerase. The small RNA acceptor oligo, with a NotI site, was 

ligated to the 5’ end of the small RNAs using the T4 RNA ligase. The first-strand cDNA 

was synthesized using a primer containing a 3’ AscI site and a poly (T) 3’ end that is 

complementary to the poly (A) tail, and the M-MLV reverse transcriptase enzyme. An 

RNase treatment was used to degrade the RNA from the RNA-cDNA hybrid. The second 

strand synthesis and amplification was achieved using PCR with primers that bind the 

Small RNA Acceptor Oligo and the primer used for the first-strand synthesis. The cDNA 

was then digested with AscI (New England Biolabs, Ipswich, MA) and NotI-HF (New 

England Biolabs) for 2 h at 37°C using NEBuffer 4 (New England Biolabs) and BSA 

(New England Biolabs). The enzymes were inactivated at 70°C for 20 min. A 10 cm, 

10% polyacrilamide gel was used to separate the samples for 1.5 h at 9 mA. The gel was 

stained with SYBR-green and the bands corresponding to each sample were cut out from 

the gel. The cDNA was purified by solubilizing the gel fragment with 0.3 M sodium 

acetate and incubating overnight, following a phenol extraction and ethanol precipitation. 

The purified cDNA was cloned into the pCDC1-K™ vector. The cloned vectors were 

transformed into E. coli MAX Efficiency® DH5α™ chemically competent cells 

(Invitrogen) using the protocol recommended by the manufacturer. The transformation 

was plated on LB agar supplemented with 50 µg/ml of kanamycin. The colonies were 

inoculated in LB broth with the same kanamycin supplementation for plasmid isolation 

and sequencing. The M13/pUC reverse sequencing primer (5'- 

AGCGGATAACAATTTCACACAGGA -3') was used to sequence the inserts. The 

sequencing was conducted at the DNA Sequencing and Analysis Facility (University of 

Minnesota, Saint Paul, MN).  
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The sRNA sequences were mapped in the genome of B. longum DJO10A using 

Nucleotide Mummer (Nucmer) v3.0 (Kurtz et al., 2004) and Basic Local Alignment 

Search Tool (BLAST) (Altschul et al., 1990) for nucleotide alignment. Those sRNAs that 

were mapped to non-coding regions (ncRNAs) were further analyzed through BLAST 

against the non-redundant nucleotide database in search for their presence in other 

bacteria. RNAstructure v4.6, based on Zuker algorithm for free energy minimization 

using the nearest neighbor parameters (Mathews et al., 2004), was used to predict stable 

secondary structure of these ncRNAs. In other to investigate if these sequences were 

similar to previously published sRNA families, the search engine of the sRNA family 

(RFam) database from the Sanger Institute  was used (Griffiths-Jones et al., 2005). 

Potential targets for the selected ncRNAs were identified using IntaRNA setting to 6 the 

number of perfectly paired bases in the seed region, 0 for the number of unpaired base 

pairs in the seed region and the folding parameters were set to 37°C, 140 for the target 

mRNA folding window and 70 for the maximum base pairs distance in the target mRNA 

(Busch et al., 2008). Interactions were scanned 100 bp upstream the start codon from all 

the ORF in the B. longum DJO10A genome. Transcription initiation sites used for dnaK 

and ibpA were previously reported (Ventura et al., 2007; Zomer et al., 2009). 

2.6.  Reverse Transcriptase Real-Time PCR 

Reverse Transcriptase Real-Time PCR (RT-qPCR) was used to monitor the 

expression of genes predicted to be involved in stress protection in bifidobacteria. The 

hydrolysis probes and primers, listed in Table IV-2, were designed using the Primer 

Express® Software v2.0 (Applied Biosystems). The primer/probe sets F/R/P-groel, 

F/R/P-dnak, F/R/P-ibpa and F/R/P-bspA were used to analyze the expression levels of 

groEL, dnaK, ibpA and bspA respectively. Total RNA samples were standardized to 10 

nM µl
-1

 with molecular-grade water. One µl of standardized samples, 12.5 µl of 2 x 

TaqMan®  RT-PCR Mix (Applied Biosystems), 0.6 µl of 40 x TaqMan® RT Enzyme 

Mix, 900 nM of each primer and 250 nM of the probe were analyzed in a LightCycler® 
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480 System (Roche Applied Science) using a reverse transcription step of 15 min at 

48°C, a denaturing and polymerase activation step of 10 min at 95°C, and 40 cycles of 15 

s at 95°C and 1 min at 60°C, where the fluorescence was recorded. Each sample was 

analyzed in duplicate. The LightCycler® 480 software was used to analyze and compare 

the expression patterns using relative quantification. Standard curves were generated by 

serially diluting a known amount of total RNA and plotting the observed threshold cycle 

against the amount of total RNA. No-reverse transcriptase controls were conducted for 

every sample analyzed and no-template controls were conducted for every 96-well plate 

analyzed. 

2.7.  Acid and heat stress 

B. longum DJO10A strains expressing the ncRNA regions were grown in buffered 

medium (BLIM+Fe) and diluted 1:10 into fresh broth. The cultures were exposed to 

different stresses after they reached an OD600 between 0.8 and 0.9 assessed using a 

Spectronic 20D spectrophotometer (Milton Roy Company).  Heat stress was applied by 

aliquoting 110 µL of the cultures into 990 µl of pre-warmed acetate buffer (pH = 6.5) at 

50°C. Acid stress was applied in a similar way using pre-warmed acetate buffer solutions 

adjusted to pH 6.5, 4.5 or 3.0 and incubating at 37°C. Acid stress in milk was applied by 

mixing 110 µl of the cultures with 990 µl pre-warmed and pH-adjusted (lactic acid) 

sterile 13% non-fat milk (autoclaved for 15 min at 110°C) and incubating at 37°C. Viable 

cell counts were conducted before and at different time points after the stresses were 

applied.  

