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Abstract 
 

Lactobacillus plantarum is a lactic acid bacterium (LAB) that is encountered in many 
environmental niches, including dairy, meat and a variety of vegetable fermentations. 
Next to the occurrence of L. plantarum in our diets, this microbe is frequently 
encountered as a natural inhabitant of the gastrointestinal tract (GI-tract). This thesis 
describes the identification and functional analysis of L. plantarum promoters and 
genes that play a role during intestinal passage of this LAB. During these studies the 
mouse GI-tract and in vitro studies were utilized as models for the human situation. 
Three main strategies that allow the identification of conditionally active genes have 
been implemented in L. plantarum, namely an in vitro screen to trap bile-inducible 
promoters, DNA micro-array technology to identify mRNAs that are up-regulated in 
the presence of bile, and a resolvase-based in vivo expression technology (R-IVET) 
screen to select promoters that are induced in the GI-tract of a mouse model system. 
Matching of the genes identified with these three strategies revealed two genes, 
encoding an integral membrane protein and an argininosuccinate synthase, which 
appeared to be induced by bile in vitro as well as in vivo in the mouse GI-tract. As the 
duodenum is the intestinal site of bile release, expression of these two genes at this 
specific location in the host's GI-tract was investigated using quantitative reverse 
transcription PCR. The results demonstrated that the expression levels of these two 
genes were dramatically increased in L. plantarum cells isolated from the mouse 
duodenum relative to cells grown on standard laboratory medium. Furthermore, gene 
disruption mutants were constructed in 12 of the in vivo induced (ivi) genes identified 
by the R-IVET screen. The effect of the mutations on the survival and persistence of 
L. plantarum were investigated using quantitative PCR to monitor the relative 
population dynamics of the group of mutants in faecal samples after passage through 
the GI-tract of mice. These data indicate that the products of three of the disrupted 
genes (an orphan IIC transport component of a cellobiose PTS system, an 
extracellular protein that contains an LPQTNE motif involved in anchoring of this 
protein to the bacterial cell wall, and a copper transporting ATPase) play a key-role in 
the survival and/or persistence of L. plantarum during passage of the GI-tract. 
Overall, the results described in this thesis represent a first step towards molecular 
elucidation of the behavior of L. plantarum in a highly complex and inaccessible 
niche like the GI-tract. These results contribute to the development of eventual 
molecular models that describe GI-tract behavior of LAB, which are fundamental for 
the explanation of probiotic effects associated with these microbes and related species 
at the molecular level. 



 



Chapter 1 
 

 

Introduction and Outline of the Thesis 
 
 

 
 
 
 
 
A modified version of this chapter has been accepted for publication as a chapter 
in: Gastrointestinal Microbiology (edited by Arthur Ouwehand and Elaine 
Vaughan, published by Marcel Dekker); Molecular analysis of host-microbe 
interactions in the gastrointestinal tract, Peter A. Bron, Willem M. de Vos, and 
Michiel Kleerebezem. Moreover, this chapter has contributed to: Curr. Opin. 
Biotechnol. (in press); Post-genomics of lactic acid and other bacteria to discover 
gut functionality, Willem M. de Vos, Peter A. Bron, and Michiel Kleerebezem. 



Chapter 1 

Introduction 
From birth to death, the human gastrointestinal tract (GI-tract) is colonized by a vast, 
and complex consortium of mainly bacterial cells that outnumbers our somatic and 
germ cells (56). The microbes in this niche are estimated to be composed of at least 
500 different species. However, this number is likely to represent a large 
underestimate, since it has been based on culturing studies that are known to be 
selective and notably underestimate the large number of gram-positive intestinal 
bacteria (69). Molecular approaches, such as broad-range sequencing of 16S rRNA 
genes have been used to monitor the composition of the dominant GI-tract microbiota 
in different individuals at different time points in their lives. These approaches 
revealed a relatively stable composition in individual adults, but appeared to be 
considerably variable when different individuals were compared (69, 71). Moreover, 
host development (16, 30), host genotype (68), and environmental factors (61) 
influence the composition of the GI-tract microbes, emphasizing how challenging it is 
to define and compare bacterial communities within and between specified intestinal 
niches of a given individual at a particular time point in his or her life. The fact that 
we have not yet been able to culture the majority of the members of this bacterial 
community further complicates studies on the activity of individual members of the 
GI-tract consortium. An important development in this respect are the sophisticated 
enrichment strategies that have led to the isolation of new bacterial species from 
faecal samples (25, 70).  

Several biological barriers are met by bacteria during residence in and travel 
through the different parts of the host’s GI-tract, such as the gastric acidity 
encountered in the stomach, the presence of bile salts in the duodenum and stress 
conditions associated with oxygen gradients that are steep at the mucosal surface, 
while the colon is virtually anoxic (10). Moreover, considerable bacterial competition 
is encountered throughout the entire intestinal tract and notably in the colon where 
cell numbers are highest (56). There are many functions that can be ascribed to the 
bacterial GI-tract communities, including the processing of undigested food, the 
stimulation of the host's immune system, and providing colonization resistance to 
pathogens (28). However, it seems that we are only beginning to understand the 
dimensions of these interactions. This is evident from the major impact that bacterial 
colonization seems to have on the host and the presently known response of intestinal 
bacteria that are reviewed below. 

  
Bacterial responses to the host - in vitro approaches 
Due to the complex nature of host-specific and chemical stress conditions that are met 
by bacteria in the GI-tract many studies describe the in vitro response of intestinal 
bacteria to a simplified model that mimics (a component of) the stress encountered in 
the host's GI-tract. Historically, these studies have been performed in pathogens, 
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including studies describing the response towards acid stress in enteropathogenic 
bacteria such as Salmonella and Escherichia coli, which revealed that RpoS, Fur, 
PhoP and OmpR are important regulators involved in pH-response (4). More recent 
studies describe bacteria with proposed GI-tract functionality and their tolerance to 
acid stress. These studies have focused mainly on physiological aspects such as 
determination of levels of acid-tolerance (9, 32). Changes in protein synthesis during 
acid adaptation have been studied in a strain of Propionibacterium freudenreichii, an 
organism which potentially has functionality in the GI-tract, using 2D-gel 
electrophoresis, indicating an important role in the early acid tolerance response for a 
biotin carboxyl carrier protein and enzymes involved in DNA synthesis and repair, as 
well as a role in the late response for the universal chaperones GroEL and GroES 
(34).  

Several studies describe the defense mechanisms of gram-negative enteric 
bacteria towards bile acids, which include the synthesis of porins, transport proteins, 
efflux pumps and lipopolysaccharides (24). In addition, a few genome-wide 
approaches aiming at the identification of proteins important for bile salt resistance in 
gram-positive bacteria have been described. In Propionibacterium freudenreichii, 
Listeria monocytogenes and Enterococcus faecalis differential proteome analysis 
using 2D-gel electrophoresis led to the identification of several proteins that were 
expressed at a higher level in the presence of bile salts relative to control conditions 
lacking bile salts (17, 43, 51). Only in Propionibacterium freudenreichii these bile-
induced proteins were further analyzed by N-terminal sequencing and peptide-mass 
fingerprinting, leading to the identification of 11 proteins important in bile stress 
response. The induced proteins include general stress proteins such as ClpB and the 
chaperons DnaK and Hsp20 (43). The fact that these general stress proteins are 
induced by bile is in agreement with the cross-protection against bile stress after 
thermal or detergent pre-treatment that has been observed in several bacteria, 
including Enterococcus faecalis, Listeria monocytogenes and Bifidobacterium 
adolescentis (6, 17, 58). Moreover, proteins involved in signal sensing and 
transduction, and an alternative sigma factor appeared to be bile-inducible (43). Two 
other bile-induced proteins in Propionibacterium freudenreichii are the superoxide 
dismutase and cysteine synthase, which could be involved in the protection against the 
oxidative stress imposed on Propionibacterium freudenreichii by bile. In addition, 
other studies describe the oxidative stress response of GI-tract organisms, including 
Campylobacter coli, Escherichia coli and several Shigella species (36, 40, 53). A 
deletion mutant in the gene encoding superoxide dismutase in Campylobacter coli 
displayed poor survival and colonization during infection of an animal model (53). 
Next to these proteomic approaches, random gene disruption strategies have been 
applied to Listeria monocytogenes and Enterococcus faecalis, resulting in strains that 
are more susceptible to bile salts than the wild-type strains. Subsequent genetic 
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analysis of the mutants revealed that the disrupted genes encode diverse functions, 
including an efflux pump homologue (6) and genes involved in oxidative stress 
response, and cell wall and fatty acid biosynthesis (8). These findings are in 
agreement with several physiological studies in bacteria with GI-tract functionality 
such as Propionibacterium freudenreichii and Lactobacillus reuteri that demonstrated 
that bile salts induce severe changes in the morphology of the cell membrane and/or 
cell wall of these organisms (43, 62). Overall, the aforementioned in vitro experiments 
have provided insight in the response of specific bacteria towards components of the 
complex mixture of stress conditions that is met by these bacteria during residence in 
or transit through the GI-tract of their hosts. Although these approaches have helped 
to unravel the response of specific micro-organisms towards certain GI-tract 
conditions, they will not suffice to describe their behavior in the GI-tract. The full 
response repertoire will only be triggered in vivo, where all physicochemical 
conditions are combined with specific host-microbe and microbe-microbe 
interactions. Therefore, more sophisticated approaches have aimed at the development 
of tools that allow the in vivo identification of genes that are important in the GI-tract.  
 
Bacterial responses to the host - in vivo strategies 
Three main strategies have been developed for the identification of genes that are 
either highly expressed, differentially expressed or specifically required in vivo (Fig. 
1). These strategies have mainly been applied for the identification of genes from 
pathogens which are important during infection of their animal host. Signature tagged 
mutagenesis (STM) utilizes a negative selection strategy in which an animal host is 
infected with a pool of sequence-tagged insertion mutants. Mutated genes represented 
in the initial inoculum but not recovered from the host are essential for growth in the 
host (47, 66). A major advantage of STM is that this type of screen provides direct 
proof for the importance of the mutated genes in the relevant niche. Unfortunately, 
only limited numbers of mutants can be screened per animal model. Therefore, large 
scale animal experiments are required for genome-wide mutant screens and for this 
reason STM screens are labor-intensive. Mutants that are slow-growing, contain 
mutations in genes encoding redundant functions, or that can be complemented in a 
mixed population remain undetected or are at least underrepresented (45). Moreover, 
mutants for genes that are essential in the laboratory can never be obtained and, 
therefore, their importance for persistence in vivo cannot be investigated using this 
technique. Nevertheless, the STM strategy has been applied successfully to identify 
genes important in GI-tract colonization by at least 6 enteric pathogens, including 
Klebsiella pneumoniae, Vibrio cholerae, and Escherichia coli (66).  
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Fig. 1: Schematic representation of the basic principles of STM (A), SCOTS (B) and (R)-IVET (C). 
See text for details (xDNA is chromosomal DNA).  
 
 
Lipopolysaccharides have been recognized as an important factor in GI-tract 
persistence and colonization of several gram-negative bacteria, as they have emerged 
as a common theme in the STM-based studies. In addition, the importance of the 
global regulator of anaerobic metabolism Fnr was highlighted by several STM 
screens, which is not surprising considering the low oxygen tension in the colon. 
Moreover, the alternate sigma factor RpoN was found in several of the STM screens 
and is likely to associate with RNA polymerase to promote the transcription of genes 
that are specifically required in the GI-tract niche. Finally, STM studies revealed the 
importance of specific adhesins, including the type IV pili of Vibrio cholerae and 
Citrobacter rodentium (66).  
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A second strategy that has been applied for the identification of in vivo 
transcribed genes is selective capture of transcribed sequences (SCOTS). This 
approach allows selective capture of bacterial cDNAs from total cDNA, prepared 
from infected cells or tissues. cDNA mixtures obtained are then enriched for 
sequences that are transcribed preferentially during growth in the host, using 
additional hybridizations to bacterial genomic DNA in the presence of cDNA 
similarly prepared from bacteria grown in vitro. This strategy is very effective for the 
identification of mRNAs that are highly abundant in situ and are also expressed to a 
lower level in the laboratory. In contrast to the STM strategy, genes that are essential 
in the laboratory can be investigated for their importance in GI-tract colonization. 
Nevertheless, major disadvantages of SCOTS are the instability of bacterial mRNA 
for the construction of cDNA libraries, the low abundance of mRNA from transiently 
or lowly expressed genes, and the technical difficulty in isolation of sufficient high-
quality mRNA from small populations of bacteria in vivo (45). SCOTS has only been 
applied in a limited number of studies and the majority of these screens was 
performed to identify bacterial genes expressed within macrophages (11, 22, 31, 48). 
Recently, the first SCOTS strategy utilizing an animal model to identify genes 
important during infection was performed (13). This approach resulted in the 
identification of Escherichia coli genes of which the expression is either relatively 
abundant or induced in vivo. Similar to the STM approaches described above, this 
SCOTS approach revealed the induction of expression of genes involved in pilus 
formation and lipopolysaccharides biosynthesis. Other genes identified included iron-
responsive, and plasmid- and phage-encoded genes.  

The third strategy that has been used to identify genes that are specifically 
induced or required during infection is in vivo expression technology (IVET). Similar 
to SCOTS, the IVET strategy is capable of identifying genes that are non-essential or 
redundant, while in an STM approach genes are only identified that are essential in 
vivo. An important difference between IVET and SCOTS lies in the fact that SCOTS 
is capable of identifying genes that are active in the laboratory, but, nevertheless, are 
induced in the host, while IVET only identifies in vivo induced genes that are very 
lowly or not expressed in the laboratory. Moreover, the SCOTS strategy directly 
identifies mRNA, while IVET is a promoter trapping system. Hence, the IVET 
approach relies on the generation of transcriptional fusions of genomic sequences to a 
reporter gene encoding an enzymatic activity. Nowadays, four variations of IVET 
utilizing different reporter genes have evolved. The original technology involves a 
tandem set of two promoterless reporter genes, namely purA and lacZ, which were 
used to identify promoters that are specifically switched on in Salmonella 
typhimurium during infection (46). Purine auxotroph mutants (∆purA) of Salmonella 
typhimurium were only able to survive in a mouse model system when complemented 
in trans with a plasmid encoding and expressing purA. The promoterless purA gene 
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was thereby utilized as a reporter for the identification of chromosomal fragments that 
are capable to complement the mutants, thereby strongly selecting for chromosomal 
fragments which harbor promoter elements that are active in the mouse model system. 
Subsequently, the in vivo active promoters are tested for the absence of promoter 
activity in vitro utilizing the second reporter gene (lacZ). The second variation of 
IVET is based on selection of an antibiotic resistance gene as selectable marker. One 
obvious disadvantage of this second variation of IVET is that the antibiotic must be 
administered to the host animal and this is highly likely to disturb the natural 
occurring microbes in the GI-tract. Therefore, the screening conditions assessed with 
this variant of IVET significantly differ from the native, in vivo situation. On the other 
hand, the addition of different levels of the selective antibiotic allows for selection of 
in vivo induced genes in a wider range of promoter activities. The third type of IVET 
selection uses a single gene as a dual reporter. The first example of such a dual 
reporter was hly, encoding the pore-forming haemolysin listeriolysin O (LLO) of 
Listeria monocytogenes (19). LLO mediates lysis of the phagosomal membrane in 
macrophages following infection. This reporter provides an in vivo selection for active 
fusions that allow for escape from the phagosomal compartment and subsequent 
multiplication. Moreover, a convenient screen on blood agar plates can be performed 
to identify inactive fusions in vitro, since clones harboring such fusions do not display 
haemolysis on these plates. The major drawback of the three aforementioned IVET 
variations is that the experimental set-up is designed in such a way that gene activity 
is required throughout the residence of the bacteria in the host. Hence, genes that are 
weakly expressed in the laboratory or transiently expressed only in a specific 
compartment of the host's GI-tract slip through the selection procedure without being 
noticed. The fourth IVET variation circumvents this disadvantage by using the 
irreversible enzymatic activity of resolvases as reporter gene. Recombination-based 
IVET (R-IVET) is the only IVET approach that functions as a genetic screen. An 
antibiotic resistance marker flanked by two resolvase-recognition sites is integrated 
into the chromosome of the bacterium of interest. Subsequently, a promoterless copy 
of a resolvase-encoding gene, typically the tnpR gene from Tnγδ, is introduced on a 
plasmid and used to trap transcriptional activation by monitoring changes in the 
antibiotic resistance phenotype. Importantly, this approach does not rely on selective 
pressure during the animal experiments, as promoter activations are irreversibly 
trapped by the excision of the antibiotic resistance marker and can be identified after 
recovery of the bacterium under investigation from the host. 
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In the first decade, (R)-IVET was extensively utilized for the identification of 
genes important during infection of at least 15 different pathogens, including 
Klebsiella pneumoniae, Salmonella enterica and Listeria monocytogenes (3, 45). 
Thereby, (R)-IVET is the most extensively applied screen for the identification of in 
vivo induced genes during infection of animal models. The number of genes that is 
identified with an individual (R)-IVET screen varies strongly and ranges from 1 to 
approximately 100 genes (3). Several of these screens identified genes that were 
already known to be involved in virulence and this observation was considered an 
intrinsic validation of these (R)-IVET screens (45). An exemplary finding along these 
lines is the identification of agrA using R-IVET in Staphylococcus aureus (44). This 
gene encodes a quorum-sensing transcriptional activator and agrA mutants 
constructed in this organism prior to the R-IVET screen had already been shown to 
display a virulence defective phenotype (20). In general, regulators are one of the 
predominant classes of genes identified with (R)-IVET (45). Another frequently 
encountered class of in vivo induced genes in pathogenic bacteria are involved in the 
uptake of divalent cations, including many examples of Fe2+ transporters (45). The 
harsh conditions these pathogens encounter when they transit from rich laboratory 
media to the host’s GI-tract apparently results in the induction of this group of genes. 
This suggestion is further supported by the observation that several in vivo induced 
genes were demonstrated to be similarly regulated under low Fe2+ concentrations in 
vitro (35, 42, 59). Other genes that frequently arise from (R)-IVET screens have 
functions in a variety of generally recognized functional categories, including cell 
metabolism, DNA repair and general stress response. 

Recently, the first report appeared that describes the utilization of IVET in a 
food-grade organism in order to determine the specific induction of gene expression 
in L. reuteri after introduction in the GI-tract of animal models. This approach was 
based on in vivo selection of an antibiotic resistant phenotype (the second variation of 
IVET) and led to the identification of 3 genes important for this organism during 
colonization of the GI-tract of Lactobacillus-free mice (65). One of these genes 
encodes a peptide methionine sulfoxide reductase which has previously been 
identified using IVET in the non-food-associated Streptococcus gordonii during 
endocarditis (37). Although not noticed by the authors at that time, this was an 
important clue suggesting an overlap in the genetic response triggered in the 
pathogenic and non-pathogenic world following contact with the host. 
 