3.  Results  

To investigate the role of ncRNAs in B. longum DJO10A under stress, two 

samples were obtained from a yogurt fermentation containing the bifidobacteria strain. A 

large inoculum, approximately 10
9
 CFU, of B. longum DJO10A was added at the initial 

state of the fermentation to ensure that total RNA isolated from these samples will favor 
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transcripts from the bifidobacteria strain over those from the starter cultures. The samples 

were collected from the starting point of the fermentation at pH 6.4 and the other one was 

collected 6.7 h later when the pH reached 4.6. A small RNA library was constructed from 

total RNA isolated from these samples as described in Methods. 

3.1.  Small RNA library 

The constructed library consisted of 1,481 sequenced clones (Table IV-3). Nearly 

99% of cloned RNAs originated from B. longum DJO10A transcripts reflecting the high 

density of B. longum DJO10A compared to the starter cultures. Most of these encoded 

tRNA, rRNA and mRNA remnants, with just 74 that mapped to non-coding regions 

(Table IV-3). There was a significant increase in the amount of mRNA fragments found 

at the end of the fermentation including a large amount of transcriptional regulators and 

carbohydrate metabolism mRNA remnants (Figure IV-1). Forty-six (62%) of the 

ncRNAs were isolated from the start of the fermentation and 28 (38%) from the final 

stage of the fermentation. In addition to the sRNAs from bifidobacteria, five (< 1%) of 

them originated from the starter cultures. Four of them were tRNAs, three from L. 

delbrueckii subsp. bulgaricus and one from S. thermophilus. The fifth one originated 

from a gene in the genome of L. delbrueckii subsp. bulgaricus annotated as a cation 

transport ATPase. In addition, four ribosomal RNA fragments showed 100% identity in 

all three organisms in the fermentation. Therefore, their origin could not be determined.  

3.2.  Non-coding RNA from B. longum DJO10A 

Although regulatory sRNAs originating from the complementary strand of 

encoding regions have been identified, these have been associated with the regulation of 

plasmid replication and copy number, mobilizable elements and bacteriophage. However, 

ncRNAs have been found to respond and regulate the response to different stresses. 

Therefore, our focus was on these elements. Forty-three unique sequences of ncRNAs 

were identified (Table IV-4). These transcripts ranged in size from 20 to 78 bp and were 
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Table IV-3. Summary of sRNA library constructed from total RNA isolated from a 

yogurt fermentation with DPL 611 yogurt starter culture blend and B. longum DJO10A 

Host 
Initial fermentation

1
 

 
Final fermentation

1
 

Count % 
 

Count % 

B. longum DJO10A genome 
     

     rRNA 123 21.89 
 
239 26.01 

     tRNA 295 52.49 
 
331 36.02 

     mRNA 60 10.68 
 
251 27.31 

     Non-coding 46 8.19 
 

28 3.05 

pDOJH10L mRNA
2
 18 3.20 

 
46 5.01 

pDOJH10S mRNA
3
 17 3.02 

 
18 1.96 

S. thermophilus CNRZ1066 
     

     rRNA/mRNA/Non-coding 0 0.00 
 

0 0.00 

     tRNA 0 0.00 
 

1 0.11 

L. delbrueckii subsp. bulgaricus ATCC BAA-365 
     

     rRNA/Non-coding 0 0.00 
 

0 0.00 

     tRNA 0 0.00 
 

3 0.33 

     mRNA 1 0.18 
 

0 0.00 

Unassigned
4
 

     
     tRNA/mRNA/Non-coding 0 0.00 

 
0 0.00 

     rRNA 2 0.36 
 

2 0.22 

Total 562 100.0 
 
919 100.0 

1
Initial fermentation point at pH 6.3 and final fermentation point at pH 4.6; 

2
Open reading 

frames in the sequence of B. longum DJO10A large plasmid pDOJH10L (10.1 kb); 
3
Open 

reading frames in the sequence of B. longum DJO10A small plasmid pDOJH10S (3.7 

kb); 
4
Unable to assign origin of transcript due to perfect matches in all genomes.  
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Figure IV-1. Functionality distribution of mRNA fragments cloned in sRNA library from 

the initial and final stage of the fermentation. 
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Table IV-4. Position of ncRNA regions in the B. longum DJO10A genome from small RNA library constructed from total RNA 

isolated from a yogurt fermentation with DPL 611 yogurt starter culture blend and B. longum DJO10A. 
Desig1 -3 gene Dist2 -2 gene Dist -1 gene Dist sRNA3 Dist +1 gene Dist +2 gene Dist +3 gene Initial4 Final ΔG°375 Pos6 

Bl1 uppS 269 urhA1 123 tauA 130  (31) 90 tauC 195 sacA 10 lacY 1 0 -3.8 144223 
Bl2 ftsZ 12 Hyp7