Insights from genomics 
Nowadays more and more bacteria are undergoing genome sequencing and as a result 
over 130 completed bacterial genomes have become available in the public domain 
(http://wit.integratedgenomics.com/GOLD/). Following the first example of 
Haemophilus influenzae in 1995 (18) the major focus of these efforts has initially 
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been on pathogenic bacteria and includes the completion of several genome sequences 
of food-borne pathogens, including Bacillus cereus (33), Salmonella typhimurium 
(49), and Listeria monocytogenes (21). Over the last years sequencing of the genomes 
of food-associated, non-pathogenic bacteria has received considerable attention, 
including the elucidation of the complete genome sequence of Bacillus subtilis (41) 
and Lactococcus lactis (7). To date, only a single high-fidelity genome sequence of a 
Lactobacillus species, L. plantarum strain WCFS1, has been published (39). 
Additional genomes of other lactic acid bacteria (LAB) are nearing completion and 
draft genome information has become available in the public domain in 2002 with the 
publication and appearance of genome sequences for LAB provided by the Joint 
Genome Institute (http://www.jgi.doe.gov/) in collaboration with the lactic acid 
bacteria genomics consortium (12, 38). These developments will provide insight in 
diversity, evolutionary relationship and functional differences between these bacteria 
and might eventually shed light on the behavior of these food-associated microbes 
during residence in the human GI-tract. Next to this large amount of sequence data 
from LAB, additional efforts have led to determination of  the (complete) genome 
sequences of members of our normal colonic microbiota, in particular Bacteroides 
thetaiotaomicron (67) and Bifidobacterium longum (57) (Fig. 2). 
 
 
 

 

 

 

 

 

 

 

 

 

 

 
Fig. 2: Phylogenetic relationship based upon the neighbor-joining method of partial 16S rDNA 
sequences (Escherichia coli positions 107 to 1434). It should be noted that for some species the 
genome sequence has (partially) been determined for multiple strains. LAB genomes are underscored, 
and published, complete genomes are shown in bold. The estimated genome sizes are indicated 
between brackets. (The authors gratefully acknowledge Sergey Konstantinov for the construction of 
this figure). 
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L. plantarum is a versatile and flexible organism that is able to grow on a wide 
variety of sugar sources. This phenotypic trait is reflected in the genome sequence of 
L. plantarum, which harbors a remarkably high number of 25 complete PTS enzyme 
II complexes as well as several incomplete complexes. This high number of PTS 
systems is far more than that found in other complete bacterial genomes, and similar 
only to Listeria monocytogenes (21) and Enterococcus faecalis (50). In addition to 
these PTS systems, the L. plantarum genome encodes 30 transporters that are 
predicted to be involved in the transport of carbon sources. This high sugar uptake 
flexibility has also been observed in the (incomplete) genomes of other LAB, such as 
L. johnsonii and L. acidophilus (2, 52). Moreover, a remarkably high percentage of 
regulatory genes (8.5%) is encoded in the L. plantarum genome. Similar percentages 
were found in Listeria monocytogenes, in which 7.3% of all the encoded genes is 
involved in regulatory functions. This could be a reflection of the many different 
environmental conditions that these bacteria face. Moreover, during residence of these 
bacteria in the proximal parts of the GI-tract these sophisticated regulatory systems 
might enable these organisms to adapt quickly to changes in the nutrient (including 
sugar) availability caused by the host's diet (Fig. 3). 

The genomes of B. thetaiotaomicron and Bifidobacterium longum encode an 
elaborate apparatus for acquiring and hydrolyzing otherwise indigestible dietary 
polysaccharides (57, 67). In B. thetaiotaomicron this colonic substrate dependence is 
associated with an environment-sensing system consisting of a large repertoire of 
extracytoplasmic function sigma factors and one- and two-component signal 
transduction systems (67). In contrast, genes involved in sugar transport and 
hydrolysis in Bifidobacterium longum are organized in operons which are 
predominantly regulated by LacI-type, sugar responsive repressors (57). The tight 
regulation of sugar utilization observed in these bacteria allows a stringent response to 
environmental changes and is in accordance with the fact that Bifidobacterium longum 
and B. thetaiotaomicron need to adapt to wide fluctuations in substrate availability in 
the colon (57, 67). It is speculated that the mode of regulation via repression of genes 
could allow a more rapid response in Bifidobacterium longum (57). In analogy, an 
operon in L. acidophilus involved in utilization of the prebiotic compound 
fructooligosaccharide contains a LacI-type repressor. Moreover, the expression of this 
operon is subject to global catabolite repression in the presence of readily fermentable 
sugars (5). Another interesting finding in the genome of B. thetaiotaomicron is that it 
encodes the capacity to use a variety of host-derived glycoproteins and 
glycoconjugates. Sixty-one percent of its glycosylhydrolases are predicted to be 
located in the periplasm, outer membrane, or extracellularly. This suggests that these 
enzymes are not only important for fulfilling the needs of B. thetaiotaomicron but 
may also help shape the metabolic milieu of the intestinal ecosystem, thereby 
maintaining a microbiota that supplies the host with 10 to 15% of our daily calories as 

 18



Introduction and outline of the thesis 

fermentation products of dietary polysaccharides (67) (Fig. 3). Similarly, the genome 
sequence of Bifidobacterium longum revealed insights into the interaction of 
bifidobacteria with their host, as genes encoding polypeptides with homology to 
glycoprotein-binding fimbriae are present in the genome. Moreover, a eukaryotic-type 
serine protease inhibitor is encoded in the genome and could be involved in the 
reported immunomodulatory activity of bifidobacteria (57).  
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Fig. 3: Molecular model of bacterial sugar utilization in the GI-tract. In the small intestine mono- and 
disaccharides are rapidly consumed by the host. Typically, bacteria that live in this niche display highly 
flexible sugar utilization capacities, allowing them to quickly adapt to changes in the carbon source 
availability that is determined by the host's diet. This high sugar flexibility is required to compete with 
the host for carbon acquisition. In the large intestine more complex oligo-and polysaccharides are the 
only available C-source. Therefore, bacteria in this niche are usually able to hydrolyze complex dietary 
polysaccharides and host-derived glycoproteins and glycoconjugates. Subsequently, the released, 
simpler sugars are utilized as C-source by the host and the bacteria residing in the colon (26). 

 19



Chapter 1 

Overall, the availability of the genome sequences together with their 
annotations provides valuable clues towards the survival strategy of these bacteria 
during their residence in the human GI-tract. Additionally, these complete genome 
sequences are powerful tools for the convenient and effective interpretation of the 
data generated by the in vitro and in vivo screening procedures described above. 
 
in situ profiling of transcription in the GI-tract 
As soon as sequence data is available for a few genes in a bacterium of interest, one 
could think of several sophisticated tools that allow investigation of the in situ 
expression levels of specific genes. One example of such an approach is the 
implementation of  quantitative reverse transcriptase PCR (qRT-PCR) in the gram-
negative bacterium Helicobacter pylori (54). This study describes the assessment of 
gene expression in this pathogen within the mouse and human gastric mucosae. Three 
genes, encoding urease, catalase and a putative adhesin specific for adherence to 
human gastric mucosa, were selected for this study, as their role during host residence 
was already established. Using minute quantities of mRNA isolated from human and 
mouse infected mucosae, the in situ expression of these three genes could be 
established. Moreover, the results of this study indicate that the relative abundance of 
transcripts was the same in the human and mouse model system. Hence, this study 
demonstrates that qRT-PCR is a powerful tool for the detection and quantification of 
bacterial gene expression in the GI-tract (54).  

Studies in germ-free mice have indicated that there is specific signaling 
between the commensal bacterium B. thetaiotaomicron and its host. Synthesis of host 
epithelial glycans is elicited by a B. thetaiotaomicron signal whose expression is 
regulated by a fucose binding bacterial transcription factor. This factor senses 
environmental levels of fucose and coordinates the decision to generate a signal for 
production of host fucosylated glycans when environmental fucose is limited or to 
induce expression of the bacteria’s fucose utilization operon when fucose is abundant 
(29). Additional studies have evaluated the global intestinal response to colonization 
of gnotobiotic mice with B. thetaiotaomicron. This colonization dramatically affected 
the host’s gene expression, including several important intestinal functions such as 
nutrient absorption, mucosal barrier fortification, and postnatal intestinal maturation 
(28). Interestingly, comparison of the changes in global host gene expression after 
colonization with B. thetaiotaomicron, Bifidobacterium infantis or Escherichia coli 
revealed that part of this host response was only induced by colonization with B. 
thetaiotaomicron (28). Moreover, from these in situ global transcription profiles and 
follow-up experiments it could be established that the production of a previously 
uncharacterized angiogenin is induced when gnotobiotic mice are colonized with B. 
thetaiotaomicron, revealing a mechanism whereby intestinal commensal bacteria 
influence GI-tract bacterial ecology and shape innate immunity (27). The cellular 
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origin of the angiogenin response was investigated in different intestinal cell types 
that were separated by laser-capture microdissection and analyzed by qRT-PCR, 
revealing that angiogenin-3 mRNA is specifically induced only in crypt epithelial 
cells. Hence, these experiments strongly suggest an intestinal tissue specific response 
of the host during colonization (28). Although the aforementioned studies on B. 
thetaiotaomicron colonization of gnotobiotic mice have provided valuable 
information on the influence of one particular member of the microbiota on the host, it 
remains to be investigated whether this response can also be established in a 
conventional, colonized animal model. Moreover, a future challenge lies within the 
translation of these mice host response analyses to the human system.  
 
Concluding remarks 
Historically, research on the bacterial flora of the GI-tract has concentrated on the 
inhabitants that have negative effects on their hosts. More recently, research has 
expanded from these pathogenic to non-pathogenic bacteria, including symbionts and 
commensals. One obvious reason for this is the accumulating evidence that certain 
bacteria, especially strains from the genus Lactobacillus and Bifidobacterium, may 
have probiotic effects in man and animals (1). At present molecular tools are available 
that allow a detailed indexation of the distribution of specific microbes residing in the 
human GI-tract, including the variations that can occur between different individuals 
(63, 69, 71). In addition, knowledge on the activity and response of specific species to 
the conditions encountered when they transit through this complex niche is starting to 
accumulate. Several in vitro studies mimicking specific conditions in the GI-tract 
have been performed, which allowed the identification of the repertoire of genes and 
their corresponding proteins that respond to the condition applied. More sophisticated, 
in vivo approaches aiming at the identification of bacterial genes that are induced 
during passage of the GI-tract have been performed in several pathogens. 
Unfortunately, only one report describes the in vivo response of a food-grade 
bacterium during passage through a (non-conventionally colonized) host, while such 
reports are completely lacking for commensal bacteria.  

A promising prospect from the increasing availability of complete genome 
sequences is the construction of DNA micro-arrays in several laboratory working on 
food-associated microbes. These, genomics-based, global investigations of gene 
expression in food-grade microbes under various conditions will further detail our 
future understanding of their behavior. Besides the application of DNA micro-array 
technology to elucidate the bacterial side of host-microbe interactions in the GI-tract, 
this technology has been used by Hooper and co-workers in several elegant studies 
aiming at identification of the response of germ-free mice to colonization with the 
commensal B. thetaiotaomicron (28). However, an important question that still 
remains to be answered is to what extent the data obtained on host and bacterial gene 
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expression using gnotobiotic animal models can be extrapolated to the situations in 
conventionally raised animals and, ultimately, humans. Nevertheless, these kind of 
studies could eventually lead to the construction of first generation molecular models 
describing specific host-microbe interactions. Such hypothetical models can 
subsequently be confirmed or falsified by similar analyses using mutant bacterial or 
host species in which specific changes have been introduced (overexpression or 
deletion) in factors predicted to play a role in the interaction. Finally, confirmed 
mouse-bacterium interaction models might eventually be analyzed in humans using a 
gene targeted approach. 
 
Outline of this thesis 
This thesis primarily aims at the identification and characterization of genes that are 
important in a LAB during residence in, and travel through the GI-tract. LAB are 
applied extensively in the production of fermented food products. Via the frequent 
consumption of dairy, olives, sausages and other fermented food products, large 
amounts of LAB are ingested by humans on a daily basis. Moreover, LAB have the 
potential to serve as delivery vehicles of health-promoting or therapeutic compounds 
to the human GI-tract (23, 60). Among the LAB, L. plantarum is encountered in many 
environmental niches, including dairy, meat and a variety of vegetable fermentations 
(14, 15, 55). Next to the occurrence of L. plantarum in our diets, this microbe is 
frequently encountered as a natural inhabitant of the GI-tract (1). Hence, L. plantarum 
has been selected as a model organism of which the GI-tract behavior will be studied. 
Other important criteria for the selection of this lactic acid bacterium are its high 
genetic accessibility and the fact that the complete genome sequence of L. plantarum 
WCFS1 has been determined (39). Moreover, the L. plantarum WCFS1 strain is a 
single colony isolate of the strain NCIMB8826, which is of human origin and 
effectively survives passage of the human stomach in an active form, reaches the 
ileum in high numbers as compared to other strains, and is detectable in the colon 
(64).  

The current chapter (Chapter 1) describes the state of the art in the research 
field on both the host and the microbial side of their interactions in the GI-tract, as 
well as the lack of knowledge on the in situ behavior of food-associated and 
commensal bacteria in this niche. The next two chapters describe the development of 
genetic tools in LAB. Chapter 2 describes the exploitation of the alanine racemase 
encoding gene (alr) as a food-grade selection marker in Lactococcus lactis and L. 
plantarum. It is demonstrated that the alr gene can be exploited as a dominant and 
complementation marker. In Chapter 3 the possibility to use the alr gene as a 
promoter probe for the identification of conditionally active promoters is explored. An 
exemplary screen is performed and results in the identification of high-salt inducible 
promoters in L. plantarum. In Chapter 4 the alr promoter probe is applied in a 
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genome-wide screen, resulting in the identification of bile salt inducible genes in L. 
plantarum. Moreover, a qRT-PCR approach focused on two of the identified bile salt 
inducible genes, which led to the conclusion that the results obtained with this 
plasmid-based promoter probe can be extrapolated to the single copy situation on the 
L. plantarum chromosome. In addition, the in situ induction of expression of these 
two genes in the duodenum of a mouse model system is demonstrated. Chapter 5 
describes a global transcriptome analysis using DNA micro-array technology, 
resulting in the identification of L. plantarum genes of which the expression level is 
induced by bile salts. The obtained transcript profiles are compared to the results 
obtained with the alr promoter probe in chapter 4. In Chapter 6 the implementation 
of a novel R-IVET system in L. plantarum is described. This system is applied in the 
screening of a chromosomal library in a conventionally colonized mouse model 
system, resulting in the identification of 72 L. plantarum genes of which the 
expression is induced during passage of the mouse GI-tract as compared to laboratory 
conditions. Chapter 7 deals with the construction of 12 gene disruption mutants in a 
selection of the genes that were identified in chapter 6 as in vivo induced in the GI-
tract. The growth characteristics of the constructed mutants on laboratory media are 
described, as well as assessment of the in vivo persistence of these mutants in a mouse 
model system. Chapter 8 describes a functional analysis of sortase in L. plantarum. 
The results from the R-IVET screen (Chapter 6) suggest that sortase dependent 
surface exposed proteins could play a role during persistence in the GI-tract. 
Therefore, a L. plantarum sortase mutant was constructed and its in vitro 
agglutination and in vivo persistence characteristics were investigated. In Chapter 9 
general conclusions coming from the research described in this thesis are drawn, and 
the future perspectives in the research field are discussed. 
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Chapter 2 

Abstract 
Both Lactococcus lactis and Lactobacillus plantarum contain a single alr gene, 
encoding an alanine racemase (EC 5.1.1.1), which catalyses the interconversion 
of D-alanine and L-alanine. The alr genes of these lactic acid bacteria were 
investigated for their application as food-grade selection markers in a 
heterologous complementation approach. Since isogenic mutants of both species 
carrying an alr deletion (∆alr) showed auxotrophy for D-alanine, plasmids 
carrying a heterologous alr were constructed and could be selected, as they 
complemented D-alanine auxotrophy in the L. plantarum∆alr and Lactococcus 
lactis∆alr strains. Selection was found to be highly stringent and plasmids were 
stably maintained over 200 generations of culturing. Moreover, the plasmids 
carrying the heterologous alr genes could be stably maintained in wild-type 
strains of L. plantarum and Lactococcus lactis by selection for resistance to D-
cycloserine, a competitive inhibitor of Alr (600 and 200 µg/ml, respectively). In 
addition, a plasmid carrying the L. plantarum alr gene under control of the 
regulated nisA promoter was constructed to demonstrate that D-cycloserine 
resistance of Lactococcus lactis is linearly correlated to the alr expression level. 
Finally, the Lactococcus lactis alr gene controlled by the nisA promoter, together 
with the nisin regulatory genes nisRK, were integrated into the chromosome of L. 
plantarum∆alr. The resulting strain could grow in the absence of D-alanine only 
when expression of the alr gene was induced with nisin. 
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Introduction 
Alanine racemases are pyridoxal 5’-phosphate dependent enzymes involved in the 
interconversion of D-alanine (D-ala) and L-alanine (L-ala). Most well-studied alanine 
racemases originate from bacteria, including Escherichia coli (52), Pseudomonas 
putida (41), Salmonella typhimurium (51) and several Bacillus species (21, 30, 39, 
55). More recently, eukaryotic alanine racemases were investigated in more detail, 
e.g. in the fungus Tolypocladium niveum where this enzyme is involved in the 
biosynthesis of cyclosporin A (27). Since in many bacteria, D-ala is involved in the 
cross-linking of cell wall peptidoglycan layers, this component is essential for their 
growth. 

In E. coli, the dadX gene is involved in L-ala catabolism. It encodes an alanine 
racemase and is situated in an operon together with the dadA gene, encoding a D-
alanine dehydrogenase. The transcription of dadX and dadA was found to be repressed 
by glucose, while it was induced by the presence of L-ala (53). The dadX gene is 
responsible for 85% of the total alanine racemase activity in E. coli and a second gene 
named alr is present, which is constitutively expressed (52, 53). Only the alr dadX 

double mutant is auxotroph for D-ala (53). 
In Bacillus subtilis the alanine racemase gene (dal) is involved in alanine 

conversion and a dal deletion mutant was dependent on D-ala supplementation when 
grown in rich media. However, in minimal medium, growth of the dal mutant was 
only affected after addition of L-ala. Hence, it was suggested that B. subtilis possesses 
a second, L-ala repressible alanine racemase (21). The complete genome sequence of 
B. subtilis confirms the existence of a second gene (yncD) that shows high homology 
to alanine racemases (35). Furthermore, alanine racemases from Bacillus species are 
postulated to be involved in spore formation, since racemase activity is generally 
higher in spores as compared to vegetative cells (39, 40, 46). Spore alanine racemase 
converts the germinant L-ala into its competitive inhibitor D-ala and may regulate 
spore germination (54). The most extensively studied alanine racemase originates 
from B. stearothermophilus and includes sequence analysis of the gene and protein, 
determination of the catalytic site residues, and characterization of the biochemical 
properties of the protein (30, 44, 47). Moreover, the 3D-structure of the alanine 
racemase of this organism was determined by X-ray crystallography (43). 