 133 tlyC1 91  (20) 28 hyp 21 lspA 185 rluA1 1 0 -1.9 164868 
Bl3 rRNA 327 rRNA 887 rRNA 109  (45) 321 rRNA 327 rRNA 200 akrA1 0 1 -12.0 185373 
Bl4 ftsK1 176 pgsA1 11 cinA 30  (29) 7 Xre 135 hyp 93 recA 1 0 -2.9 351742 
Bl5 hyp -4 hyp -4 hyp 41  (41) 47 Xre 124 vapI -39 tRNA 1 1 -7.2 473615 
Bl6 hyp 248 icd 127 xan 110  (38) 12 hyp 90 caiC 6 def1 1 0 -13.4 480182 
Bl7 hyp -4 hyp 73 hyp 28  (42) 194 uvrA 270 uvrC 108 aroE 7 3 -8.2 507996 
Bl8 hyp -4 hyp 73 hyp 70  (28) 166 uvrA 270 uvrC 108 aroE 9 2 -5.6 508038 
Bl9 hyp -4 hyp 73 hyp 78  (49) 137 uvrA 270 uvrC 108 aroE 0 1 -14.6 508046 

Bl10 hyp 95 tRNA 60 spoU1 123  (39) 38 glgC 89 paaD 6 iscU 1 0 -8.8 685882 
Bl11 lysR 136 hyp 210 tufB 15  (78) 79 fusA4 31 rpsG 5 rpsL 1 0 -18.6 975464 
Bl12 fusA4 31 rpsG 5 rpsL 174  (77) 579 hyp 112 tRNA 149 glyl 0 1 -25.8 978735 
Bl13 hyp 112 tRNA 149 gly1 4  (67) 75 rfaG2 173 purT 392 purC 0 1 -25.4 981380 
Bl14 hisM5 -4 glnQ1 406 purF 36  (48) 35 purM 36 purD 374 putA1 0 1 -18.1 1007716 
Bl15 hyp 83 hyp -4 hyp 139  (46) 371 tRNA 208 hyp 86 rpiR 0 1 -11.4 1025227 
Bl16 hyp 99 hyp 16 hyp 286  (32) 348 hyp 181 IS8 -165 hyp 0 1 -3.6 1160608 
Bl17 hyp 134 hyp 0 IS -15  (24) 294 hyp 98 mntH 290 hyp 1 0 -1.1 1167788 
Bl18 hyp 322 ffh 76 elsH1 110  (39) 83 rpsP 20 hyp 22 rimM 1 0 -9.6 1238388 
Bl19 hyp 158 hyp 10 rimL1 19  (27) 249 gatB 25 gatA 3 gatC 0 1 -2.4 1383035 
Bl20 tmk 277 topA 123 pgpB2 280  (41) 464 mrcB2 71 leuA 343 hyp 0 2 -8.0 1473871 
Bl21 ilvC1 428 ilvC2 196 per 359  (57) 269 hyp 63 melB2 217 treY 0 1 -17.7 1535245 
Bl22 hyp 133 trpS 177 hyd 358  (26) 34 hyp 329 putP 224 hyp 0 1 -4.9 1615229 
Bl23 trpS 177 hyp 418 hyp 52  (46) 230 putP 224 hyp 285 ppc 2 0 -14.6 1616328 
Bl24 hyp 329 putP 224 hyp 168  (75) 42 ppc 159 hyp 70 hyp 0 1 -21.3 1620573 
Bl25 mglA4 217 hyp 683 dcd 165  (32) 160 hyp 118 hyp 193 nhaP 1 0 -8.1 1727191 
Bl26 hyp 58 hyp 117 hyp 250  (31) 185 hyp 66 hyp 246 hyp 1 0 -4.6 1741279 
Bl27 hyp 160 hyp 187 ansP2 78  (42) 219 hyp 303 hyp 211 hyp 0 2 -10.0 1789498 
Bl28 hyp 303 hyp 211 hyp 135  (47) 94 hyp 69 hyp 361 hyp 0 2 -23.1 1800284 
Bl29 hyp -5 hyp 591 hyp 86  (38) 263 tatD 142 kup3 93 hyp 1 0 -5.4 1846406 
Bl30 hyp 259 hyp 331 mdoB2 1006  (47) 17 wcaA3 48 uhpB 37 rfbB 0 2 -16.1 1863955 
Bl31 hyp -5 hyp 245 hutH 123  (38) 57 clpA2 146 gltX2 25 ugpQ 1 0 -8.0 1888447 
Bl32 hyp 47 upp 405 hyp 17  (71) 171 hyp 136 mutT3 169 ppk 0 1 -29.4 1896598 
Bl33 hyp 47 upp 405 hyp 69  (36) 154 hyp 136 mutT3 169 ppk 1 0 -6.3 1896650 
Bl34 obgE 0 proB 90 hyp 70  (23) 37 tRNA 37 secE 29 nusG 1 0 -9.3 1938535 
Bl35 rpsO 275 pnp 426 hyp 103  (33) 118 hyp 268 rplJ 108 rplL 1 0 -10.4 2007730 
Bl36 groES 673 metC4 9 metC5 268  (31) 9 tRNA 1 tRNA 4 tRNA 1 0 -11.4 2021756 
Bl37 lpd2 133 hyp 428 hyp 185  (21) 505 pgm 86 araJ4 498 ptsG 1 0 - 2094208 
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Desig1 -3 gene Dist2 -2 gene Dist -1 gene Dist sRNA3 Dist +1 gene Dist +2 gene Dist +3 gene Initial4 Final ΔG°375 Pos6 
Bl38 serS 164 tRNA 225 hyp 61  (71) 303 hyp 190 hyp -1 hyp 0 1 -34.8 2105085 
Bl39 IS 65 hyp 87 hyp 85  (32) 100 hyp 8 hyp 14 hyp 6 0 -9.9 2158399 
Bl40 IS 65 hyp 87 hyp 117  (43) 57 hyp 8 hyp 14 hyp 1 0 -7.8 2158431 
Bl41 hyp -4 hyp 193 hyp 6  (36) 45 hyp 120 hyp -58 tRNA 1 0 -8.4 2183571 
Bl42 mcrA 489 hyp -4 hyp 584  (38) 2083 hyp 80 proS 437 ssb3 1 0 -5.7 2263379 
Bl43 mcrA 489 hyp -4 hyp 1998  (39) 668 hyp 80 proS 437 ssb3 1 0 -4.8 2264793 