Several allosteric inhibitors of alanine racemases have been described, 
including D-cycloserine, hydroxylamine and β-chloroalanine (1, 32, 36, 50). 
Inactivation of alrA, encoding alanine racemase, resulted in a 30-fold lower MIC 
value for D-cycloserine in Mycobacterium smegmatis (9). Furthermore, a D-
cycloserine resistant mutant of M. smegmatis was shown to display elevated alanine 
racemase activity, caused by a promoter up mutation. Similarly, increasing the alrA 
gene dosage by cloning on a multicopy plasmid resulted in increased D-cycloserine 
resistance in M. intracellulare and M. bovis (6).  
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In the lactic acid bacteria (LAB) Lactobacillus plantarum and Lactococcus 
alanine racemase activity is encoded by homologous alr genes. Disruption of alr in 
both LAB resulted in auxotrophy for D-ala on rich media (28, 29). Additionally, no 
growth of the L. plantarum deletion mutant was observed on minimal medium with or 
without L-ala, indicating that L-ala does not suppress another putative alanine 
racemase. In contrast with B. subtilis, alr appears to be the sole gene coding for 
alanine racemase activity in L. plantarum (28). LAB are important organisms for the 
production of fermented foods and feeds. Moreover, LAB are used as probiotics and 
have great potential to serve as delivery vehicles of health-promoting compounds to 
the human gastro-intestinal tract (23, 24, 45). To further optimize these microbes for 
industrial exploitation, genetic modification approaches have been used (14). 
However, the application of genetically modified microorganisms in food products 
requires safe and sustainable genetic tools. Therefore, sophisticated food-grade 
marker systems are being developed that circumvent the addition of undesirable 
components like antibiotics to industrial fermentation processes. Several food-grade 
marker systems have been developed for the selection of a plasmid in LAB, both of 
the dominant and complementation type (14). Recently, a third type of food-grade 
selection markers was described, using a two-plasmid system for food-grade selection 
in Lactococci (17). 

D-ala is not a regular constituent of industrial fermentation media, suggesting 
that the alanine racemase encoding gene of LAB could be exploited as a food-grade 
complementation marker. Previously, a similar approach in B. subtilis showed that the 
dal gene, encoding alanine racemase, could be used as a functional and stringent 
complementation marker in rich media (21). Here, we describe the use of the alr gene 
as a heterologous food-grade selection marker in both L. plantarum and Lactococcus 
lactis. Plasmids expressing alr were introduced into alr mutants of both organisms 
and into their wild-type parent strains, using D-cycloserine resistance for selection of 
transformants in the latter strains. Selection appeared highly stringent, and plasmids 
were stably maintained during culturing. Moreover, alr expression levels in 
Lactococcus lactis could be correlated with D-cycloserine resistance levels and a nisin 
dependent alr mutant strain of L. plantarum was constructed that showed a 
conditional lethal phenotype. 
 
Material and Methods 
Bacterial strains, plasmids and primers 
Lactococcus lactis MG1363 (22) and L. plantarum NCIMB8826 (26) were used in 
this study, and their derivatives, the used plasmids and primers are listed in Table 1. 
E. coli MC1061 (8) was used as intermediate cloning host and was handled as 
described by Sambrook et al (42). L. plantarum was grown at 30 oC in MRS broth 
(Difco, Surrey, U.K.) without aeration. Lactococcus lactis was grown at 30 oC in M17 
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broth (Merck Darmstadt, Germany), supplemented with 0.5% (wt/vol) glucose, 
without aeration. D-ala (200 µg/ml) was added to these media when indicated. Where 
appropriate, antibiotics were added to the different media; for E. coli, ampicillin (50 
µg/ml), erythromycin (250 µg/ml), and chloramphenicol (20 µg/ml); for Lactococcus 
lactis, chloramphenicol (10 µg/ml); for L. plantarum, erythromycin (5 µg/ml) plus 
lincomycin (10 µg/ml), and chloramphenicol (10 µg/ml).  
 
DNA manipulations 
Plasmid DNA was isolated from E. coli on a small scale using the alkaline lysis 
method (2, 42). Large scale plasmid DNA isolations were performed using Jetstar 
columns according to the manufacturer’s instructions (Genomed GmbH, Bad 
Oberhausen, Germany).  DNA isolation and transformation in Lactococcus lactis and 
L. plantarum were performed as described previously (15, 19, 31). Standard 
procedures were applied for DNA manipulations in E. coli (42). Restriction 
endonucleases, Taq and Pwo polymerase, T4 DNA ligase and Klenow polymerase 
were used following the recommendations of the manufacturer (Promega Biotech, 
Roosendaal, the Netherlands and Boehringer Mannheim, Germany). Primers were 
purchased from Pharmacia Biotech (Roosendaal, the Netherlands) or Genset Oligos 
(Paris, France). 
 
Plasmid constructions 
Lactococcus lactis MG1363 genomic DNA (22) was used as a template to amplify the 
alr gene, using the primers LLALR-5 and LLALR-11 that were designed on the basis 
of the Lactococcus lactis IL1403 genome sequence (3). Sequence analysis of the 
obtained amplicons revealed 98% identity between the alr genes of Lactococcus lactis 
IL1403 and Lactococcus lactis MG1363. The 1.3-kb PCR product was digested with 
BamHI and SalI (restriction sites introduced by the primers) and inserted into 
similarly digested pJDC9, resulting in pGIP009. To drive expression of the 
Lactococcus lactis alr gene by the ldhL promoter of L. plantarum (18), pGIP009 was 
digested with HindIII and SmaI, followed by ligation to pGIT032, previously digested 
with HindIII and HpaI. The resulting plasmid was designated pGIP011 and was 
introduced into L. plantarum NCIMB8826 and MD007. In analogy, to place alr 
expression under control of the nisA promoter of Lactococcus lactis (11), pGIP009 
was digested with HindIII and BamHI and, subsequently, ligated to similarly digested 
pNZ2650, yielding pGIP012, which was introduced into L. plantarum MD007Int6 
carrying the Lactococcus lactis nisRK genes on the chromosome. 
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Table 1: Strains, plasmids and primers used in this study and their relevant characteristics and 
references. Underscored base pairs in primers indicate introduced restriction sites.  
 

Material Relevant Featuresb Source of reference 

Strains   
L. plantaruma   

MD007 L. plantarum NCIMB8826∆alr (M. Deghorain, unpublished data) 
MD007Int6 EmR, nisRK, pMEC10 chromosomal integration in MD007 at tRNAser this work 
MD007::pGIP014 EmR, nisRK, pGIP014 chromosomal integration in MD007 at tRNAser this work 
Lactococcus lactis   
NZ3900 MG1363 with a chromosomal insertion of nisRK (12) 
PH3960 NZ3900∆alr, nisRK (29) 
   
Plasmids   
pJDC9 EmR (10) 
pGIP009 EmR, pJDC9 derivative containing Lactococcus lactis alr gene this work 
pGIT032 EmR, CmR, PldhL, (18) 
pNZ2650 CmR, PnisA (29) 
pGIP011 EmR, CmR, pGIT032 derivative containing Lactococcus lactis alr downstream of PldhL this work 
pGIP012 CmR,  pNZ2650 derivative containing Lactococcus lactis alr downstream of PnisA this work 
pNG8048-Cre CmR

 (7) 
pUC-NcoI ApR, pUC18 derivative containing NcoI and RBS of prtP (20) 
pNZ7110 ApR, pUC derivative containing cre and TpepN  this work 
pNZ7115 ApR, pNZ7110 with cre  replaced by L.plantarum alr PCR product this work 
PNZ8020 CmR (11) 
pGIP013 pNZ8020 derivative containing L.plantarum alr from pNZ7115 this work 
pGEMT-easy ApR Promega 
pGIP010 ApR, pGEMT-easy derivative containing Lactococcus lactis alr PCR product this work 
pMEC10 EmR, nisRK (38) 
pGIP014 EmR, nisRK, pMEC10 derivative containing alr fragment of pGIP010 this work 
   
Primers   
LLALR-5 5’-CGAGGATCCGCATAGTAATTTAGAAGCTGTTGC-3’ this work 
LLALR-11 5’-ACGCGTCGACATTTGTAAAGGCTTTTATGAGAT-3’ this work 
LLALR-12 5’-GGGGTACCATTTGTAAAGGCTTTTATGAGAT-3’ this work 
LLALR-13 5’-CGGAATTCATTACAGCTCCAAGACTAGTC-3’ this work 
TRNA 5’-GCGAACCGGCTAATACCGGC-3’ this work 
409301L1 5’-AACAGAAGGTGGGACAGTAG-3’ this work 
LplAlr_F 5’-AGGCAATTTGCCATGGTTGTAATTGG –3’ this work 
LplAlr_R 5’-ACGTTCTAGATTAATCTATATAAACTCTCGG-3’ this work 

a Strain NCIMB8826 was obtained from the National Collections of Industrial, Food and Marine Bacteria, Aberdeen, Scotland, 
UK 
b ApR, ampicillin resistant, CmR, chloramphenicol resistant, EmR, erythromycin resistant 
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The strategy described above was also used to construct plasmids expressing the L. 
plantarum alr gene for transformation and selection in Lactococcus lactis. To remove 
the HindIII site from pNG8048-cre (7), this plasmid was digested with HindIII, blunt-
ended with Klenow DNA polymerase, and backligated. The cre-TpepN fragment in this 
vector was removed with NcoI and XhoI, and ligated to pUC-NcoI (20) digested with 
NcoI and SalI. Finally, digestion of this vector with EcoRI and HindIII, followed by 
Klenow DNA polymerase treatment, yielded a fragment containing RBS-cre-TpepN , 
which was inserted into a pUC18 derivative previously digested with SmaI. The 
resulting plasmid was designated pNZ7110. The alr gene was obtained by a PCR 
reaction, using primers LplAlr_F and LplAlr_R, and L. plantarum NCIMB8826 
chromosomal DNA as template. The 1.1-kb PCR product was digested with NcoI and 
XbaI and ligated to pNZ7110 digested with NcoI and NheI, in order to exchange cre 
for alr. The resulting plasmid was designated pNZ7115. Finally, RBS-alr-TpepN was 
digested from pNZ7115 as a BamHI-EcoRI fragment, and cloned downstream of the 
nisA promoter in similarly digested pNZ8020, yielding pGIP013. This plasmid was 
used for transformation of NZ3900 and strain PH3960. 

The alr mutant strains of L. plantarum NCIMB8826 and Lactococcus lactis 
NZ3900, designated MD007 and PH3960 (Table 1), respectively, carry a stable 
deletion of an internal fragment of 100 and 30 bp in the alr gene, resulting in 
auxotrophy for D-ala in both organisms (28, 29). Since a large part of the alr genes in 
MD007 and PH3960 remain present in the chromosome, a heterologous 
complementation strategy was applied here, in order to avoid integration of the 
plasmid into the chromosome. Therefore, pGIP011 and pGIP012, containing the 
lactococcal alr gene under control of the ldhL and nisA promoter were used for 
complementation of the L. plantarum∆alr strains MD007 and MD007Int6, 
respectively. Similarly, pGIP013, containing the L. plantarum alr gene under control 
of the nisA promoter, was used for complementation of Lactococcus lactis∆alr strain 
PH3960. 

To obtain a conditional alr mutant using the NICE system (12), a plasmid was 
designed for integration of the Lactococcus lactis alr gene into the chromosome of L. 
plantarum MD007. pGIP012 was used as template to amplify the nisA promoter fused 
to the alr gene, using primers LLALR-12 and LLALR-13 for the PCR reaction. The 
1.6-kb PCR product was cloned in pGEMT-easy (Promega Biotech, Roosendaal, The 
Netherlands), resulting in a vector designated pGIP010. This vector was digested with 
SacI and KpnI and the resulting fragment containing PnisA and alr was subcloned into 
similarly digested pMEC10 (38), yielding vector pGIP014. This vector was used for 
integration into the genome of L. plantarum MD007.  
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Alanine racemase assay 
Lactococcus lactis strain PH3960 harboring pGIP013 was cultured overnight at 30 oC 
in GM17 with chloramphenicol. The culture was used to inoculate fresh medium 
(starting OD600= 0.25) at 30 oC. Growth was continued to an OD600 of 0.6. Nisin was 
then added to the cultures at concentrations of 0, 0.001, 0.01, 0.1 or 1.0 ng/ml, and 
growth was continued for 2.5 h. Cultures were harvested by centrifugation and the 
pellets were washed with 2 ml of distilled water and recentrifuged. Subsequently, the 
cells were resuspended in distilled water to an OD600 of 20 and 1 gram of zirconium 
beads (48) was added to the cell suspension and the cells were mechanically 
disrupted. After centrifugation the cell extract was transferred to fresh tubes and 
stored at 4 oC. Alanine racemase activity was measured by determining the D-ala 
conversion into L-ala by following spectrophotometrically the production of NADH 
in a coupled reaction, as the addition of L-alanine dehydrogenase (L-ADH) from B. 
sphaericus converts L-ala into pyruvate and ammonia. L-ADH was obtained from 
Lactococcus lactis NZ3900 harboring plasmid pNZ2650 (29). After induction with 1 
ng/ml nisin, a cell-free extract was prepared and used as source of L-ADH. The assay 
used here contained 0.001 to 0.015 units of alanine racemase, depending on nisin 
induction level, 0.025 units of L-ADH, 100 mM sodium phosphate buffer pH 8.0, 10 
mM NAD+, and 50 mM D-alanine, in a total reaction volume of 1 ml. After addition 
of the sample containing Alr activity, the OD340 at 25 oC was followed for at least 5 
minutes and enzyme activities were correlated to total protein content of the cell 
extracts as described previously (4). 
 
Measurement of D-cycloserine resistance in cultures 
PH3960 harboring pGIP013 was grown overnight in GM17 containing 
chloramphenicol and D-ala. Cultures were diluted 1:20 and grown in the same 
medium to an OD600 of 1.3. Afterwards 1:8 dilutions were cultured for 1 hour in the 
same medium with nisin concentrations ranging from 0 to 1 ng/ml. Subsequently, 
cultures were diluted 1:10 in the same medium with D-cycloserine ranging from 0 to 
1 mg/ml. OD600 values were measured, growth was continued for 2 h and OD600 
values were measured again. The OD increase of the cultures grown in the presence of 
D-cycloserine were compared to that observed for cultures grown without added D-
cycloserine. 
 
Nucleotide sequence accession numbers  
The nucleotide sequences of the alr genes of L. plantarum NCIMB8826 and 
Lactococcus lactis MG1363 have been deposited in the GenBank database under 
accession numbers Y08941 and Y18148, respectively. 
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Results 
Heterologous complementation of MD007 and PH3960 
To evaluate the potential of the alanine racemase encoding gene alr as a heterologous 
complementation marker, pGIP011 (encoding the Lactococcus lactis alr) was 
introduced into the alr deletion variant of L. plantarum NCIMB8826 (MD007). After 
introduction of pGIP011 into MD007, cells were plated on MRS or MRS containing 
erythromycin, lincomycin and D-ala. After approximately 16 h of incubation, the 
MRS plates contained full-grown colonies selected by alanine racemase production, 
whilst after approximately 40 h similar amounts of colonies were obtained on the 
antibiotic resistance selection plate. In addition, colonies selected by alr expression 
appeared more homogenous in size. These results indicate that in trans 
complementation by the Lactococcus lactis alr gene under control of the ldhL 
promoter results in regeneration of growth of the ∆alr strain of L. plantarum without 
D-ala supplementation. Similar results were obtained using pGIP012 for 
transformation into the  L. plantarum∆alr strain MD007int6. Colonies appeared faster 
and were more homogenous in size when grown on MRS plates as compared to MRS 
plates containing chloramphenicol and D-ala. Similar observations were made when 
pGIP013 was introduced into the Lactococcus lactis∆alr strain PH3960 and 
subsequently plated on GM17 or GM17 containing chloramphenicol and D-ala. 
Although tightly regulated, the high-copy NICE vector containing alr apparently 
provides sufficient alr transcription to fully complement the alr phenotype in both 
hosts, even without addition of nisin, suggesting that only relatively low expression 
levels are required for growth.  

Plasmid integrity was investigated in pGIP011 and pGIP013 transformants of 
L. plantarum MD007 and Lactococcus lactis PH3960, respectively. Twenty of these 
L. plantarum and Lactococcus lactis colonies were inoculated in medium containing 
erythromycin or chloramphenicol, respectively. All cultures were fully-grown 
overnight. Following isolation of plasmids pGIP011 and pGIP013, restriction 
analyses revealed that the plasmids were apparently intact (data not shown), 
indicating that selection of the transformants is equally stringent on basis of alr, as 
compared to the antibiotic markers. 

To evaluate the stability of these food-grade selectable plasmids, MD007Int6 
colonies harboring pGIP012 and PH3960 colonies harboring pGIP013 were pre-
grown for 200 generations in MRS or GM17 medium, with or without D-ala, 
respectively. After four successive cycles of growth for fifty generations, cells were 
plated on medium containing D-ala, and the presence of the plasmid in the resulting 
colonies was assessed through the Alr phenotype by replica plating to plates with or 
without D-ala (Table 2). After 200 generations of culturing in the presence of D-ala, 
plasmid pGIP012 was undetectable in MD007Int6. However, all cells that were 
cultured without D-ala still contained pGIP012 after 200 generations. This indicates 
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that the alr marker strongly contributes to the stability of the plasmid in L. plantarum. 
In contrast, all tested cells of strain PH3960 contain plasmid pGIP013 after 200 
generations, independent of the presence or absence of selective pressure. Plasmid 
DNA isolation of pGIP012 from MD007Int6 and pGIP013 from PH3960 suggests 
that the copy number of the lactococcal plasmid is 5-10 times higher (data not shown), 
possibly explaining the higher stability of pGIP013 compared with pGIP012. 
Fermentation media do not usually contain D-ala, making alr a stable, food-grade 
complementation marker under industrial conditions for both Lactococcus lactis and 
L. plantarum. 
 
 
Table 2: Stability of alr encoding plasmids pGIP012 and pGIP013 in L. plantarum MD007Int6 and 
Lactococcus lactis PH3960, respectively. Cells were pre-grown with or without D-ala for multiples of 
50 generations and the presence of the plasmids was judged by the ability of the cells to grow without 
D-ala. After culturing under selection pressure (without D-ala), both L. plantarum and Lactococcus 
lactis have stably maintained their plasmids in all tested colonies. The results for the cultures grown 
without selection pressure (with D-ala) are presented in the table below. 
 

generations with D-ala MD007Int6 Alr+ (%) PH3960 Alr+ (%) 

50 100 100 
100 34 100 
150 2 100 
200 2 100 

 
 
Selection of pGIP011 and pGIP013 in wild type strains 
Several competitive inhibitors for Alr have previously been described (1, 32, 36, 50). 
In M. smegmatis, resistance to D-cycloserine could be correlated to the expression 
level of alr (6). This suggests that D-cycloserine resistance can be used for the 
dominant selection of transformants harboring a plasmid expressing alr. To evaluate 
this possibility in LAB, pGIP011 and pGIP013 were used for selection in the wild-
type L. plantarum NCIMB8826 and Lactococcus lactis NZ3900. Plasmid pGIP011 
was introduced in L. plantarum NCIMB8826 and cells were plated on MRS with 
increasing concentrations of D-cycloserine. After approximately 96 h of growth at 30 
oC, colonies appeared on the plates with D-cycloserine concentrations up to 600 
µg/ml (column ‘cfu’ in Table 3). The presence of pGIP011 in these colonies was 
confirmed by replica plating to MRS plates containing erythromycin and lincomycin 
(Column ‘ antibiotic resistance’ in Table 3). The vast majority (96%) of the colonies 
originating from the MRS plate containing 600 µg/ml D-cycloserine plate harbored 
pGIP011. Similarly, the possibility of selecting pGIP013 transformants of 
Lactococcus lactis strain NZ3900 was evaluated. Since pGIP013 contains the L. 
plantarum alr gene under control of the nisA promoter, dominant D-cycloserine-based 
selection was evaluated on plates containing 1 ng/ml nisin. Addition of increasing 
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concentrations of D-cycloserine resulted in a decrease of cfu appearing after 
approximately 96 h. Replica plating proved that all tested colonies from the plate 
containing 200 µg/ml D-cycloserine, possessed the CmR phenotype, indicating that 
pGIP013 is present (Table 3). These results indicate that alr can be used as a 
dominant selection marker in wild-type variants of these LAB. 
 
 
Table 3: D-cycloserine-based dominant selection of plasmids pGIP011 and pGIP013 in the wild-type 
strains of L. plantarum and Lactococcus lactis, respectively. Numbers of primary transformants are 
indicated (cfu). Selection stringency depends on the concentration of D-cycloserine present in the 
media, as judged by replica plating in order to determine the antibiotic resistance phenotype of the 
colonies growing at different D-cycloserine concentrations (percentage antibiotic resistance). Control 
plates without D-cycloserine contain the appropriate antibiotic. Data are representative for three 
independent experiments. 
 

Organism  [D-cycloserine] (µg/ml) cfu  antibiotic 
resistance (%) 

0 (+Ery) 746 100 
450 442 11 
500 264 43 
550 139 75 

L. plantarum 

 600  109 96 
0 (+Cm) 326 100 

100 >1000 25 
150 769 96 

Lactococcus lactis 

200 418 100 

 
 
Nisin inducible D-cycloserine resistance in PH3960 
The correlation between D-cycloserine resistance and alr expression in Lactococcus 
lactis was further investigated. Firstly, strain PH3960 harboring pGIP013 was used in 
a nisin induction experiment. Cell free extracts were prepared from cultures grown in 
the presence of different concentrations of nisin and used for determination of the 
specific alanine racemase activity. Results from this experiment proved that induction 
with nisin led to overexpression of the alanine racemase enzyme, as indicated by the 
higher levels of alanine racemase activity (Table 4). Subsequently, strain PH3960 
harboring pGIP013 was used for determination of D-cycloserine resistance levels at 
different nisin induction levels. The data clearly indicated that at higher nisin 
induction levels, the elevating Alr levels resulted in higher D-cycloserine resistance 
levels, as could be judged from culture growth (Fig. 1). Subsequently, an analysis was 
performed to verify if this correlation between nisin and D-cycloserine resistance 
could be detected on plates. Cells were grown to an OD600 of 0.5 and plated on GM17 
containing chloramphenicol and varying concentrations of nisin and D-cycloserine. 
After growth at 30 oC colonies appeared on plates with D-cycloserine concentration 
up to 300 µg/ml. A similar correlation between nisin and D-cycloserine resistance was 
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found, as judged by the higher number of colonies formed after higher levels of nisin 
induction (data not shown). This experiment demonstrated that stepwise increase of 
alr expression led to a stepwise increase of the D-cycloserine resistance level in 
Lactococcus lactis. 
 
 
Table 4: Nisin induction experiment for the overexpression of L. plantarum alr in Lactococcus lactis. 
Alr activity was measured in PH3960 harboring pGIP013 after induction with nisin concentrations 
ranging from 0-1 ng/ml. 
 

nisin 
(ng/ml) 

specific activity             
(U/g protein) 

0 3.4 
0.001 5.6 
0.01 10.7 
0.1 36.8 
1 70.7 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 1: Correlation between level of Alr and level of D-cycloserine resistance in Lactococcus lactis. 
PH3960 harboring pGIP013 was cultured with different concentrations of nisin and D-cycloserine. 
After 2 h growth rate was determined by OD600 measurement. Cultures were induced with 0, 0.01, 0.1 
or 1 ng/ml nisin (black, gray, lined or white bars, respectively). Note that growth without D-cycloserine 
was similar for all nisin concentrations and taken as 100%. 
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Conditional alr mutant of L. plantarum 
In addition to the use of the plasmid pGIP013 for food-grade selection in Lactococcus 
lactis, the possibility to use alr as a single copy chromosomal marker was 
investigated. For this purpose pGIP014 was constructed and integrated into the 
chromosome of L. plantarum MD007. This vector contains the lactococcal alr under 
control of the nisA promoter. Other important features of the construct are the nisRK 
genes that are required for functional implementation of the NICE system in L. 
plantarum NCIMB8826. The alr fusion was cloned in opposite orientation relative to 
the tRNAser to minimize read through from upstream promoters (Fig. 2). Finally, 
pGIP014 encodes the int gene, involved in the integration of the plasmid into the 
chromosome via site specific recombination between the attP and attB sites. This 
plasmid was transformed to the L. plantarum∆alr strain MD007 and the anticipated 
genomic organization after correct integration was verified by PCR (data not shown). 
A single colony possessing the correct genotype was designated MD007::pGIP014 
and growth characteristics were analyzed in correlation to its D-ala requirement under 
conditions in which the nisin concentration varied. These experiments revealed that 
without addition of nisin this strain was unable to grow for at least 24 h in the absence 
of D-ala in the plates. After pre-growth in MRS medium with D-ala, the strain was 
grown in MRS without D-ala and increasing concentrations of nisin (0.1-20 ng/ml). 
During 24 h the growth of the cultures was followed by OD600 measurements (Fig. 3). 
These measurements revealed that addition of 20 ng/ml of nisin led to growth very 
similar to a control culture that was grown in the presence of D-ala. Moreover, 
gradual induction of alr expression using the NICE system leads to gradual increase 
in growth rate. These experiments show that the alr gene can be used for single copy 
selection on the chromosome as well. 
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Fig. 2: Integration of pGIP014 into the chromosome of MD007 at the tRNAser locus by site specific 
integration. pGIP014 harbors the attP site, which is identical to the chromosomally localized attB site. 
The int gene product catalyses the recombination event between the attB and attP sites. Indicated 
primers tRNA and 40930L1 were used to identify the recombination event. The final strain was 
designated MD007::pGIP014. In this strain the alr gene is orientated opposite to all neighboring genes, 
preventing read-through expression from surrounding genes. 
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Fig. 3: Growth of strain MD007::pGIP014 depends on nisin addition. An overnight culture of 
MD007::pGIP014 in MRS containing D-alanine was used to inoculate MRS containing nisin 
concentrations of 0.1 (closed squares), 1 (closed circles), 3 (triangles) and 20 (diamond) ng/ml. Open 
circles represents a control culture grown with D-ala. Growth was followed during 24 h by OD600 
measurement. Data are representative for three independent experiments. 
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Discussion 
In the present study we report the exploitation of the alanine racemase encoding gene 
as a safe, food-grade complementation marker for Lactococcus lactis and L. 
plantarum. Selection based on alr expression appeared to be faster and equally 
stringent when compared to selection based on antibiotic resistance. Several food-
grade selection markers, both of the dominant and complementation type, have been 
described for various bacteria, including the use of alr in B. subtilis (21). The 
experiments presented here demonstrate that the strategy in B. subtilis could readily 
be expanded to LAB. The plasmids used here were highly stable during culturing 
under selective pressure, making alr a valuable, sustainable, food-grade marker in 
these lactic acid bacteria, as D-ala is absent in most industrial fermentation media. 
Additionally, some LAB are considered suitable candidate microorganisms for the 
delivery of health-promoting factors to the human GI-tract (23, 24, 45). The alr gene 
thus provides a valuable tool for stable maintenance of plasmids. Historically, both 
complementation and dominant markers have been reported that use the capacity to 
ferment a given sugar as the selection criterion (14). This includes for Lactobacilli the 
use of the lacLM genes as a complementation marker in L. helveticus (25). However, 
the latter marker only functions in media containing lactose as the sole carbon source. 
Hence, to our knowledge the alr marker presented here is the first food-grade marker 
in a Lactobacillus species that can be used independently of the carbon source 
available in the medium. Moreover, this is the first complementation marker described 
in L. plantarum. 

D-cycloserine, a competitive inhibitor of alanine racemase activity, could be 
used for selection of plasmids expressing alr in the wild type strains of L. plantarum 
and Lactococcus lactis. Essentially, the results prove that alr can be used both as a 
complementation and dominant marker, which to our knowledge is a novel feature 
among the food-grade marker systems described to date. Since several other 
compounds inhibiting alanine racemase activity are known (1, 32, 36, 50), substitution 
of D-cycloserine by any of the other inhibitors seems possible in this dominant 
selection system. Even though application possibilities with alr using dominant 
selection are limited, it is a functional tool in the laboratory, especially in L. 
plantarum and other LAB, as the number of functional markers in these organisms is 
limited. Hence, alr-based selection could provide a useful expansion of the genetic 
tools available for these LAB. Application of the alr gene as a food-grade 
complementation marker can probably be expanded to many other LAB, including 
industrial strains. Construction of genetically modified Alr deficient variants of such 
strains might not be required, since it seems feasible to select natural alr mutants of 
LAB by screening for D-ala requirement for growth. Despite the fact that this strategy 
would require a negative screening procedure the high-throughput screening methods 
that have become available, might allow such an approach. 

 45



Chapter 2 

We have demonstrated how the stepwise overexpression of alr with the NICE 
system, leads to concomitant stepwise increase in the levels of D-cycloserine 
resistance in Lactococcus lactis, both in liquid and solid media. These results show 
that the activity of the nisA promoter and the cognate Alr expression levels in the cell 
can be correlated to D-cycloserine resistance levels. Tools for screening promoter 
libraries for conditionally active promoters have been described previously in LAB, 
e.g. using the promoterless cat gene (49). However, correlation of the level of 
chloramphenicol resistance to promoter strength was only possible in a short range of 
promoter activities and subtle differences in promoter strength probably remain 
undetected using this system. Using the NICE system (12), our experiments suggest 
that an alr-based system enables the selection on basis of differences in promoter 
strength, in a wide dynamic range.  

Thus far, the NICE system has been mainly used for overexpression of 
proteins (29, 37, 38). However, recently the NICE system has also been applied in 
more tailor made expression strategies (13). Here we describe the introduction of the 
alr gene in the chromosome of L. plantarum under control of the NICE system 
resulting in a nisin-controlled conditional mutant, hence nisin acts as the trigger for 
the change in growth phenotype. To our knowledge, in a Lactobacillus species this is 
the first report describing a conditional mutant in an essential gene using the NICE 
system. A similar essential gene disruption strategy could also be applied in the 
original host Lactococcus lactis (34) (Boels, unpublished data). However, NICE can 
be implemented in many gram-positive hosts (5, 16, 33, 38) generating similar 
regulatory characteristics, including promoter silence under non-inducing conditions. 
These findings suggest that a broad application of this system allows to study essential 
gene mutation phenotypes in a wide range of microorganisms. 

Overall, we expanded the set of food-grade markers available in LAB for the 
expression of heterologous proteins with our alr selection system. Furthermore, our 
system will be helpful in the development of delivery vehicles, since cell lysis can be 
easily manipulated. Currently we are investigating the potential use of alr as a 
qualitative and quantitative reporter that can be applied in conditional promoter and 
promoter strength selection procedures. 
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Abstract 
This paper describes the use of the alr gene, encoding alanine racemase, as a 
promoter-screening tool for the identification of conditional promoters in 
Lactobacillus plantarum. Random fragments of the L. plantarum WCFS1 genome 
were cloned upstream of the promoterless alr gene of Lactococcus lactis in a low 
copy number plasmid vector. The resulting plasmid library was introduced into 
a L. plantarum∆alr strain (MD007) and 40,000 clones were selected. The genome 
coverage of the library was estimated to be 98% based on nucleotide insert-
sequence and restriction analyses of the inserts of randomly selected clones. The 
library was screened for clones that were capable of complementing the D-
alanine auxotroph phenotype of MD007 in media containing up to 10, 100 or 300 
µg/ml of the competitive Alr inhibitor D-cycloserine. Western blot analysis using 
polyclonal antibodies raised against lactococcal Alr revealed that the Alr 
production level required for growth increased in the presence of increasing 
concentrations of D-cycloserine, adding a quantitative factor to the primarily 
qualitative nature of the alr complementation screen. Screening of the alr 
complementation library for clones that could grow only in the presence of 0.8M 
NaCl resulted in the identification of 8 clones that upon western blot analysis 
showed significantly higher Alr production  under high salt conditions than 
under low salt conditions. These results established the effectiveness of the 
alanine racemase complementation screening method for the identification of 
promoters on their conditional or constitutive activity. 
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Introduction 
Lactic acid bacteria (LAB) are a group of gram-positive bacteria which are of major 
economical importance. LAB are applied extensively in both the production and 
preservation of a wide variety of food products. During industrial processes LAB 
often face stress conditions such as changes in temperature, acidity, osmolarity and 
oxidative conditions. To improve the industrial performance or implement desirable 
properties in LAB it is of importance to gain insight in the complex regulatory 
processes that occur in these microbes during stress. Moreover, various LAB have 
developed into bacterial model systems because of their easy genetic accessibility, 
availability of genetic tools, and their relatively small and known genomes (4, 26). 
Hence, insight in gene expression and its control allows for further understanding of 
genome-wide regulation and the development of tools for the in situ and controlled 
expression of desirable functions. This justifies the increasing effort that is put in the 
analysis of gene expression signals and the characterization of regulatory elements in 
LAB (13, 14, 18, 22, 24). 

Promoter-probe vectors are suitable genetic tools for the identification and 
characterization of promoters and the effective evaluation of their activity. Promoters 
in LAB have been studied mainly by insertion of chromosomal DNA fragments 
upstream of a promoterless reporter gene, such as the antibiotic resistance marker 
chloramphenicol acetyltransferase (Cat). The genes cat-194 from Staphylococcus 
aureus (1) and cat-86 from Bacillus pumilis (37), both encoding Cat, have been 
exploited as promoter-probes for the identification of streptococcal and lactococcal 
promoters, respectively. These systems are based on the selection of promoter 
activities by monitoring growth in the presence of chloramphenicol. In addition, 
promoter activities can be quantified by measuring Cat activity in a simple assay. 
Unfortunately, only relatively strong promoters were identified in these screening 
efforts, indicating that the Cat production levels required for selection are high (1, 37). 

A second group of frequently used reporter genes encode sugar hydrolases. 
These genes generally allow qualitative detection of the encoded enzyme activity by 
addition of a chromogenic substrate to plates and quantitative assessment of promoter 
strength by a simple assay. Examples of sugar hydrolases employed in promoter 
screening procedures in LAB include the Lactococcus lactis lacG gene (35) , 
encoding phospho-ß-galactosidase, and the lacZ genes from Leuconostoc 
mesenteroides (24), Streptococcus thermophilus (18) and Escherichia coli (33), 
encoding ß-galactosidases. The application possibilities of these genes in promoter 
screens remain limited to LAB that do not express endogenous genes encoding these 
(phospho-)ß-galactosidases. Since many LAB are generally known to effectively 
ferment lactose it is not surprising that several (phospho-) ß-galactosidases have been 
found in these bacteria (11, 19, 29). Alternatively, the β-glucuronidase-encoding gusA 
genes originating from E. coli and Lactobacillus gasseri, have been used to study 
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promoter activities in LAB (30, 31). Although sugar hydrolases have been 
successfully applied in promoter screening strategies in several LAB, the selection of 
promoter activities using these systems is not based on conditional growth, resulting 
in laborious procedures, involving evaluation of enzyme activity levels in large 
numbers of colonies under various conditions (33). 

A third group of reporter systems involves the emission of light. A mutant 
green fluorescent protein (GFP) from Aequoria victoria was optimized for bacterial 
expression (10, 21). However, very high gfp expression levels appeared to be required 
for effective detection of light emitting LAB, thereby limiting the applicability of this 
system in these bacteria (21). Alternative strategies using the luciferase (luxAB) genes 
from Vibrio harveyi and Vibrio fischeri were shown to be more sensitive (9, 16). 
Unfortunately, nonyl aldehyde is required as a substrate for luciferase in the light 
emission reaction. Therefore, enzyme activities can only be visualized using disrupted 
cells. In analogy with the sugar hydrolase-based systems, screens involving light 
emission are not based on conditional growth, disallowing the efficient use of this 
group of promoter-probes for genome-wide screens for conditionally active 
promoters. 

In previous work we established the use of alr as a food-grade selection 
marker (5). Here we describe the utilization of the same gene as a promoter-probe to 
study global gene expression and its control in L. plantarum. It is demonstrated that 
the allosteric Alr inhibitor D-cycloserine can be used during the screening procedures 
to add a quantitative factor to the primarily qualitative nature of the screen. Moreover, 
the experiments demonstrate that alr allows rapid and highly selective identification 
of conditionally active, high salt inducible promoters. 
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Material and Methods 
Bacterial strains and plasmids 
The bacterial strains and plasmids that were used in this study are listed in Table 1. E. 
coli strains MC1061 (7) and BL21 (Novagen, Madison, USA) were used as cloning 
hosts during construction of pNZ7119 and the overproduction of alanine racemase 
from pNZ7122, respectively. E. coli was grown aerobically in TY medium (32). 
Lactococcus lactis MG1363 (20) was used as a cloning host during construction of 
pNZ7120, pNZ7121 and the L. plantarum promoter library. Lactococcus lactis 
MG1363 was grown without aeration at 30 oC in M17 (Merck, Darmstadt, Germany), 
supplemented with 0.5% (wt/vol) glucose (GM17). L. plantarum WCFS1 (26) and its 
alr mutant derivative MD007 (5) were grown at 37 oC in MRS (Difco, Surrey, U.K.) 
without aeration. Varying concentrations of D-cycloserine (from freshly prepared, 
filter sterilized stock solutions) or 200 µg/ml D-alanine were added to the media when 
indicated. When appropriate, antibiotics were added to the media; for E. coli  
ampicillin (50 µg/ml); for Lactococcus lactis and L. plantarum erythromycin (5 
µg/ml). 
 