1
Designation; 

2
Distance in bp between the element and neighboring genes, negative numbers indicate overlapping; 

3
Arrows indicate the direction of the gene or 

small RNA in the B. longum DJO10A genome sequence, parenthesis indicate size of sRNA in bp;
 4
Number of clones from the small RNA library present in the 

initial or final phase of the fermentation. 
5 Predicted minimum free energy secondary structures (ΔG°37, kcal/mol) using RNAstructure v4.6; 

6
Initial base pair position in genome; 

7
Hypothetical gene; 

8
Insertion element. 
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distributed throughout the whole genome. Although the sRNA library was composed of 

less than 40% of clones from the initial point of the fermentation, more than 60% of the 

sRNAs from non-coding regions were cloned from this sample. The ncRNA that was 

detected in highest abundance represented 15% of the total ncRNAs. The ncRNAs that 

were found cloned more times were Bl8 (11 times), Bl7 (10 times), and Bl9 (6 times). A 

hotspot between the uvrA gene and an open reading frame was identified. This hotspot 

consisted of the Bl7, Bl8 and Bl9 that amounted to 22 ncRNAs cloned into the library, 16 

from the initial stage and 6 from the final stage of the fermentation. Bl39 was found only 

at the initial stage of the fermentation, while Bl20, Bl27, Bl28 and Bl30 were each found 

twice and only at the end of the fermentation. 

All the ncRNA sequences were predicted to form secondary structures with the 

exception of Bl37, which did not form any base pairing. The average free energy for the 

structures was – 11.3 kcal/mol and it ranged from – 1.1 to – 34.8 kcal/mol. No matches 

were found in the Rfam database currently consisting of more than 1,900 families of 

sRNAs. A BLAST search indicated that these non-coding regions seem to be conserved 

only in closely related Bifidobacterium strains. Twenty-nine (67%) of them are shared 

among other B. longum strain, eleven (26%) were found in other Bifidobacterium species 

and only one was found outside the genus (Figure IV-2). Bl20 was also found in 

Corynebacterium variabile, C. diphtheriae and Gardnerella vaginalis, also members of 

the Actinobacteria phylum. No matches were found outside the Actinobacteria phylum.  

3.3.  Cloning of ncRNA 

The small size of the ncRNAs and the limited genetic tools available for 

bifidobacteria did not facilitate a site-directed mutagenesis approach for investigating the 

phenotype of these ncRNAs. Therefore, it was attempted to overexpress the ncRNAs in 

order to investigate the potential role of these ncRNAs in bifidobacteria.  However, direct 

cloning of the identified ncRNA presented at least two important difficulties. Due to their 

small size, addition of a few extra base pairs, as needed for incorporation of convenient 
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Figure IV-2. Presence of the identified non-coding regions from B. longum DJO10A in 

other bacteria. Data based on BLAST queries using a cutoff of 98% identity against the 

non-redundant nucleotide public database. 
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restriction sites, changed the predicted folding properties of the oligonucleotide. In 

addition, post-transcriptional processing of the RNA molecules is unknown and might 

involve adjacent nucleotides. Therefore, it was decided to clone the ncRNA together with 

approximately 200 bp upstream and 200 bp downstream into pDOJHR-WD6. The 

regions encompassing the ncRNAs Bl07, Bl08, Bl20, Bl27, Bl28, Bl30 and Bl39 were 

amplified through PCR, digested with NotI and SpeI and ligated into the equally digested 

pDOJHR-WD6, an expression vector described in Chapter III. The primers F/R-Bl7&8, 

F/R-Bl20, F/R-Bl27, F/R-Bl28, F/R-30 and F/R-Bl39 were used to amplify the loci 

corresponding to the ncRNAs Bl7&8, Bl20, Bl27, Bl28, 30 and Bl39 respectively (Table 

IV-2). Bl07 and Bl08 were mapped to adjacent loci in between two open reading frames. 

Therefore, they were amplified in one PCR product.  

The constructs were transformed into E. coli DH5α. However, no transformants 

were obtained when the regions encompassing Bl07, Bl08, Bl27 and Bl28 were 

transformed into the bacterium. Several conditions were tested including different 

temperatures and atmospheric conditions. Three regions, encompassing the sRNAs Bl20, 

Bl30 and Bl39, were successfully cloned and transformed into E. coli DH5α using 

standard protocols (37°C, aerobically). These pDOJHR-WD6 constructs, named 

pDOWD6-Bl20, pDOWD6-Bl30 and pDOWD6-Bl39 respectively, were transformed 

into the conjugative strain E. coli WM3064 (pBB109) and mobilized into B. longum 

DJO10A through conjugation as previously described (Dominguez & O'Sullivan, 2012). 