DNA techniques and DNA sequence analysis 
Plasmid DNA was isolated from E. coli on a small scale using the alkaline lysis 
method (3, 32). Large scale plasmid DNA isolations were performed using Jetstar 
columns according to the manufacturer’s instructions (Genomed GmbH, Bad 
Oberhausen, Germany).  DNA isolation and transformation in Lactococcus lactis and 
L. plantarum were performed as described previously (12, 17, 25). Standard 
procedures were applied for DNA manipulations in E. coli (32). Restriction 
endonucleases, Taq and Pwo polymerase, T4 DNA ligase and calf intestine alkaline 
phosphatase (CIAP) were used following the recommendations of the manufacturer 
(Promega, Leiden, the Netherlands and Boehringer, Mannheim, Germany). Primers 
were purchased from Pharmacia Biotech (Roosendaal, the Netherlands). The 
sequences of the inserts present in the pNZ7120 derivatives (see below), were 
amplified by PCR using primers PB1 and PB2 (Table 1), followed by mini Elute PCR 
purification (Qiagen, Westburg, Germany). Partial insert sequences were determined 
using approximately 25 ng of the PCR product and 1 pmol of fluorescently labeled 
primer PB3 (Table 1) in the Thermo Sequenase cycle-sequence protocol provided by 
the manufacturer (Pharmacia Biotech, Roosendaal, The Netherlands). Sequence 
reaction products were analyzed using an ALFred DNA sequencer (Pharmacia 
Biotech). The determined insert sequences were assigned to chromosomal loci using 
Blast-N and the L. plantarum genome sequence (26) as database. 
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Table 1: Strains, plasmids and primers used in this study and their relevant characteristics and 
references.  
 

Material Relevant features Source or 

reference 

Strains   

E. coli   

MC1061 cloning host (7) 

BL21 cloning host for the utilization of T7 promoter regulated expression Novagen 

Lactococcus lactis   

MG1363 cloning host (20) 

L. plantarum   

WCFS1 wild-type for which the genome sequence is available (26) 

MD007 L. plantarum WCFS1 ∆alr, D-alanine auxotroph (5) 

   

Plasmids   

pNZ7110 ApR, pUC18 derivative containing cre and TpepN (5) 

pNZ7119 ApR, pNZ7110 derivative with cre replaced by Lactococcus  lactis alr  this work 

pIL252 EmR (34) 

pNZ7120 EmR, pIL252 derivative containing Lactococcus lactis alr from pNZ7119 this work 

pNZ7121 EmR, pNZ7120 derivative containing L. plantarum PldhL1
 promoter upstream of alr this work 

pET-16B ApR, vector for his-tagged overexpression of heterologous proteins in E. coli Novagen 

pNZ7122 ApR, pET16-B derivative containing his-tagged fragment of alr  this work 

   

Primers   

PB1 5’-ACCGCTACGGATCACATC-3’  

PB2 5’-CTCGGGGCAGTAAGACTA-3’  

PB3 5’-GTGGTGAAGTTTTCATGG-3’  

LLALR-TF-F a  5’-AGAGAAAGGTTTAAATCATGAAAAC -3’  

LLALR-TF-R a 5’- ACGTTCTAGATTATTTATAGATTCTTTTGATTC –3’  

PldhL-F a 5’-GAAGATCTTCAATCTTCTCACCGTCTTG-3’  

PldhL-R a 5’-GAAGATCTTCAATAAGTCATCCTCTCGT-3’  

SH4 a 5’-CCGCTCGAGGAAATTTGGCCAGCAGTGAAAGC-3’  

SH5 a 5’-CGCGGATCCCTTATGGGATTTATCTTCC-3’  

a underlined sequences indicate restriction sites subsequently used in cloning procedures 
b ApR, ampicillin resistant; EmR, erythromycin resistant 
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Construction of promoter-probe vector pNZ7120 
Plasmid pGIP012 (5) was used as a template to amplify the alr gene from 
Lactococcus lactis MG1363 (20) using Pwo polymerase and the primers LLALR-TF-
F and LLALR-TF-R (Table 1). The resulting 1.1 kb amplicon was digested with 
BspHI and XbaI (both restriction sites introduced with the primers) and cloned into 
NcoI-NheI digested pNZ7110 (5). The resulting plasmid was designated pNZ7119 and 
was checked by automatic double strand sequence analysis using an ALFred DNA 
sequencer. Sequence reactions were performed with an Autoread kit, were initiated 
using Cy5-labeled universal and reverse primers, and were continued with synthetic 
primers in combination with Cy13-dATP, following the instructions of the 
manufacturer (Pharmacia Biotech, Roosendaal, The Netherlands). A single point 
mutation was found in the coding sequence of alr, which was probably introduced 
during the Pwo polymerase reaction. However, this mutation did not result in a 
change in the alanine racemase protein sequence. pNZ7119 was digested with 
Ecl136II and SalI, and the resulting 1.5 kb fragment, containing the alr coding 
sequence preceded by the pNZ7110 derived ribosome binding site (5), was ligated 
into SalI-SmaI digested pIL252 (34), resulting in pNZ7120 (Fig. 1).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1: Plasmid map of the promoter-probe vector pNZ7120. The vector is a derivative of the low-copy 
vector pIL252 (34) and carries an erythromycin resistance gene (ery) for selection in L. plantarum. 
pNZ7120 harbors a promoterless copy of the Lactococcus lactis MG1363 alr gene which is transcribed 
in the opposite orientation relative to all other genes encoded on pNZ7120. The DNA sequence 
visualizes the multiple cloning site and the lactococcal prtP ribosome binding site (18). Furthermore, 
stopcodons in all 3 reading frames (three black arrows) upstream of alr prevent translational fusions 
when chromosomal fragments are cloned in the BglII or SalI sites of pNZ7120.  
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Vector validation and genomic library construction 
The promoter region of the ldhL1 gene of L. plantarum WCFS1 was amplified using 
chromosomal DNA of this strain (26) as template and the primers PldhL-F and PldhL-
R (Table 1). The 0.5 kb amplicon was digested with BglII and cloned into similarly 
digested pNZ7120. The resulting plasmid was designated pNZ7121 and contains the 
alr gene under control of the ldhL1 promoter. 

To construct a L. plantarum WCFS1 library in pNZ7120, chromosomal DNA 
of this strain was partially digested with Sau3AI. The partial digests were size-
fractionated on 1% agarose gel and fragments ranging from 1-2 kb were purified 
using SephaglasTM Bandprep (Pharmacia Biotech, Roosendaal, The Netherlands). 
These purified fragments were cloned into BglII digested and CIAP dephosphorylated 
pNZ7120. Ligation mixtures were transformed to Lactococcus lactis MG1363 (20) 
and approximately 50,000 of the obtained colonies were collectively resuspended in 
GM17 medium. Plasmid DNA was isolated from these pooled cells and was 
introduced into L. plantarum∆alr (MD007) cells. Transformants were selected on 
MRS medium containing D-alanine and erythromycin to obtain all plasmid-containing 
cells, independent of alr expression. Approximately 40,000 colonies were collectively 
pooled in MRS containing 15% glycerol and stored at –80 oC in small aliquots. 
 
Alr antibodies and western blotting 
Plasmid pNZ7119 was used as a template to amplify a 1002 bp fragment of alr, using 
SH4 and SH5 as primers (Table 1) in the PCR reaction. The resulting amplicon was 
digested with XhoI and BamHI and cloned into similarly digested pET16-B (Novagen, 
Madison, USA). The resulting plasmid pNZ7122 was introduced in E. coli BL21 
(Novagen, Madison, USA) and these cells were used for IPTG induced 
overproduction of a his-tagged 334 amino-acid C-terminal fragment of the lactococcal 
alanine racemase protein according to the induction protocol of the provider of the 
vector. Subsequently, cells were pelleted, stored overnight at –20 oC and resuspended 
in 20 ml French press buffer (25% sucrose, 50mM Tris HCl, pH 8, 1mM PMSF). 
Using a French press (1000 psi, 4oC, 2 successive treatments) (Sim Aminco, 
Abcoude, The Netherlands) cell extracts were prepared and the suspension was 
centrifuged at 5000 rpm for 30 minutes at 4oC. The pellet was resuspended in 10 ml 
buffer (50 mM NaPi pH7.6, 1mM PMSF, 0.5% TritonX-100, 4 M urea and 0.5% 
Tween-20) and recentrifuged. The supernatant was collected and used for the 
purification of the Alr protein. A HitrapTM Chelating column was preloaded with 
Nickel as described in the protocol of the manufacturer (Amersham biosciences). 
During purification on the Aktaexplorer (Amersham Pharmacia Biotech, Upsalla, 
Sweden), buffers containing 20 mM NaPi (pH 7.4), 0.5 M NaCl, 4M urea and varying 
concentrations of immidazole were used. Five column-volumes containing 10 mM 
immidazole were used for equilibration. Subsequently, 25 ml cell extract containing 
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3.5 mg/ml of total protein was loaded on the column, followed by washing with 30 
column volumes containing 10 mM immidazole and with 10 column volumes 
containing 59 mM immidazole. Finally, elution was performed with 18 column 
volumes containing 500 mM immidazole. The elution fractions were analyzed on a 
SDS-15%-polyacrylamide gel and Alr purity was estimated to be >95%. The elution 
fractions with the highest purity and protein concentration (total yield of 3.6 mg) were 
pooled and used to raise polyclonal antibodies against Alr in a rabbit (Eurogentec, 
Seraing, Belgium). 

The selectivity and sensitivity of these antibodies were demonstrated by the 
specific detection of Alr in wild-type Lactococcus lactis MG1363 (20) in a western 
blot experiment. Cells were cultured at 30 oC and harvested cells were disrupted using 
1 g of zirconium glass beads in a FastprepTM (Qbiogene Inc, Cedex, France) by two 
treatments of 40 sec interspaced by 1 min cooling of the samples on ice. Proteins in 
the crude cell extract were separated by SDS-15% polyacrylamide gel electrophoresis. 
Proteins were transferred onto Nitrocellulose membranes (Jepson Bolton, Watford, 
United Kingdom) by electroblotting (LKB 2051 Midget Multiblot) and Lactococcus 
lactis Alr was probed using 1000x diluted Alr antibodies, followed by detection using 
secondary goat anti-rabbit antibodies conjugated to peroxidase (Pierce, Rockford, 
USA). Reactivity was visualized using the Supersignal West Pico Chemiluminescent 
Substrate according to the manufacturer’s protocol (Perbio Science, Etten Leur, The 
Netherlands). To determine Alr production levels in clones of interest from the alr 
complementation library, these clones were grown in MRS with D-alanine and 
erythromycin, and subsequently 10-5 dilutions were plated. Full-grown colonies were 
harvested in 3 ml of water and equal amounts of cells were disrupted and further 
analyzed as described above. 

 
Results 
Promoter-probe vector pNZ7120  
The main goal of the work described here was to identify and analyze conditionally 
active promoters in L. plantarum using a promoter-probe. The gusA gene, encoding β-
glucuronidase, has been used to study promoters originating from the genome of 
Lactococcus lactis (30). Since no genes encoding β-glucuronidase were found in the 
L. plantarum WCFS1 genome (26), the potential of the E. coli gusA gene as a 
promoter-probe in L. plantarum was initially evaluated. However, L. plantarum 
harboring a plasmid carrying gusA under control of a constitutive promoter, showed 
severe fluctuation of blue-coloring on X-gluc containing plates, preventing the 
effective application of this gene as a promoter-probe vector in L. plantarum (data not 
shown). Since we already exploited the alr gene as a food-grade selection marker (5), 
we investigated the applicability of this gene as an alternative method for the selection 
of conditionally active promoters. Hence, based on the low-copy plasmid pIL252 
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(34), a vector was constructed carrying a promoterless copy of the alr gene of 
Lactococcus lactis MG1363 (Fig. 1). Both the empty vector (pNZ7120) and a 
derivative containing the alr gene under control of the ldhL1 promoter from L. 
plantarum WCFS1 (pNZ7121) were introduced in L. plantarum∆alr (MD007) cells 
and plated on MRS medium with or without D-alanine. On MRS plates with D-
alanine similar amounts of colonies were obtained for MD007 harboring either 
pNZ7120 (no promoter) or pNZ7121 (ldhL1 promoter), while on plates lacking D-
alanine colonies were only obtained with cells harboring pNZ7121. These results 
indicate that pNZ7120 is a suitable promoter-probe vector for the detection of 
promoter activities in L. plantarum.  
 
Construction and functionality of an alr complementation library in pNZ7120 
To use pNZ7120 as a promoter-probe for the detection of promoters, a library of 
partially digested Sau3AI fragments derived from L. plantarum WCFS1 genomic 
DNA was constructed via the intermediate host Lactococcus lactis MG1363. 
Approximately 40,000 colonies were obtained in L. plantarum MD007 and the library 
was analyzed for completeness in several ways. First, 100 colonies were randomly 
picked from MRS plates and their plasmids were used as template for PCR analysis. 
This demonstrated that all investigated clones contain an insert, of which the average 
size was estimated to be 1.3 kb (data not shown). To assess insert redundancy, 
restriction patterns of all amplicons obtained with Sau3AI or HhaI were compared. 
This indicated that redundancy in the library was below 10%. Moreover, 30 of these 
amplicons were used for partial sequence analysis, which revealed them to be 
randomly derived from different chromosomal regions of the L. plantarum genome. 
These results support the randomness of the library and genome coverage was 
estimated to be approximately 98% (data not shown). 

To verify the functionality of the alr-based selection system, the library was 
plated with and without D-alanine, revealing that approximately 25% of the total 
library was able to grow on MRS plates lacking D-alanine (Table 2). These clones 
likely harbored a plasmid that contains a fragment of L. plantarum chromosomal 
DNA with a promoter element properly oriented for the expression of alr to a level 
sufficient for complementation of the D-alanine auxotroph phenotype of MD007. This 
expectation was investigated by insert-sequence analysis of 16 randomly picked 
clones.  All these inserts contained a 3’-truncated ORF according to the annotation of 
the L. plantarum genome sequence (26) and their preceding upstream regions 
potentially carried a properly oriented promoter element responsible for alr 
expression (data not shown). In contrast, 16 randomly picked clones from a plate 
containing D-alanine did not display any preference of insert orientation relative to alr 
(data not shown). These experiments indicate that alr can be used as a promoter-probe 
for the selection of active promoters from the alr complementation library. 
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Table 2: Decreasing colony forming units when clones are selected from the L. plantarum alr 
complementation library that are capable of growth on media containing increasing concentrations of 
D-cycloserine, without the addition of D-alanine. Percentages are relative to the number of colonies on 
a control plate containing D-alanine, but lacking D-cycloserine. 
 

D-cycloserine 
(µg/ml) 

D-ala 
(µg/ml) 

cfu (%) D-cycloserine 
(µg/ml) 

D-ala 
(µg/ml) 

cfu (%) 

0  200 100 100 0 9.56 
0 0 24.6 200 0 6.97 
10 0 14.6 400 0 3.96 
20 0 13.0 600 0 2.46 
50 0 10.9 900 0 < 0.01 

 
 
Quantitative selection of promoters using D-cycloserine 
D-cycloserine has been described as an allosteric Alr inhibitor (5, 6, 28). Previous 
experiments have demonstrated that higher levels of Alr result in higher levels of D-
cycloserine resistance (5). This observation suggests that D-cycloserine can be used 
for the selection of clones from the alr complementation library that produce Alr at a 
relatively high level. To evaluate this possibility, the library was plated on MRS 
containing a range of D-cycloserine concentrations. After 3 days of growth, plates 
with higher concentrations of D-cycloserine contained fewer colonies (Table 2), 
suggesting that these colonies represent clones harboring pNZ7120 derivatives which 
produced Alr at a level sufficient to overcome the inhibitory effect of this compound. 
To further investigate this observation, dilutions of the alr complementation library 
were plated and grown on MRS lacking D-cycloserine. Subsequently, 384 colonies 
were randomly selected and cultured overnight in a microtiter plate containing MRS 
lacking D-cycloserine. These cultures were used for replica-plating to MRS plates 
containing 0, 10, 100 or 300 µg/ml D-cycloserine. Growth on the plates containing D-
cycloserine was compared to the control plate lacking D-cycloserine, leading to the 
identification of clones capable of growth on plates containing up to 10, 100 or 300 
µg/ml D-cycloserine. From these three groups 28 clones were randomly selected and 
insert sequence analysis revealed the corresponding chromosomal loci, the 
corresponding L. plantarum genes, and their potential promoters (Table 3). The Alr 
production levels in individual clones were investigated in 8 randomly picked clones 
from the three groups. These clones were plated on MRS lacking D-cycloserine and 
after 48 h full-grown colonies were harvested and equal amounts of cells were used to 
prepare crude cell extracts. To investigate the Alr production in each D-cycloserine 
resistance group, the cell extracts were analyzed by western blotting using Alr-
specific antibodies (Fig. 2). All clones that displayed MD007 complementation at 100 
and 300 µg/ml D-cycloserine showed a clearly higher Alr production level compared 
with the clones that show growth only at 10 µg/ml D-cycloserine. However, using this 
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approach, no clear differences in Alr production level could be visualized comparing 
the clones that displayed MD007 complementation at 100 and 300 µg/ml D-
cycloserine. Nevertheless, these experiments demonstrate that L. plantarum genomic 
fragments displaying high promoter activity can be selected from the alr 
complementation library using high concentrations of D-cycloserine, adding a 
quantitative factor to the primary qualitative nature of the alr complementation 
screen. 
 
 
Table 3: Clones in the alr complementation library that are capable of growth in the presence of a 
 maximum concentration of 10, 100 or 300 µg/ml D-cyloserine, without the addition of D-alanine. 
 

[D-cycloserine] 
(ug/ml) 

clone name insert start 
coordinate b 

estimated 
insert size 
(kb) 

ORF in insert c function of homologue(s) 

10 pNZ7120-csl1 1037318 1.7 lp_1141 (purK2) Phosphoribosylaminoimidazole carboxylase, ATPase subunit 
10 pNZ7120-csl2 1216019 2.0 lp_1320 Conserved hypothetical protein 
10 pNZ7120-csl3 1000151 2.5 lp_1101 (ldhl2) lactate dehydrogenase 
10 pNZ7120-csl4 2617565 2.5 lp_2937 Transcription regulator 
10 pNZ7120-csl5 a 1309715 3.0 lp_1430 glycosyltransferase 
10 pNZ7120-csl6 a 1904621 2.6 lp_2109 (uvrC) Excinuclease ABC, subunit C 
10 pNZ7120-csl7 416640 2.5 lp_0464 zinc/iron ABC transporter 
10 pNZ7120-csl8 a 3008044 3.0 lp_3392 transport protein 
100 pNZ7120-csm1 470883 1.7 lp_0525 (kup1) potassium uptake protein 
100 pNZ7120-csm2 3035271 1.7 lp_3418 (pck) phosphoenolpyruvate carboxykinase 
100 pNZ7120-csm3 1038952 1.2 lp_1144 (pcrA) ATP-dependent DNA helicase 
100 pNZ7120-csm4 3308262 1.6 lp_3688a (rpmH) ribosomal protein L34 
100 pNZ7120-csm5 2948260 1.6 lp_3312 conserved hypothetical protein 
100 pNZ7120-csm6 2373288 1.8 lp_2671 integral membrane protein 
100 pNZ7120-csm7 a 2019577 2 lp_2231a hypothetical protein 
100 pNZ7120-csm8 a 2855464 1.5 lp_3204 (nupC) nucleoside transport protein 
100 pNZ7120-csm9 a 1454904 3 lp_1599 (folD) methylenetetrahydrofolate dehydrogenase and cyclohydrolase 
100 pNZ7120-csm10 2039898 2.5 lp_2256 (ccpA) catabolite control protein A 
100 pNZ7120-csm11 90985 2.8 lp_0101 cobalt ABC transporter component 
300 pNZ7120-csh1 2668545 1.7 lp_3000 ABC transporter, ATP-binding and permease protein 
300 pNZ7120-csh2 a 3015121 2.5 lp_3399 (cpd) 2',3'-cyclic-nucleotide 2'-phosphodiesterase precursor 
300 pNZ7120-csh3 a 2483803 2.5 lp_2793 hypothetical protein 
300 pNZ7120-csh4 1383808 2 lp_1512 (dnaB) replication initiation and membrane attachment protein DnaB 
300 pNZ7120-csh5 676236 2.2 lp_0739 (secA) preprotein translocase, SecA subunit 
300 pNZ7120-csh6 2990240 0.5 lp_3363 (copB) copper transporting ATPase 
300 pNZ7120-csh7 493323 1.8 lp_0542 conserved hypothetical protein 
300 pNZ7120-csh8 2326766 2.4 lp_2608 Na(+)/H(+) antiporter 

aClones used for western blot analysis (Fig. 2) 
bInserts start coordinate indicates the first basepair of the L. plantarum genome sequence in the insert of the pNZ7120 derivatives  
directly upstream of alr 
cGene names are indicated between brackets if present in the current annotation of the L. plantarum WCFS1 genome (26) 
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Fig. 2: Western blot analysis of Alr expression levels in colonies sensitive to different concentrations 
of D-cycloserine. Randomly selected individual clones that originally were selected on MRS plates 
containing 10 (lanes 1, 2, 3), 100 (lanes 4, 5, 6) or 300 (lanes 7, 8) µg/ml D-cycloserine.  
 
 
Conditional promoter screen for 0.8M NaCl activated promoters 
The possibility to select conditionally activated clones from the alr complementation 
library was investigated by studying the salt response. For this purpose the library was 
plated on MRS plates containing 0.8M NaCl. Subsequently, 768 colonies were 
randomly picked, organized in microtiter plates, and grown overnight in MRS 
containing D-alanine. All clones were replicated on MRS plates with or without 0.8M 
NaCl, and containing no or up to 200 µg/ml D-cycloserine. Growth was periodically 
compared between the different plates over 3 days and 46 clones were identified that 
showed conditional growth only in the presence of 0.8M NaCl. The corresponding 
chromosomal inserts present in the pNZ7120 derivatives were partially sequenced, 
revealing 23 unique loci. Subsequently, 20 of the 46 clones were found to grow only 
on plates containing 0.8M NaCl over a range of at least 8-fold different D-cycloserine 
concentrations (Table 4), indicating that the expression in the presence of NaCl is 
relatively high as compared to expression in the absence of NaCl. Sequence 
comparison of their inserts showed the presence of 8 different chromosomal loci 
(Table 4). Strikingly, an insert in pNZ7120-con1 harboring a 3’-truncated fragment of 
Lp_1459, encoding a gene with no homologues in the database, and its upstream 
sequence was found in 10 of the 20 identified clones. Similarly, a 3’-truncated 
fragment of Lp_1435, encoding an integral membrane protein and its upstream 
sequence, was found in two of the identified inserts. The latter two inserts differed in 
size (approximately 900 and 2200 bp), indicating that this promoter element was 
independently selected twice from the library. In pNZ7120-con4 and 6 no open 
reading frame and consequently no putative promoter region could be identified in the 
current genome annotation database of L. plantarum WCFS1 (26). However, manual 
inspection of these loci revealed the presence of a short ORF (162 and 165 bp, 
respectively) lacking any database homologue, that could be preceded by a high 
osmolarity induced promoter (Table 4). 
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 Conditional, 0.8M NaCl-induced alr expression was further investigated in the 
8 clones selected for conditional growth over a range of at least 8-fold different D-
cycloserine concentrations. Overnight cultures in MRS containing D-alanine were 
diluted and plated on MRS lacking D-alanine and D-cycloserine, with or without 0.8 
M NaCl. After 3 days colonies were harvested and cell extracts were analyzed by 
western blotting using the Alr antibodies (Fig. 3). It could clearly be established that 
Alr expression driven by 6 of these 8 chromosomal fragments is higher under high 
salt conditions compared to standard conditions. In this experiment, no Alr production 
could be detected under either condition for the clones pNZ7120-con2 and 5. When 
increased amounts of cell extract originating from these two clones were analyzed by 
western blotting, 0.8M NaCl dependent Alr production could be visualized (data not 
shown). However, the observation that pNZ7120-con5 is capable of growth on plates 
containing 200 µg/ml D-cycloserine (Table 4) appears to disagree with these 
relatively low production levels of Alr. A possible explanation for this phenomenon 
could be that the promoter element harbored by pNZ7120-con5 is induced by the 
combination of D-cycloserine and NaCl, but not by NaCl or by D-cycloserine alone. 
Overall, these experiments indicate that the alr complementation library can be used 
for the effective selection of L. plantarum chromosomal fragments displaying 
conditional promoter activity. 
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Table 4: Clones capable of complementing the D-ala auxotrophy of L.plantarum∆alr MD007 only in the presence of 0.8M NaCl. 
 

 
D-cycloserine (µg/ml)a 

 
 
clone name 

 
Insert start 
coordinate 

estimated 
insert size 
(kb) 

 
 
redundancy 

  
 
gene in fragment 

 
 
putative function 0    2.5 5 10 25    

      
50 100 200

pNZ7120-con1 1335151 0.9 10 lp_1459 unknown x x x x x x   
pNZ7120-con2   1315041/ 1314390 0.9/2.2 2 lp_1435 integral membrane protein  x x x x 
pNZ7120-con3 2905725 1.2 1 lp_3266 (glyK) glycerate kinase   x x x x 
pNZ7120-con4 2901280 2.0 2 ORF162 b unknown   x x x x x x 
pNZ7120-con5 2242522 1.1 1 lp_2509 Permease, DMT superfamily    x x x x x 
pNZ7120-con6    427258 0.7 1 ORF165 b unknown     x x x x 
pNZ7120-con7     2707493 3.0 1 lp_3045 short chain dehydrogenase     x x x x 
pNZ7120-con8     2962996 3.5 2 lp_3330 unknown     x x x x 

   
     
    

a Black bars indicate at which D-cycloserine concentrations growth was only observed in the presence of 0.8M NaCl. Grey bars indicate at which D-cycloserine concentration growth was detected independent of the  
presence of NaCl. White bars indicate that no growth was observed under either condition. 
b Although in this pNZ7120 derivative no ORF is present on these chromosomal fragments in the current annotation database of L. plantarum WCFS1, manual inspection revealed the small ORFs indicated in the 
table. 

 
 

2 3 41 6 7 85
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Fig. 3: Western blot analysis of 0.8M NaCl induced Alr expression in 8 clones. Alr production levels were clearly higher in all 8 clones (lanes 1 to 8) when cells were 
grown in media to which 0.8M NaCl was added (lower panel) as compared to standard MRS media (upper panel). It should be noted that using larger amounts of cell 
extract a more obvious signal for clones pNZ7120-con2 and 5 was detected (data not shown). 

  



Chapter 3 

Discussion 
Previous studies suggested that the alanine racemase encoding gene could be used as a 
complementation-based promoter-probe in an alr mutant of L. plantarum (5). This 
application was investigated using the lactococcal alr gene and analysis of the 3.3 
Mbp genome of L. plantarum using an alr complementation library resulted in the 
identification of 8 chromosomal loci that show conditional promoter activity only 
under high salt conditions. Intrinsic to complementation-based screening procedures, 
growth was used as primary selection criterion. Therefore, the strategy described here 
has the same primary characteristics as the cat screening system, which also is based 
on growth in the presence of different amounts of chloramphenicol (1, 37). These 
types of growth-based screens are easy to perform and hence have advantages over 
screens based on sugar hydrolases (18, 24, 30, 31, 33, 35) or light emitting systems (9, 
10, 16, 21), which are laborious when applied in genome-wide promoter screens. 
However, only promoters with a relatively high expression level have been detected in 
the cat system, because selection at low chloramphenicol concentrations is difficult to 
distinguish from endogenous resistance. In contrast, alanine racemase is only required 
at low levels to achieve complementation and can therefore be used for the 
identification of promoters with low activities. No revertants of the D-alanine 
auxotroph phenotype have been encountered in L. plantarum (data not shown). 
Moreover, using the alr system promoters with higher activity levels can also be 
selected by the application of the allosteric inhibitor D-cycloserine in the screening 
procedure. The addition of increasing concentrations of D-cycloserine allowed the 
direct selection of L. plantarum chromosomal fragments that drive alr expression to 
relatively high levels. Thereby, D-cycloserine adds a quantitative factor to this 
screening system. These features make the alr-based screening system suitable for 
identification of promoters in a relatively long dynamic range and convenient for 
sensitive, genome-wide promoter screening procedures.  

The screen for high salt inducible promoter elements presented here 
demonstrates that the alr complementation library can be used for the identification of 
conditionally active promoters by selection of clones that grow independent of D-
alanine only under a chosen condition. Replication of such clones to the control 
condition (normal laboratory conditions) allows direct selection of conditionally 
growing clones, indicating that alr expression is activated by the condition applied. 
Moreover, the clones identified in such a conditional screen can be analyzed in more 
detail by monitoring conditional capability of growth on plates with varying 
concentrations of D-cycloserine, without the addition of D-alanine. The conditional 
screen performed here resulted in the identification of 8 chromosomal L. plantarum 
loci that clearly possess high salt-inducible promoter activity. These promoters are of 
industrial relevance, since L. plantarum is frequently encountered in artisanal and 
industrial fermentations of vegetables, including unions, cucumbers, olives and 
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cabbage (8, 15), which in many cases involve high salt conditions. Therefore, the 
promoter fragments identified here can be employed to construct in situ expression 
systems for desirable proteins, including proteolytic and flavor-forming enzymes, by 
simply exchanging alr by the genes encoding such functions. Moreover, screens can 
be designed to identify conditional promoter elements for other niches in which L. 
plantarum is encountered. L. plantarum WCFS1 is known to actively pass the 
stomach (38), indicating that screens can be designed to construct L. plantarum strains 
for the delivery of desirable and potentially health-promoting proteins to the 
gastrointestinal tract.  

Of the 8 most prominent salt-induced chromosomal loci (Table 4), two did not 
appear to contain an ORF and thus no putative promoter region in the current genome 
annotation database of L. plantarum WCFS1 (26). Nevertheless, manual inspection 
revealed small ORFs lacking any database homologue in both cases, possibly 
explaining the observed conditional promoter activity. Moreover, sequence 
comparison of all upstream regions of the 23 ORFs initially identified in the 
conditional screen using the web-based sequence alignment module MEME (2) 
revealed four loci that contain the same conserved motif (Table 5). A subsequent 
analysis using this 28 bp motif and the search program MAST (2) revealed that these 
are the only four loci in the L. plantarum genome where this motif is present with this 
high level of significance, and in an identical search using MAST and the genomes of 
the related species Lactococcus lactis and B. subtilis (4, 27) the same motif could not 
be found. These findings suggest that the alr system can be helpful in the 
identification of promoter activities that were not predicted in the primary annotation 
of a genome sequence, thereby allowing improvement of the annotation of such 
genomes using experimental data. Moreover, potential regulatory DNA sequences can 
be identified by in silico analysis of the identified conditional chromosomal loci. 

Overall, this paper describes a promoter-probe vector that allows for 
convenient genome-wide analysis of L. plantarum promoter elements in a long 
dynamic range of promoter activity levels. Moreover, the alr system was used to 
identify high salt activated promoter elements in L. plantarum. D-alanine auxotroph 
mutants have been described in other bacteria (23, 36), allowing simple 
implementation of the alr promoter screening system in these microbes.  
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Table 5: The motif that was found in the promoter regions of 4 ORFs that were harbored by the pNZ7120 derivatives originating from clones that display 0.8M NaCl 
dependent growth.  
 
Gene Putative function P- value  motif sequence upstream of gene distance to ATG (bp) 
lp_0319 Transcription regulator 1.3 e-12 ATTAG G T G C G T T G T G G A C G G A C T T T T C G T G G A G TGCCG 205 

lp_1435 Integral membrane protein 1.5 e-13 CCCGC G T G A G C G G T G G A C C C A G T G C A A G T C T G G GACCG 262 
lp_2509 Permease, DMT superfamily 1.3 e-12 CAAAG G T G C G T C T G G G A A C C T A T G T T T A T G A G G AATCT 48 
lp_3363 (copB) copper transporting ATPase 6.0 e-16 CGATT G T G T G C C G G G G A C G C G G T G T T A A T G T G G TTATA 314 
  Multilevel         G T G C G C C G G G G A C C C A G T G T T A A T G T G G   
   consensus             A   T G T T       A G G G A   T C A C G   C A A  
  sequence               T     T                 T C         T       G  
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Abstract 
This paper describes the growth, morphological and genetic response of 
Lactobacillus plantarum WCFS1 to bile. Growth experiments revealed that a 
stepwise increase in porcine bile concentrations led to a gradual decrease in 
maximal growth rate. Moreover, the final density reached by a L. plantarum 
culture growing in MRS containing 0.1% bile was approximately 3-fold lower 
than that in MRS lacking bile. The morphology of the cells grown in MRS 
containing 0.1% bile was investigated by scanning electron microscopy, which 
revealed that cells clump together, exhibited rough surfaces, and part of the cells 
displayed a shrunken and empty appearance, that contrasted with the 
characteristic rod-shaped, smooth-surfaced morphology of L. plantarum grown 
in MRS without bile. An alr-complementation-based genome-wide promoter 
screen was performed in L. plantarum, leading to the identification of 31 genes, of 
which the expression was potentially induced by 0.1% porcine bile. Remarkably, 
11 membrane- and cell wall-associated functions appeared to be induced by bile, 
as well as 5 functions involved in redox reactions and 5 regulatory factors. 
Moreover, the genes lp_0237 and lp_0775, identified here as inducible by bile in 
vitro were previously identified in our laboratory as important for L. plantarum 
in vivo during passage of the mouse gastrointestinal tract. A quantitative reverse 
transcription PCR approach focused on these two genes and our results 
confirmed that the expression level of lp_0237 and lp_0775 was significantly 
higher in cells grown with bile and cells isolated from the mouse duodenum 
relative to cells grown on normal laboratory medium without bile.  
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Introduction 
Several biological barriers are encountered by bacteria after ingestion, of which the 
first is the gastric acidity encountered in the stomach of the host. Bacteria able to 
survive these harsh conditions transit to the intestine where they encounter stresses 
associated with low oxygen availability, bile salts and competition with the 
commensal flora. Bile salts are synthesized in the liver by the conjugation of a 
heterocyclic steroid derived from cholesterol with glycine or taurine (18). The 
resulting conjugated bile salts are stored and concentrated in the gall bladder during 
the fasting state, and after consumption of a fat-containing meal these compounds are 
released into the duodenum where they play a major role in the dispersion and 
absorption of fats, including bacterial phospholipids and cell membranes (33). Bile 
salts are reintroduced in the liver following their reabsoprtion in the distal small 
intestine and colon after deconjugation by the resident microbial flora (17). This 
deconjugation reaction is performed by bacterial bile salt hydrolases (BSHs) which 
are encoded in the genomes of several intestinal bacteria, including Bifidobacterium 
and Lactobacillus species (9, 11, 20, 32). 

Studies concerning gram-positive food-associated bacteria and their tolerance 
to digestive stress have focused mainly on physiological aspects such as determination 
of levels of acid- and bile salt-tolerance (8, 19) as well as the development of complex 
media in order to selectively enrich those bacteria which are digestive stress tolerant 
(29). Additionally, several studies describe defense mechanisms of gram-negative 
bacteria towards bile acids, which include the synthesis of porins, transport proteins, 
efflux pumps and lipopolysaccharides (16). A few genome-wide approaches in gram-
positive bacteria aiming at the identification of proteins important for bile salt 
resistance have been described. In Propionibacterium freudenreichii,  Listeria 
monocytogenes and Enterococcus faecalis 2D-gel electrophoresis led to the 
identification of several proteins that were higher expressed in the presence of bile 
salts than in control conditions (13, 21, 26). Only in P. freudenreichii these induced 
proteins were further characterized, leading to the identification of 11 proteins 
important in bile stress response. The induced proteins include general stress proteins 
such as ClpB and the chaperons DnaK and Hsp20 (21). Furthermore, random gene 
disruption strategies in Listeria monocytogenes and E. faecalis resulted in strains that 
were more susceptible to bile salts than the wild-type strains. Subsequent genetic 
analysis of the mutants revealed that the disrupted genes encode diverse functions, 
including an efflux pump homologue (3) and genes possibly involved in the 
biosynthesis of cell walls and fatty acids (4). 

Lactic acid bacteria (LAB) are applied extensively in the production of 
fermented food products. Because of the frequent consumption of dairy, olives, 
sausages and other fermented food products, large amounts of LAB are ingested by 
humans. Moreover, LAB have the potential to serve as delivery vehicles of health-
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promoting or therapeutic compounds to the human gastrointestinal tract (GI-tract) (14, 
30). Among the LAB, Lactobacillus plantarum is encountered in many environmental 
niches, including dairy, meat and many vegetable fermentations (10, 12, 28). Next to 
the occurrence of L. plantarum in our diets, this microbe is frequently encountered as 
a natural inhabitant of the GI-tract (1). The complete 3.3 Mbp genome sequence of L. 
plantarum WCFS1 was recently determined (20). This strain is a single colony isolate 
of strain NCIMB 8826, a strain that effectively survives passage of the human 
stomach in an active form, reaches the ileum in high numbers as compared to other 
strains, and is detectable in the colon (34). The availability of its genome sequence 
allows effective investigation of the genes and regulation mechanisms underlying the 
observed persistence in the GI-tract. The research described here focuses on the 
response of L. plantarum to bile salt stress. Previously, we have described the 
utilization of alanine racemase as a promoter probe for the genome-wide identification 
of L. plantarum genes of which the expression is induced by high salt conditions (7). 
Here the same system was utilized, leading to the identification of 31 genes 
potentially induced by bile salts. Strikingly, two of the identified genes have 
previously been demonstrated to be in vivo induced in L. plantarum during passage of 
the mouse GI-tract (6). A quantitative PCR analysis focused on these two genes, 
demonstrating both their in vitro chromosomal induction by porcine bile and their in 
vivo expression in the duodenum of a mouse model. 
 
Material and Methods 
Bacterial strains, media and growth conditions 
The bacterial strains, plasmids and primers that were used in this study are listed in 
Table 1. L. plantarum WCFS1 (20) and its alr mutant derivative MD007 (5) were 
grown at 37 oC in MRS (Difco, Surrey, U.K.) without aeration. Varying 
concentrations of D-cycloserine (from freshly prepared, filter sterilized stock 
solutions), 5 µg/ml erythromycin or 200 µg/ml D-alanine were added to the MRS 
medium when indicated.  
 