3.4.  Effect of overexpression of ncRNA loci on expression level of 

stress genes 

The expression level four genes predicted to be involved in stress protection in 

bifidobacteria (bspA, dnaK, groEL and ibpA) were analyzed using RT-qPCR on total 

RNA isolated from the strains harboring pDOWD6-Bl20, pDOWD6-Bl30 or pDOWD6-

Bl39 and growing at 37°C in buffered medium (Figure IV-3). 
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Figure IV-3. Relative expression level of selected heat-shock proteins in B. longum 

DJO10A expressing non-encoding regions containing the sRNAs a) Bl20, b) Bl30 or c) 

Bl39. The expression level of a strain harboring the pDOJHR-WD6 without an insert was 

used as control (Ctrl). Average of three samples analyzed in duplicates. Bars indicate 

standard deviation.
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The overexpression of the Bl20 locus resulted in a slight but significant reductions in the 

expression level of all the stress genes tested compared to the control strain: bspA (p = 

0.007), dnaK (p = 0.013), groEL (p = 0.013) and ibpA (p = 0.023). The presence of pWD-

Bl30 resulted in a significant reduction (p = 0.001), approximately to 1/15
th

, of the dnaK 

expression observed in the control. In addition, the strain harboring this plasmid showed 

the highest reduction in the expression level of ibpA representing less than 1/5
th

 the 

expression level observed in the control (p < 0.001) and just above the detection limit of 

the assay. In the same strain, groEL expression was slightly but significantly (p = 0.014) 

reduced. Finally, the overexpression of the Bl39 loci had a specific effect over dnaK 

reducing its expression significantly (p = 0.001) to 1/5
th

 the expression observed in the 

control.  

3.5.  Effect of decreased expression of stress genes on tolerance to heat 

stress 

Heat is a common stress found during food processing and stress genes are known 

to be up-regulated in response to misfolded proteins increasingly accumulated during 

exposure to higher temperatures. Since heat-shock proteins aid in coping with the stress, 

bifidobacteria strains with compromised levels of these proteins should exhibit a 

deteriorated phenotype when exposed to stress. To examine this hypothesis, the strains 

were exposed to 50°C in a buffered environment (pH = 6.5). Surprisingly, this was not 

the case. Exposure to heat stress for 4 h resulted in approximately a 3 log reduction in all 

strains including the control (Figure IV-4). This indicated that these stress genes are not 

playing transcendent role during heat stress or, more likely, the expression levels were 

still sufficient to protect the strains from the heat stress applied, similar to the control 

strain.
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Figure IV-4. Survival to a 50°C heat stress in a buffered system of B. longum DJO10A 

harboring pDOJHR-WD6 expressing sRNAs compared to a control strain harboring the 

vector with no construct as control (Crtl). At least three samples were analyzed and plate 

in duplicates. Bars indicate standard deviation.
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3.6.  Effect of decreased expression of stress genes on tolerance to acid 

stress  

Acid stress is another common stress encounter in certain food products, such as 

yogurt. In the same way as heat stress, acid stress increases the occurrence of misfolded 

proteins, which can be alleviated by heat-shock proteins. To investigate if the reduced 

expression levels of stress genes in the strains overexpressing the ncRNAs will show the 

predicted phenotype of higher susceptibility to acid stress, these strains were exposed to 

pH 3.0, 4.5 and 6.5 for a period of 3 h. There was no significant difference between the 

cultures exposed to pH 6.5 and 4.5 (Figure IV-5). Furthermore, no significant differences 

were observed over time in both treatments. At pH 3.0, however, the data showed a clear 

disadvantage of the tested strains compared to the control. The control with unaltered 

levels of heat-shock proteins showed the highest survival after 3 h with only a 4.5 log 

reduction on viable cells.  

In the strain overexpressing Bl20, the slight reduction in the expression of all the 

heat-shock protein proved to be significant by also impairing the ability to tolerate the 

acid stress resulting in close to complete inactivation after 3 h. Low levels of DnaK 

impaired the ability of the strains to tolerate the acid stress as illustrated by the 

inactivation over time of the strains overexpressing Bl30 and Bl39 (Figure IV-5). 

Furthermore, the lack of adequate levels of IbpA in the strain harboring pWD-Bl30 

resulted in the strongest reduction of viable cells, such that no cells were recovered after 

3 h at pH 3.0. Stable interactions with Bl30 were predicted to occur at two regions in the 

ibpA mRNA and one in dnaK mRNA (Figure IV-6). In all cases, these interactions 

appeared to disrupt hairpins in the secondary structure of the mRNA. These interactions 

were not significant when Bl39 and dnaK mRNA were analyzed. 

To further investigate the acid response, the strains were exposed to acid stress 

(pH 3.0) in sterilized 13% non-fat milk. Acid stress was significantly more pronounced, 

especially in the strains expressing the 3 ncRNAs, when applied in a milk system. At pH 
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Figure IV-5. Survival following exposure to pH stress of B. longum DJO10A strains 

harboring the cloned sRNAs a) Bl20, b) Bl30, c) Bl39 and d) control with empty vector. 

Cells were harvested at late logarithmic phase, exposed to different pH values in acetate 

buffer or 13% non-fat milk and sampled at different points in time. Average of at least 

three replicates plated in duplicate. Bars indicate standard deviation.  
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Figure IV-6. Predicted interactions between a) ibpA and b) dnaK mRNA and Bl30. The 

ibpA mRNA folding was analyzed from the proposed transcription initiation point, 

located 114 bases upstream of the start codon, to 129 bases downstream the start codon 

(Ventura et al., 2007). The dnaK mRNA folding was analyzed from the proposed 

transcription initiation point, located 62 bases upstream of the start codon, to 250 bases 

downstream the start codon. 
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3.0, the control strain was reduced by approximately 4 logs after 1 h compared to 2 logs 

in the buffer system, although no further reduction was detected after 3 h (Figure IV-5). 

Complete loss of viability was observed after just 1 h at pH 3.0 for the strains 

overexpressing the Bl30 or Bl39 ncRNAs. In addition, the overexpression of Bl20, which 

showed the smallest reduction of stress gene expression, was reduced by approximately 6 

logs after 1 h and no viable cells remained after 2 h. 