Scanning electron microscopy 
Nucleopore Polycarbonate membranes (Costar, Cambridge, USA) with 1 µm pores 
were incubated for 30 minute in a 0,01% poly-L-lysine solution in 0.1 M Tris/HCl 
buffer. Several drops of a logarithmically growing L. plantarum culture were 
positioned on the poly-L-lysine coated membranes and incubated for 5 minutes at 
100% humidity. Afterwards the bacteria were fixated on the membranes for 30 
minutes in 3% glutaraldehyde. Subsequently, the membranes were washed three times 
with MQ, dehydrated with ethanol, using 30%, 50%, 70%, 90% and finally 3 x 100% 
ethanol, and critical point dried by the CO2

 method (Balzers CPD 020, Balzers Union, 
Liechtenstein). The dried membranes were mounted on sample holders by carbon 
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adhesive tabs (Electron Microscopy Sciences, Washington, USA). Sample holders 
were positioned inside the preparation chamber (CT 1500 HF, Oxford Instruments, 
Oxon, England). The samples were sputter coated  with 10 nm platinum and analyzed 
in a field emission scanning electron microscope (JEOL 6300F, Tokyo, Japan) at 2,5 
KV. Images were recorded digitally, and photo processing was done with Adobe 
PhotoShop 5.5. 
 

 
Table 1: Strains, plasmids and primers used in this study and their relevant characteristics and 

references. 

  
Material Relevant features Source or 

reference 

Strains   

L. plantarum   

WCFS1 wild-type for which the genome sequence is available (20) 

MD007 L. plantarum WCFS1 ∆alr, D-alanine auxotroph (5) 

   

Plasmids   

pNZ7120 EmR, pIL252 derivative containing Lactococcus lactis alr promoter probe (7) 

BI1-BI96 PNZ7120 derivatives containing chromosomal L. plantarum fragments 
that were initially identified as inducible by 0.1% porcine bile 

this work 

   

Primers   

PB1 5’-ACCGCTACGGATCACATC-3’ (7) 

PB2 5’-CTCGGGGCAGTAAGACTA-3’ (7) 

PB3 5’-GTGGTGAAGTTTTCATGG-3’ (7) 

16S-fo2 5'-TGATCCTGGCTCAGGACGAA-3' this work 

16S-re2 5'-TGCAAGCACCAATCAATACCA-3' this work 

237-fo 5'-CTACTGATATGGTTGTCGGGAATTA-3' this work 

237-re 5'-ACGGGTGCGTAGAAGAAGC-3' this work 

775-fo 5'-GCTCTTGCACCGGATATCAA-3' this work 

775-re 5'-TTTCTTCTTCCCGTGACCAGT-3' this work 

1898-fo 5'-GTGGCGACGGTTCTTACCAT-3' this work 

1898-re 5'-CCCTGGAAGACCAATCGTGT-3' this work 

1027-fo 5'-CCATGATGGTGCTTCACAA-3' this work 

1027-re 5'-TCGTGGCAGCAGAGGTAATG-3' this work 
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Identification of bile salt inducible loci using the alr complementation library 
Previously we have described the construction and utilization of a L. plantarum 
promoter probe library for the effective identification of conditionally active 
promoters (7). Here this library was exploited for the identification of clones that 
contain bile salt inducible chromosomal L. plantarum fragments. Appropriate 
dilutions of a -80 oC stock of the library were immediately plated on MRS plates 
containing erythromycin and 0.1% of porcine bile (Sigma, Zwijndrecht, The 
Netherlands, B-8631). After 2 days of growth approximately 4,000 individual 
colonies on these plates were used for replica-plating to plates containing 
erythromycin, with or without 0.1% porcine bile. Growth on both plates was 
periodically compared, leading to the primary identification of 96 colonies that could 
grow only in the presence of porcine bile (Table 1). The colonies displaying this bile-
dependent growth were cultured overnight in a microtiterplate containing MRS with 
erythromycin and D-alanine. The full-grown cultures were used to reconfirm the 
initially observed conditional growth phenotype and to assess conditional promoter 
strength by observing the conditional growth phenotype in the presence of different 
concentrations of the Alr inhibitor D-cycloserine (7). The microtiterplate was replica-
plated using a 96-pin replicator and MRS plates containing erythromycin and 0, 2.5, 
5.0, 10, 25, 50, 100 or 200 µg/ml D-cycloserine, with or without 0.1% of bile salts. 
The bile-dependent, differential growth phenotype in the presence of different 
concentrations of D-cycloserine was determined by periodically comparing the 
growth on the plates with and without bile salts. From the clones for which the bile-
dependent growth could be confirmed in this experiment, the chromosomal L. 
plantarum inserts harbored by their pNZ7120 derivatives were amplified by PCR 
using primers PB1 and PB2 (7). The resulting amplicons were used for partial DNA 
sequence analysis using primer PB3 (7) and the determined insert sequences were 
assigned to chromosomal loci using BlastN (2) and the L. plantarum genome 
sequence as database (20).  
 
RNA isolations 
Appropriate dilutions of an overnight culture of L. plantarum WCFS1 were plated on 
MRS with or without 0.1% porcine bile salts. After 3 days of growth colonies were 
rapidly collected from the plates in 3 ml MRS which was added to 12 ml quench 
buffer (60% methanol, 66.7 mM HEPES, pH 6.5, -40 oC) (27). Following quenching, 
the cells were immediately pelleted by centrifugation at 4500 rpm for 10 min and the 
cell pellets were resuspended in 0.4 ml ice-cold MRS. The cell suspensions were 
added to ice-cold tubes containing 1 g of zirconium glass beads, 0.4 ml phenol, 100 µl 
chloroform, 30 µl 10% SDS and 30 µl 3M NaAc pH 5.2. The cells were disrupted 
using two treatments of 40 seconds in a FastprepTM (Qbiogene Inc, Cedex, France) 
interspaced by 1 minute on ice. After centrifugation, 200 µl of the aqueous phase was 
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used for RNA isolation using the High Pure kit, which included a 1 hour treatment 
with DNaseI (Roche Diagnostics, Mannheim, Germany).  

For detection of in vivo mRNA levels in an animal model, a mouse experiment 
was performed in an accredited establishment (N° A59107) according to guidelines 
N°86/609/CEE of the French government. Seven weeks-old female Balb/c mice were 
purchased from Iffa Credo (St Germain sur l’Arbresle, France) and had free access to 
tap water and standard mice chow during the experiments. After overnight culture, 
bacterial cells were pelleted by centrifugation and resuspended at 1010 cfu per ml in 
MRS. The mouse received a 100 µl (109 cfu) dose of these freshly prepared bacterial 
suspensions by intragastric administration and the next day this administration was 
repeated with a dose of 1010 cfu. Four hours later, the mouse was sacrificed and a 
section of mouse small intestine representing the duodenum (0.48g) was quickly 
collected and frozen in liquid nitrogen until it was processed using a liquid N2-cooled 
BioPulverizer (BioSpec Products, Bartlesville, USA). The powdered sample was 
immediately used for cell disruption and RNA isolation essentially as described above 
for pure bacterial cell pellets.  
 
cDNA synthesis and quantitative reverse transcription PCR  
The expression levels of L. plantarum WCFS1 genes derived from cells grown on 
MRS plates was compared to MRS plates containing 0.1% porcine bile or to the 
mouse duodenum. First, cDNA was synthesized using Superscript III reverse 
transcriptase (Invitrogen, Breda, the Netherlands), 2 pmol gene-specific primer (Table 
1), 40 units RNaseOUT RNase inhibitor, 0.5 mM dNTPs, and either 0.11 µg or 2.1 µg 
total RNA from laboratory medium grown L. plantarum WCFS1 or mouse GI-tract 
sample, respectively. Reverse transcription was performed at 55 °C for 60 minutes, 
followed by inactivation of the reverse transcriptase by incubation at 70 oC for 15 
minutes. Primers were designed using Primer 3 (ww-genome.wi.mit.edu) and the 
software package Primer Express (PE Applied Biosystems, Nieuwekerk a/d IJsel, The 
Netherlands). All primers were designed to have a Tm of 58-60 oC and the amplicon 
sizes ranged from 70-81 bp. A quantitative PCR was performed on the synthesized 
cDNAs in an ABI Prism 7700 using SYBR Green technology (Applied Biosystems, 
Nieuwekerk a/d IJsel, the Netherlands). Each 50 µl reaction contained 1x SYBR 
Green Master Mix (Applied Biosystems), 400 nM of each primer (Table 1), and 0.1 or 
200 ng reverse transcribed RNA from either plate-grown WCFS1 cells or the mouse 
GI-tract sample, respectively. The reactions were initiated at 95 °C for 10 minutes 
followed by 40 amplification cycles of 95 °C for 15s and 55 °C for 60s. The 
specificity of the amplicons, resulting from the reactions using cDNA originating 
from culture- and mouse-derived templates, were checked post-amplification by 
melting curve analysis and amplicon DNA sequence analysis. Reactions containing 
either no template or DNase-treated RNA were included in each real-time PCR 
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experiment to assess for contamination and residual chromosomal DNA, respectively. 
Cycle threshold (Ct) values were obtained upon manually setting the baseline and 
threshold values at which fluorescence was appreciably above background 
fluorescence for each reaction and within the exponential phase of amplification for 
all reactions. Relative quantification transcript levels were calculated using the 
comparative ∆∆Ct method described by Pfaffl et al. (24, 25). Using this method, PCR 
efficiencies are calculated according to the equation E = 10 [-1/slope], whereby the 
slope was calculated from a standard curve of Ct values obtained for a dilution range 
of template cDNA. The average Ct values observed for the target genes transcripts 
(lp_0237, lp_0775, lp_1027 and lp_1898) were normalized to the average Ct values 
obtained for the reference gene transcripts (16S rRNA) from the same RNA sample. 
Three or four replicates of all samples and primer pairs were included in each 
quantitative PCR experiment and all experiments were performed in triplicate. 
Statistical analyses on the differences in expression between samples were assessed in 
group means for statistical significance by the Pair Wise Fixed Reallocation 
Randomization Test which was performed with the Relative Expression Software 
Tool (REST) (24, 25).  
 
Results 
Growth characteristics and morphology of L. plantarum in the presence of bile 
salts 
The effects of different concentrations of bile salts on the morphology and growth of 
L. plantarum were investigated. After pregrowth in liquid MRS medium, L. 
plantarum WCFS1 was subcultured in MRS containing 0, 0.01, 0.05, 0.1 and 0.15 % 
porcine bile salts. Growth was monitored for 24 h by optical density measurement at 
600 nm (OD600) and used to calculate the maximal growth rate of L. plantarum in the 
presence of different concentrations of bile salts (Fig. 1). The maximal growth rate 
was found to decrease significantly with increasing bile concentrations. Moreover, the 
final OD600 reached by L. plantarum grown in medium containing 0.1% porcine bile 
was approximately 3-fold lower as compared to cells grown in standard MRS medium 
(data not shown). 4 h after inoculation logarithmically growing cells were collected 
from the cultures with different bile salt concentrations (Fig. 1) and the L. plantarum 
cell morphology was investigated by scanning electron microscopy (Fig. 2). Cells 
grown under standard conditions exhibited the characteristic rod-shaped, smooth-
surfaced morphology of L. plantarum. When 0.05% of bile is present in the medium 
the cells displayed a slight tendency to clump together, their surface appeared to be 
less smooth and membrane vesicle structures are formed. At a concentration of 0.1% 
and 0.15% bile these changes in morphology were more pronounced. Moreover, at 
these higher concentrations of bile a proportion of the bacterial cells displayed a 
shrunken and empty appearance. Similar observations were made when the growth 
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rate and morphology on solid medium were investigated. Growth of colonies on MRS 
plates containing 0.1% bile salts was slightly retarded and colonies appeared very flat 
as compared to plates without added bile salts (data not shown). Since growth is the 
primary selection criterion in the conditional alr complementation screen described 
below, it is essential to perform such a screen comparing conditions that do not 
greatly differ in growth rate. Therefore, a concentration of 0.1% porcine bile was 
chosen for the identification of bile-inducible promoter elements in L. plantarum.  
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growth rate determination of L. plantarum in the presence of increasing concentrations 
ll-grown culture was diluted 50-fold in MRS medium containing 0, 0.01, 0.05, 0.10 or 
e bile (squares, triangles, circles, solid squares or solid triangles, respectively) and 
nitored by OD600 measurements. These data were used to calculate the maximal 
th rate (0.56, 0.54, 0.52, 0.44 and 0.14 h-1, respectively). The arrow indicates the time 
e morphology of the cells was investigated (Fig. 2). 
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Fig. 2: Morphological changes of L. plantarum during bile salt stress. After 4 hours of exposure to 0,  
0.05 , 0.10 or 0.15% of bile salts cells were investigated by scanning electron microscopy  
(Fig. 2A, B, C and D, respectively).  
 
 
Identification of bile-inducible genes using the alr complementation library 
Recently, we have described the exploitation of the essential, alanine racemase-
encoding alr gene as a promoter probe in L. plantarum WCFS1 (7). This included the 
analysis of a chromosomal L. plantarum WCFS1 library in the alr promoter probe 
vector pNZ7120. Here, the same library was screened for pNZ7120 derivatives 
harboring chromosomal L. plantarum WCFS1 fragments that contain promoter 
elements conditionally activated by 0.1% porcine bile. During 72 h growth of 
approximately 4,000 colonies from the alr complementation library was compared on 
plates with and without bile, resulting in the initial identification of 96 (2.4%) 
colonies displaying conditional growth only in the presence of bile. This conditional 
growth phenotype could be confirmed for 46 of these colonies when growth with and 
without bile was monitored during 72 hours on plates containing a range of 0-200 
µg/ml D-cycloserine. The partial sequence of the chromosomal inserts present in the 
pNZ7120 derivatives originating from 41 of the 46 clones was successfully 
determined. These sequences corresponded to 30 unique loci of the L. plantarum 
genome, since one locus was found six times, one locus was found three times and 
four loci were found twice. Two independent clones (BI21 and BI49) both contained a 
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different chromosomal fragment corresponding to lp_3415, encoding a transcription 
regulator homologue, and its upstream sequence (Table 2). Hence, the bile induction 
of lp_3415 was independently confirmed twice during the screening procedure. 
According to the current genome annotation database of L. plantarum WCFS1 (20) 
the loci harbor 31 unique genes and their upstream sequences in the proper orientation 
to explain the observed induction of alr expression (Table 2). Notably, 8 loci 
contained more than one putative 5'-end of an annotated ORF and their upstream 
region. All ORFs that were identified in this alr complementation screen were 
functionally categorized in groups involved in cell membrane function (8 ORFs), cell 
wall function (3 ORFs), redox reactions (5 ORFs), regulation (5 ORFs), and others (4 
ORFs). The remaining 6 genes encoded (conserved) hypothetical proteins of unknown 
function (Table 2). 

Clone BI41 harbors three genes, including a homologue of the bile acid 7α-
dehydratase of Eubacterium sp. strain VPI 12708 and Clostridium sp. strain TO-931 
(22, 35). In these intestinal organisms the baiE gene, encoding bile acid 7α-
dehydratase, is localized in an operon. In Eubacterium the expression level of this 
operon appeared to be induced in the presence of bile (22). A similar operon structure 
is not found in L. plantarum. Nevertheless, the fact that this baiE homologue was 
identified in the alr complementation screen strongly suggests that the expression of 
this single gene is also regulated by bile in L. plantarum WCFS1. Clone BI87 harbors 
a 3'-truncated fragment of lp_1435, encoding an integral membrane protein, which 
was previously identified in an alr complementation screen for high salt inducible 
promoters of L. plantarum (7). These findings suggest a partial overlap in the 
response of this organism to NaCl and bile salts, possibly caused by the membrane 
stress induced under both these conditions. The most striking observation was the 
identification of lp_0237 and lp_0775, encoding an integral membrane protein and an 
argininosuccinate synthase, on the clones BI19 and BI79, respectively (Table 2). Both 
genes were previously identified in our laboratory in a resolvase-based in vivo 
expression technology (R-IVET) approach as being important for L. plantarum during 
passage of the GI-tract of mice (6). 
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Table 2: Identification of clones in the alr complementation library that display conditional growth 
only in the presence of 0.1% porcine bile. When multiple ORFs in the correct orientation to drive alr 
expression are present on a clone, the ORF that is located closest to alr gene is presented first. Black 
bars indicate at which D-cycloserine concentrations growth was only observed in the presence of bile. 
 

The identified genes were functionally categorized as 1membrane-associated function, 2cell wall-associated function, 3redox 
reaction,4regulation, 5other and 6hypothetical protein. 
 
 
Expression analysis of lp_0237 and lp_0775 
The bile-inducible characteristics of lp_0237 and lp_0775 were further investigated 
by quantitative reverse transcription PCR. RNA was isolated from L. plantarum cells 
grown on plates with and without bile. The isolated RNA samples were used for gene-
specific synthesis of cDNA which was used as template for quantitative real-time 
PCR using specific primers for the bile-induced genes lp_0237 and lp_0775 and the 
16S rRNA gene. The latter RNA was used to correct for the total amount of L. 
plantarum specific RNA added to the different reactions. Negative control reactions 
containing the L. plantarum specific16S rRNA primers and DNase-treated RNA were 
included in each PCR. These reactions never produced any detectable amplicon, 
indicating the absence of DNA-contamination in the RNA samples. Moreover, the 
specificity of the PCR reactions was confirmed by a combination of melting curve 
analysis and DNA sequence analysis of the amplicons (data not shown). All signals  

0 2.5 5 10 25 50 100 200
BI1 79159 1.0 lp_00823 oxidoreductase
BI84 80981 2.3 lp_00851 cation efflux protein

lp_02371 integral membrane protein

lp_02406 hypothetical protein

lp_0775 (argG )5 argininosuccinate synthase

lp_0774 (luxS )5 autoinducer production protein
BI26,81 800854 2.0 lp_08583 redox prot., reg. of disulfide bond form.

lp_1158 (lys )2 lysozyme 

lp_11574 transcription regulator (RpiR family)
BI87 1315054 0.9 lp_14351 integral membrane protein
BI14,BI95 1335147 1.5 lp_14596 conserved hypothetical protein
BI55 2013511 1.5 lp_22306 conserved hypothetical protein
BI9 2218907 1.5 lp_24844 transcription regulator (MarR family)
BI96 2284309 1.5 lp_25641 integral membrane protein
BI31 2528088 1.5 lp_28355 2-haloacid dehalogenase
BI64 2814574 2.0 lp_31453 oxidoreductase, N-terminal fragment
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were correlated to the 16S rRNA signal derived from the corresponding cDNA 
samples. The in vitro induction of lp_0237 and lp_0775 by the presence of porcine 
bile was investigated. This experiment showed that the expression levels of lp_0237 
and lp_0775 are induced (24- and 4-fold, respectively) in cells grown on plates 
containing 0.1% porcine bile relative to control plates lacking bile (Table 3). These 
data demonstrate that the bile-inducible regulatory characteristics obtained for these 
two genes using the plasmid-based alr promoter probe can be extrapolated to the 
single copy situation on the chromosome. Moreover, the observed induction by bile 
suggests that the previously observed in vivo induction (6) of lp_0237 and lp_0775 
occurs in the duodenum, as this is the site of bile release in the host. Therefore, RNA 
was isolated from duodenum samples from a mouse fed with L. plantarum and a 
second quantitative reverse transcriptase PCR experiment was performed to assess the 
in vivo expression levels of lp_0237 and lp_0775 in the duodenum. This experiment 
revealed a significantly higher expression level (13- and 29-fold, respectively) for 
these genes during passage of the mouse duodenum as compared to expression levels 
in L. plantarum grown on MRS, while in an identical experiment the expression 
levels of two L. plantarum household genes (lp_1027; fusA2, encoding an elongation 
factor and lp_1898; pfk, encoding 6-phosphofructokinase), were not significantly 
increased in vivo relative to MRS (Table 3). These data demonstrate that the in vitro 
regulatory characteristics observed for lp_0237 and lp_0775 can be translated to the in 
vivo situation in the mouse duodenum. 
 