4.  Discussion 

Although ncRNAs have been known to exist for almost 30 years, their important 

role in regulating stress gene expression throughout the Bacteria and the Archaea 

domains has just recently been recognized (reviewed by Almeida et al., 2011; 

Marchfelder et al., 2012; Repoila & Darfeuille, 2009). Furthermore, ncRNAs in the 

Actinobacteria are limited to a few examples in Streptomyces (Panek et al., 2008) and 

Mycobacterium species (Arnvig & Young, 2009; McGuire et al., 2012). In the present 

study, we describe the first experimental approach to identify ncRNAs in a 

Bifidobacterium species. Since these elements have been found to be involved in stress-

related regulatory functions in other bacteria, there is an interest in understanding their 

expression during yogurt fermentation since bifidobacteria are commonly added to this 

food product. The sRNAs that were sequenced in the present study gave insights into the 

presence of these regulatory elements in B. longum DJO10A as well as other 

bifidobacteria. The sRNA library constructed consisted of elements originating from the 

starter cultures and the bifidobacteria strain. However, the number of sRNAs originating 

from the starter cultures was too low to draw conclusions about their expression. The two 

samples, obtained at the start and end point of the fermentation, contained mostly B. 

longum DJO10A transcripts reflecting the large inoculum size used. Although the same 

sequencing effort was conducted for both samples, more sRNA sequences were obtained 

at the end of the fermentation. Most of the difference in the samples was due to mRNA 

fragments, which were cloned four times more frequently at the end of the fermentation. 
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It is known that RNA degradation increases in response to stress in other bacteria 

(reviewed by Arraiano et al., 2010). Therefore, it can be hypothesized that this 

degradation is a cellular response to the stress conditions being encountered as the 

fermentation progressed and a shift in expression patterns to adapt to a new set of 

conditions that were continuously changing as the pH was dropping. Interestingly, more 

ncRNAs were found at the beginning of the fermentation, suggesting that these 

transcripts were mostly down-regulated as the fermentation developed. In addition, 

several ncRNAs were found more than once in the library further suggesting that they 

may have a cellular function. Particularly interesting are Bl7 and Bl8, the most abundant 

ncRNAs detected and mapped to the region between an ORF encoding a hypothetical 

protein and genes known to be involved in DNA repair and the SOS response in other 

bacteria. The location of Bl7 and Bl8 is analogous to the location of the characterized 

IstR-1 and IstR-2 ncRNAs in E. coli, which control growth rate by down-regulating 

expression of tisAB during normal growth (Vogel et al., 2004). However, during a stress 

induced SOS response, expression of tisAB increases, thus slowing growth. Given that 

the abundance of Bl7 and Bl8 is much higher at the beginning of the fermentation than at 

the end (Table IV-4), it is intriguing to hypothesize if they are also involved in down-

regulating growth rate inhibitors during normal growth. Additionally, the cloning of this 

sRNA locus into E. coli was not possible under the conditions tested suggesting they had 

a toxic effect on this host. This also suggests likely functionality of these ncRNAs in E. 

coli. No sequence similarities between the bifidobacteria Bl7/Bl8 and the E. coli IstR-

1/IstR-2 ncRNAs were found using the BLAST algorithm. This is not surprising since 

homology searching for ncRNAs is only effective within closely related bacteria (Livny 

& Waldor, 2007). Furthermore, many of the identified ncRNAs from this study were 

present in other B. longum strains, but only 11 were found in other Bifidobacterium 

species and just 1 outside the genus. However, functionality of the ncRNAs can be based 

on a few nucleotide interactions with the target that can originate from distant regions of 

the RNA molecule that come to proximity as it folds into its secondary structure. 
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The ncRNAs Bl20, Bl27, Bl28 and Bl30 were each found twice in the library and 

only at the end of the fermentation, suggesting that they were up-regulated in response to 

the stresses encountered. In contrast, Bl39 was found six times all at the beginning of the 

fermentation indicating a down regulation of this ncRNA during the fermentation. Bl27 

and Bl28 are located in regions surrounded by genes encoding hypothetical proteins, thus, 

little can be inferred about their potential role in the stress response. However, these 

ncRNA loci appeared to be toxic to E. coli under the tested conditions, given their failure 

to be cloned. Bl20 is located downstream of genes predicted to encode for DNA 

replication functions and upstream of genes predicted to be involved in leucine 

biosynthesis and target sites for this ncRNA were predicted in several stress- and 

regulatory-associated genes. The overexpression of this locus in B. longum DJO10A 

resulted in small but prevalent down-regulation of all stress genes tested. In addition, this 

was the only ncRNA with significant similarities outside the Bifidobacterium genus, 

suggesting involvement in a conserved regulatory mechanism probably targeting core 

metabolic functions.  

The ncRNA Bl39 is surrounded by several genes encoding hypothetical genes 

giving little clues of its function. However, its overexpression resulted in the specific 

down-regulation of dnaK. The dnaK operon is under the regulation of the HspR repressor 

that binds to the operator region of dnaK, the first gene in an operon also consisting of 

grpE, dnaJ2 and hspR (Zomer et al., 2009). Bl39 was predicted to interact with the 5’ 

untranslated region of the dnaK mRNA. However, this interaction was weak (< - 4 kcal 

mol
-1

). Nonetheless, interactions with high activation energies does not necessarily mean 

that the structure is not stable in vivo since RNA chaperones, such as Hfq, are known to 

stabilize ncRNAs in other bacteria. Hfq is an RNA chaperone essential for optimal 

growth in E. coli and presumably acts by strongly enhancing the rate of ncRNA-mRNA 

duplex formation through the melting of inhibitory secondary structures or by serving as 

a platform to bring the two together increasing the local RNA concentration (Brennan & 

Link, 2007; Jousselin et al., 2009; Tsui et al., 1994). Although an orthologue of Hfq is 
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not present in Actinobacteria (Sittka et al., 2008), an unrelated protein with similar 

function is likely to exist in these bacteria enabling high free energy structures to be 

stabilized in vivo. Additionally, environmental factors such as high temperatures are 

known to modify the ncRNA interactions with its target (de la Fuente et al., 2012). This 

therefore, provides other means of interaction even if calculated free energies appear 

unfavorable. 

The overexpression of the ncRNA Bl30 resulted in a considerable reduction of the 

expression level of ibpA and this correlated with the largest observed loss of acid 

tolerance. This provides evidence for the involvement of IbpA in the acid stress response. 

The gene encoding the analog protein in B. breve UCC2003 was shown to be up-

regulated in response to heat (50°C, but not to 43°C) and osmotic (0.7 M NaCl) shock 

(Ventura et al., 2007). However, this is the first report of a small heat-shock protein 

involvement in acid stress in bifidobacteria. Predicted interactions between the ibpA 

mRNA and Bl30 showed two potential sites were the ncRNA might disrupt the mRNA 

secondary structure and render it more susceptible to ribonuclease degradation. To a 

lower extent, dnaK mRNA showed decreased expression when this ncRNA was 

overexpressed and predicted interactions between them also disrupt the mRNA secondary 

structure. Bl30 is located just downstream of genes predicted to encode for proteins 

involved in cell wall biosynthesis, a glycosyltransferase. Therefore, it can be 

hypothesized that this ncRNA is involved in down-regulating portions of the stress 

response in preparation to resume normal cell metabolism after long term adaptation to 

acid stress. This is supported by two observations. First, there was an increased in the 

amount of mRNA fragments originating from genes involved in carbohydrate metabolism 

and cofactors/vitamins metabolism among others found at the end of the fermentation 

compared to the initial stage. Second, it appears that after an initial population reduction 

of approximately 3.5 logs, the population of bifidobacteria remained relatively constant 

when they were exposed to acid stress in milk and the same final reduction was observed 
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when the acid stress was applied in a buffer system suggesting that the remaining 

population has adapted to the acidic conditions. 

It was noticeable that the acid stress had a more pronounced effect in the milk 

system compared to the buffer system. This can be explained by the amount of acid 

required to obtained a milk system at pH 3.0 (approximately 0.158 M of lactic acid) 

compared to the buffer system (approximately 0.098 M of acetic acid). Due to the 

buffering properties of milk, more acid is present at the same pH and the antimicrobial 

properties of the conjugated acid become evident. The antimicrobial effect of conjugated 

organic acids has been reported in food-borne pathogens (Breidt et al., 2004) as well as 

probiotic bacteria (Passos et al., 1993) and other bacteria (Shelef, 1994). Thus, it is not 

surprising that at the same pH, there was a greater loss in viability in the milk system 

compared to the buffer system. 

In conclusion, 43 unique transcripts from non-coding regions in the genome of B. 

longum DJO10A were identified. Expression of three of them in B. longum DJO10A 

demonstrated their role in down regulating stress genes. The reduced expression of ibpA 

and dnaK in response to the overexpression of Bl30 and Bl39, as well as the overall stress 

response attenuation achieved by overexpressing Bl20, resulted in decreased tolerance to 

acid, suggesting that these genes, particularly ibpA, play an important role in the acid-

stress response.  
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Chapter V.  General conclusion 

1.  Current status of bifidobacteria as a probiotic 

Our understanding of the Bifidobacterium genus has evolved considerably since 

Tissier first isolated the bacteria from the intestinal tract of healthy infants. Numerous 

biochemical characterization and, more recent, molecular characterizations including 

genome sequences have revealed several interesting characteristics in this genus, such as 

the ability to metabolize human milk oligosaccharides (Ward et al., 2007) and production 

of antimicrobial compounds (Lee et al., 2008). Furthermore, studies in animal models and 

humans suggest that the early observations on healthy infants and senior populations 

might be based on the ability of these bacteria to suppress potentially pathogenic bacteria, 

aid the host in digestion and stimulate the immune system (reviewed by Lee and 

O'Sullivan, 2010, Picard et al., 2005). However, the lack of tools to study the molecular 

basis of these metabolic functions impairs our ability to provide a definite explanation of 

these properties. This contributed to the rejection of every probiotic-related health claims 

to date by the European Food Safety Authority (EFSA), including claims made for 

Lactobacillus species, a better studied probiotic bacterial group. Despite the incomplete 

scientific support, the probiotic market is projected to grow 6.8% a year worldwide, with 

the European market growing at a 6.7% rate annually (Transparency Market Research, 

2013). The global market was estimated at $30 billion in 2011 and forecasted to stand at 

$44.9 billion in 2018. Although Asia-Pacific (7.0% projected annual growth) and Europe 

are the leaders in this market, North America and Brazil are considered to be emerging 

regions with high potential for growth. However, in 2010 the United States market 

suffered a drawback when Dannon® settled to pay $45 million in a class action lawsuit 

over the claims made by the company regarding their yogurt products Activia® and 

DanActive® claiming to be “clinically and scientifically proven to regulate digestion and 

boost immune systems”. The settlement was agreed just before the EFSA emitted its 
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report on the European probiotic claims. In 2011, a similar class action lawsuit was 

approved to proceed against the health claims made by Yoplait, a division of General 

Mills, regarding Yo-Plus®. Earlier this year, General Mills agreed to pay $8.5 million to 

settle the lawsuit. The molecular characterization of probiotic strains could avoid these 

kind of issues that damage the food industry and consumers. By understanding how 

probiotics interact with the host at a molecular level, health claims can be supported by 

documentation showing the presence and activity of specific molecular players. 

Similarly, molecular characterization is needed to understand how probiotic strains 

withstand the stresses encountered during food processing and storage to guarantee its 

delivery to the consumer. Dairy products are the main delivery vehicles for probiotics and 

probiotic containing dairy products were estimated to reach $32.2 billion in sales by 2018 

(Transparency Market Research, 2013). However, before the present study, no other 

study had look at the molecular response of any Bifidobacterium species during 

processing of a dairy product. 

2.  Contributions to the field 

As mentioned above, lack of molecular characterization of probiotic strains is an 

important hurdle in the field. This is particularly true in Bifidobacterium species, where 

molecular tools are very limited compared to other probiotic bacteria like Lactobacillus 

species. In bifidobacteria, even basic tools, such as DNA introduction, have limited 

success and are only feasible in a few strains. Furthermore, the molecular regulation 

during stress response has never been studied in situ in a food product. The present study 

revealed for the first time in bifidobacteria the involvement of ibpA in acid stress; the 

expression in response to heat, acid and osmotic stress of the bifidobacteria-specific gene 

bspA; the presence and expression of ncRNAs; and a reproducible, efficient and strain-

independent means of introducing DNA. In addition, the first protocol for isolation of 

total RNA from yogurt was also described. 
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It is known that intestinal bifidobacteria strains are considerably more susceptible 

to food processing conditions than strains that have been selected by the industry to 

survive these stresses (Scheller and O'Sullivan, 2011). Understanding how B. longum 

DJO10A, an intestinal strain, responds to stress is a first step towards delivering 

probiotics through food products that are fully capable of promoting health to the host via 

interactions in the gastrointestinal tract with other bacteria, incoming compounds from 

diet and the intestinal lining. From the present study we now know that the coordinated 

molecular chaperone network as a whole is required to face acid stress that was found to 

be the main stress during yogurt fermentation. IbpA and BspA are added to the chaperone 

network as the acid accumulates and are able to improve the tolerance to heat stress even 

with compromised expression levels of the other stress genes. In addition, higher 

expression levels of bspA and ibpA were able to temporarily alleviate osmotic stress, also 

in the presence of compromised expression levels of other stress genes. Increased levels 

of GroEL were able to compensate for lower levels of the other stress proteins 

maintaining the same heat and osmotic tolerance than the control strain. DnaK is a 

chaperone that is required at all times during growth of the strain and it is kept at a 

relatively high level in the cell. 

The importance of ncRNAs in regulatory functions, particularly the stress 

response, is now well accepted in all forms of life. However, this is the first study that 

looked at the expression of these regulatory elements in bifidobacteria during yogurt 

fermentation. Furthermore, constitutive expression of the regions encompassing three of 

the identified ncRNAs, termed Bl20, Bl30 and Bl39, resulted in altered levels of stress 

proteins in the B. longum DJO10A. These suggest a regulatory role in the stress response. 

In addition, cloning of the regions encompassing four other ncRNAs identified failed in 

E. coli, suggesting that they are able to interfere with the regulatory functions in this host. 

Therefore, this study constitutes the first experimental evidence of the presence of 

ncRNAs in the Bifidobacterium genus and their influence on the stress response. 
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An important limiting factor in the advancement of the molecular understanding 

of bifidobacteria is the ability to introduce DNA for applications such as gene knockouts. 

Before this study, electroporation was the only means to introduce DNA into these 

bacteria and this was only feasible for a few strains. The conjugation system developed 

can potentially be used with any bifidobacteria strain with conjugation efficiencies that 

can be altered by simply shifting the donor to recipient ratio to favor the donor strain. 

Since the strain-specificity is practically inexistent, this system significantly reduces the 

troubleshooting involved in optimizing transformation protocols to work with different 

strains. Furthermore, the donor to recipient ratio can be modified to achieve close to 

100% efficiency. It is also worth noting that the conjugation system virtually abolishes 

the size limitation present in electroporation systems as conjugation is known to be 

successful even when transferring entire genomes (Isaacs et al., 2011).   

3.  Future research 

As stated above, the probiotic market is projected to keep growing despite the 

scientific gaps in the understanding of the probiotic strains. Enhancing our understanding 

can only result in a boost of interest in the field. As the stress response network continues 

to be resolved, our understanding of these mechanisms will eventually allow for the 

identification of strains that will be able to tolerate processing and storage condition as 

well as transit through the gastrointestinal tract and colonization in the large intestine 

without compromising the ability to provide health benefits to the host.  Recent 

development in this field, such as a temperature sensitive plasmid (Sakaguchi et al., 

2012) and a marker less gene deletion system (Hirayama et al., 2012), coupled with the 

conjugation system developed are promising tools that can accelerate our molecular 

understanding of Bifidobacterium species. In the near future, more sophisticated tools 

could allow the expression of genes involved in heat stress, such as ibpA and bspA, under 

an inducible temperature sensitive promoter and improve viability during exposure to the 

heat stress rendering a probiotic with better processing characteristics. In addition, 
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knockout strategies can be employed to specifically target genes of interest in the 

chromosome to accelerate the study of the stress-response network and the interactions 

with the host. Furthermore, the use of ncRNAs to manipulate expression of specific 

genes, as it has been done in other organisms (Rodrigo et al., 2012, Gentner and Naldini, 

2012), might be part of an exciting future in the field. This line of research will 

potentially allow the use of intestinal probiotic strains, with unaltered probiotic 

characteristics, in food applications benefiting the industry and the final consumer. 
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