 
Table 3: Induction levels of L. plantarum genes in vitro by 0.1% bile and in situ in the duodenum of a 

*Relative e  the ent  observed in M edium (lacking bile) 

lp-nr (gene)  Function MRS + 0.1% bile Duodenum 

mouse model relative to MRS without bile. The data are presented as fold induction. 
 
 
 

xpression level of  target gene is significantly differ  from that RS m

lp_0237 int rane protein * *egral memb 23.7 12.5  
lp_0775 (argG) argininosuccinate synthase 4.3  * 28.9* 
lp_1027 (fusA2) elongation factor 

inase 
ND 2.5 

lp_1898 (pfk) 6-phosphofructok ND 1.4 

 
 
 

according to the Pair Wise Fixed Reallocation Randomisation Test (p<0.05). ND = Not determined. Coefficient of variation 
among replicates (n=3) < 25%. 
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Discussion 
This paper describes the growth, morphological and genetic response of L. plantarum 
WCFS1 to bile salts. A stepwise increase in porcine bile concentrations resulted in a 
stepwise decrease of maximal growth rate and final OD600 of L. plantarum. The 
observed gradual decrease in growth rate coincides with gradually increasing 
severeness of changes in morphology, including bulky structures on the cell surface, 
the formation of membrane vesicles and clumping of the cells. Moreover, the 
observed formation of ghost cells suggests that cell wall integrity is lost by the 
addition of bile, possibly leading to leakage of intracellular material from the cells and 
a disturbed energy balance. The bile-induced morphological changes of L. plantarum 
are very similar to those observed in P. freudenreichii (21). Furthermore, leakage of 
proteins from cells after bile treatment was previously observed in other LAB, 
including P. freudenreichii and L. acidophilus (21, 23). Since a concentration of 0.1% 
porcine bile only had a marginal effect on growth rate but, nevertheless, resulted in 
severe morphological changes, this concentration was used during the rest of the 
experiments. 

The previously constructed alr complementation library (7) was exploited for 
the identification of clones containing L. plantarum chromosomal fragments that 
harbor promoter elements conditionally activated by bile. This approach resulted in 
the identification of 30 unique loci harboring 31 putative genes of which the 
expression is potentially induced by bile. The putative genes identified as bile-
inducible were organized in six functional categories (Table 2). Strikingly, 11 of these 
ORFs encode proteins involved in membrane- and cell wall-associated functions. The 
induction of this relatively high number of genes involved in cellular integrity is in 
agreement with the observed morphological changes of L. plantarum in the presence 
of bile. Notably, genes encoding putative functions involved in fatty acid and cell wall 
biosynthesis have previously been identified as important for the bile resistance of 
Enterococcus faecalis (4). The group of membrane-associated functions includes 
three possible exporter proteins, namely lp_0085, lp_2564 and lp_3160. The latter is 
annotated as a multidrugtransporter, suggesting a possible role in the export of bile 
compounds. Similarly, lp_2564, encoding a protein with significant homology to a 
permease in Bacillus cereus, could play a role in the export of bile. Finally, lp_0085, 
encoding a putative efflux protein, might be involved in maintenance of the 
electrochemical membrane potential under bile induced stress conditions. 
Remarkably, the importance of efflux pumps in bile resistance was previously 
demonstrated in several bacteria, including Escherichia coli and Listeria 
monocytogenes (3, 16). The three cell wall-associated functions identified here 
include a putative lysozyme and two genes annotated to encode fragments of a 
possible muramidase. Moreover, BlastP analysis of lp_3154 demonstrates a 35% 
identity with a choline binding protein from Streptococcus pneumoniae. The chemical 
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structure of choline is similar to that of bile. Therefore, the protein encoded by 
lp_3154 could be important in the defense mechanism of L. plantarum to bile salts.  

Five genes identified here as bile-inducible are annotated as functions involved 
in redox reactions, namely four oxidoreductases and a redox protein acting as a 
regulator of disulfide bond formation, suggesting bile-induced redox balance 
disturbance and/or oxidative stress. Notably, a gene encoding a function involved in a 
redox reaction was previously recognized as important during bile stress in E. faecalis 
(4). Another group of five genes encoding regulatory functions was identified as bile-
inducible in L. plantarum. Remarkably, two of these genes (lp_2484 and lp_3344) 
belong to the marR family of regulators. In several bacteria, including E. coli and 
Salmonella typhimurium, MarA and MarR proteins mediate the expression of a 
diverse set of genes involved in multidrug resistance, including multidrug efflux 
proteins (15, 31). The lp_3344 gene product shares 28% identity with MarR from S. 
typhimurium. Moreover, the conserved hypothetical protein encoded by lp_3415 
shares 30% identity with MarA from S. typhymurium. Therefore, lp_3344 and 
lp_3415 might be involved in the regulation of multidrug transport in L. plantarum, 
possibly including the two aforementioned transporters encoded by lp_2564 and 
lp_3160 (Table 2). Next to lp_3415 four other conserved and one unique hypothetical 
protein were identified in the screen for bile-inducible L. plantarum ORFs. Their role 
in bile resistance remains to be determined. 

Bile induction could reflect the in situ conditions encountered by L. plantarum 
during passage of the gastro-intestinal tract. A striking finding in this respect are 
lp_0237 and lp_0775 which we identified as bile inducible in the in vitro alr 
complementation screen presented here and have been identified previously in L. 
plantarum as being in vivo induced during passage of the mouse GI-tract (6). Using 
quantitative PCR, the in vitro induction by bile and the in vivo induction in the 
duodenum of a mouse model system relative to laboratory conditions could be 
established for these genes. Conclusively, these experiments demonstrate that in vitro 
mimicking of complex environmental niches can result in the identification of genes 
that are of relevance in situ in these niches. Overall, this paper provides valuable data 
on the in vitro genetic response of L. plantarum to bile. Moreover, the in vivo data 
provide clues that enable the future unraveling of the genetic behavior of L. plantarum 
during residence in (specific parts of) the GI-tract. 
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Chapter 5 

Abstract 
Clone-based DNA micro-arrays were employed to describe the global 
transcriptional response of Lactobacillus plantarum WCFS1 towards porcine 
bile. Comparison of the differential transcript profiles obtained during growth of 
L. plantarum on plates with and without bile revealed 29 and 62 putative genes of 
which the expression was at least 2.5-fold up- or down-regulated by bile, 
respectively. Approximately 50% of these genes appeared genetically linked and 
12 bile-responsive gene clusters were identified. Seven bile-responsive genes and 
gene clusters encode typical stress-related functions, including glutathione 
reductase and glutamate decarboxylase, involved in oxidative and acid stress, 
respectively. Moreover, 14 bile-responsive genes and gene clusters were 
identified that encode proteins that are located in the cell envelope, including the 
dlt operon and the F1F0 ATPase, indicating a major impact of bile acids on the 
integrity and/or functionality of the cytoplasmic membrane and cell wall. 
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Introduction 
The human gastrointestinal tract (GI-tract) represents an important ecological niche 
for food-associated micro-organisms. Following their consumption, food-grade 
bacteria, as well as food-borne pathogens, meet their host. Several biological barriers 
are encountered by bacteria during travel through, and residence in the different parts 
of the host’s GI-tract, such as the gastric acidity in the stomach, the presence of bile 
salts in the duodenum and stress conditions associated with oxygen gradients that are 
steep at the mucosal surface, while the colon is virtually anoxic (5). Moreover, 
considerable bacterial competition is encountered throughout the entire GI-tract and 
notably in the colon where the bacterial population reaches densities of up to 1012 cells 
per gram of luminal content (16). Due to the complex nature of host-specific and 
chemical conditions that are met by bacteria in the GI-tract, many studies describe the 
in vitro response of bacteria to simplified models that mimic these harsh conditions. 
These include many physiological and biochemical studies that have recently been 
reviewed (3). 

Lactobacillus plantarum is a flexible and versatile lactic acid bacterium that 
inhabits a variety of environmental niches, including the human GI-tract. L. 
plantarum WCFS1 (10) is a single colony isolate of strain NCIMB 8826, which 
displayed high activity and survival rates in the human intestine in pharmacokinetic 
studies (20). Previously, the observed GI-tract persistence of L. plantarum has been 
studied by a genome-wide genetic screen, resulting in the identification of 31 putative 
genes of which the expression appeared to be induced on plates containing porcine 
bile (3). In analogy with random gene disruption strategies applied in Listeria 
monocytogenes (1) and Enterococcus faecalis (2), this genetic screen in L. plantarum 
revealed that efflux pumps and changes in the architecture in the cell envelope are 
important for bile resistance of these bacteria (3). In addition, it was observed that 
exposure to bile greatly affected the morphology of L. plantarum WCFS1 (3). 
Notably, these findings are in good agreement with several physiological studies in 
other bacteria such as Propionibacterium freudenreichii and L. reuteri that 
demonstrated that bile salts induce severe changes in the morphology of their cell 
envelope (12, 18). 

Here we describe the utilization of clone-based DNA micro-arrays for the 
analysis of the response of L. plantarum WCFS1 towards porcine bile during growth 
on plates. This approach resulted in the identification of 29 and 62 potential genes of 
which the expression appeared at least 2.5-fold up- or down-regulated in the presence 
of bile. Moreover, the expression levels of twelve gene clusters appeared to be 
regulated by bile. The observation that many of these genes and gene clusters encode 
cell wall and cell membrane associated functions strongly suggests that bile acids 
have a major impact on the integrity of the cell envelope. 
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Material and Methods 
Growth conditions and RNA isolations 
L. plantarum WCFS1 (10) was grown at 37 oC in MRS (Difco, Surrey, U.K.) without 
aeration. Appropriate dilutions of a full-grown culture were plated on MRS containing 
1% agarose, with or without 0.1% porcine bile salts (Sigma, Zwijndrecht, The 
Netherlands, B-8631). After 3 days of growth at 37 oC, colonies on each plate were 
rapidly collected by resuspension in 3 ml MRS, which was immediately added to 
twelve ml quench buffer (60% methanol, 66.7 mM HEPES, pH 6.5, -40 oC)(14). 
Following quenching, the cells were pelleted by centrifugation at 4500 rpm for 10 min 
and cell pellets were resuspended in 0.4 ml ice-cold MRS. The cell suspensions were 
added to ice-cold tubes containing 1 g of zirconium glass beads, 0.4 ml phenol, 100 µl 
chloroform, 30 µl 10% SDS and 30 µl 3M NaAc pH 5.2. The cells were disrupted 
using two treatments of 40 seconds in a FastprepTM (Qbiogene Inc, Cedex, France) 
interspaced by 1 min on ice. After centrifugation, 200 µl of the aqueous phase was 
used for RNA isolation using the High Pure system, which included a 1 h treatment 
with DNaseI (Roche Diagnostics, Mannheim, Germany).  
 
Array design 
The DNA micro-arrays were based on clones derived from the genomic library that 
was previously constructed for the determination of the complete genome sequence of 
L. plantarum WCFS1 (10). In total, 3692 genomic fragments were amplified by PCR 
from the genomic library using Supertaq (SphaeroQ, Leiden, the Netherlands), and 
vector-derived universal forward and reverse primers with 5’-C6 aminolinkers to 
facilitate cross-linking to the aldehyde-coated glass slides. The resulting amplicons 
were purified by ethanol precipitation and dissolved in 3x SSC (1x SSC contains 
150mM NaCl and 17mM sodiumcitrate, pH 7.2). Subsequently, the purified 
amplicons were arrayed in a controlled atmosphere on CSS-100 silylated aldehyde 
glass slides with quill pins (Telechem, SMP3, USA) in a SDDC 2 Eurogridder (ESI, 
Toronto, Canada). Afterwards the slides were dried and blocked with borohydride.  
 
Fluorescent labelling and hybridization 
Differential transcript levels were determined by two-color (Cy5 and Cy3) fluorescent 
hybridizations of the corresponding cDNAs on the L. plantarum WCFS1 clone-based 
DNA micro-array. The RNA samples were labelled during reverse transcription using 
random hexamers primers and either Cy5- or Cy3-labeled dUTP (Amersham 
Biosciences). Unincorporated dyes were removed from the synthesized cDNA using 
autoseq G50 columns (Amersham Biosciences). The arrays were prehybridized for 45 
minutes at 42 °C in prehybridization solution (1% BSA, 5x SCC and 0.1% SDS). Co-
hybridizations of the labelled cDNA samples were performed overnight at 42 ºC in 
Easyhyb buffer (Roche) according to the manufacturer’s protocol. The slides were 
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subsequently washed twice in 1x SSC and 0.2% SDS, once in 0.5x SSC, and twice in 
0.2x SSC at 37 oC. 
 
Scanning and data analysis 
After the washing steps, slides were dried, and scanned with a ScanArray Express 
4000 scanner for both dyes (Perkin Elmer). Images were analyzed by using ImaGene 
4.2 software (BioDiscovery). Criteria for flagging spots were as follows: (i) empty 
spots threshold 2.0 (ii) poor spots threshold 0.4 (iii) negative spots on. The resulting 
ImaGene output files were further processed by discarding spots flagged as empty, 
poor or negative by ImaGene software, and the Cy5 and Cy3 signals being less than 
two times above the local background. Routinely over 80% of all spots passed all 
these quality criteria and the remaining, high-quality spots were normalized. For each 
array the raw spot intensities in both channels (I1 and I2) were converted to M-A 
coordinates, where M= 2log(I1 / I2) and A= 10log(I1 + I2)/2. Subsequently a fit of M as 
a function of A was calculated using a robust local linear regression algorithm 
(LOWESS). This fit was used as the new M=0 axis by subtracting from each M-value 
the corresponding fitted value. To calculate a regulatory ratio for each gene, as far as 
they were represented by clones on the micro-array, a weighted average of the M-
values of all clones that overlapped with the gene of interest was calculated. The 
weight used for each clone was equal to the square of the overlap between gene and 
clone divided by the total length of the gene. Hence, this method weighs small 
overlapping fragments less than proportional compared to larger overlapping 
fragments. 
 
Results and Discussion 
Clone-based transcriptome analysis 
Clone-based DNA micro-arrays were used to investigate the genetic bile-response of 
L. plantarum WCFS1. The development of these clone-based arrays was initiated 
following the random sequencing of the L. plantarum genomic library and its primary 
sequence assembly during the genome sequence project (10). Subsequently, 3692 
inserts from this genomic library were amplified. The resulting amplicons had an 
average size of approximately 1.2 kb, cover 80.8% of the L. plantarum WCFS1 
genome, and represent 2683 of the 3052 annotated genes (88 %). The overlap of 
clones in the part of the genome that is covered resulted in an average 1.6-fold 
redundancy. Notably, for the construction of ORF-based arrays a partial, pre-
annotated genome sequence is a minimum requirement. Therefore, one advantage of 
clone-based arrays lies within the fact that its construction can be initiated earlier in 
time as compared to ORF-based arrays. An intrinsic disadvantage of clone-based 
arrays is that certain genes will be incompletely represented or completely lacking on 
such an array. Moreover, certain clones will represent two or more ORFs, which 
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potentially results in masking of regulation of a specific gene by neighboring genes 
that are regulated in the opposite direction. Consequently, interpretation of the 
regulatory factors for individual genes requires relative complex data processing and 
in some situations is simply impossible. On the other hand, multiple clones can 
represent individual genes or gene clusters on a clone-based DNA micro-array. 
Although multiple clones complicate the assessment of the exact magnitude of 
regulation factors, they provide independent duplicate measurements that intrinsically 
validate the conditional response of specific genes or gene clusters. Therefore, our 
analyses exploited the latter advantages of clone-based DNA micro-arrays and have 
mainly focused on the bile-response of gene clusters and individual genes that are 
represented by multiple clones.  
 
Global transcriptome analysis and selection of bile-regulated genes and clusters 
The genome-wide transcription profiles of L. plantarum WCFS1 grown on plates with 
or without 0.1% porcine bile were compared. The experimental set-up that was used 
during these transcriptome analyses was highly similar to those used during a 
previous genetic screen in our laboratory (3). An independent biological duplicate was 
performed using two DNA micro-arrays and RNA derived from L. plantarum 
colonies grown on different batches of plates. Moreover, technical variations 
introduced by cDNA synthesis and/or dye-swap effects were assessed by a third array 
experiment in which two cDNA samples were synthesized using the same RNA 
template derived from L. plantarum cells grown without bile (Fig. 1).  

The differences in gene expression in the technical duplicate appeared to be 
relatively small as compared to those found in the arrays that assessed the differential 
transcript profile of cells grown with or without bile (biological variation). These 
global analyses indicate that the specific response of L. plantarum towards bile is 
drastically larger than the experimental variation (Fig. 1). Nevertheless, the variation 
between biological duplicates appeared relatively large (data not shown). Therefore, 
this first study focused on those responses that were consistently observed in both 
experiments, and the primary selection of regulated clones was performed using 
stringent criteria: (i) consistent direction of regulation in both arrays (ii) at least 2.5-
fold up or down regulation in both arrays (iii) the same order of magnitude of 
regulatory factor (maximum 10-fold difference between the two slides). Using these 
stringent criteria, 62 and 29 ORFs were found to be down- and up-regulated during 
growth of L. plantarum on plates containing bile as compared to control plates lacking 
bile. (Table 1 and 2, respectively). Approximately 25% of these individual genes are 
represented by a single clone and, consequently, significant assessment of their bile 
induction or repression levels requires expansion of the number of arrays. The rest of 
the genes are represented by two or more clones, allowing more trustworthy 
assessment of their induction levels.  
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Fig. 1: Scatter plot of the M-values of two array experiments. The M-value is defined as the 2-log of 
the ratio of the Cy5 and Cy3 signal intensities per spot determined for one array. The X-axis represents 
the M-values from an array hybridized with two cDNAs derived from a single RNA sample, 
originating from L. plantarum cells grown without bile (M-/-). The Y-axis represents the M-values 
from two RNAs originating from cells grown with and without bile (M-/+). The square indicates 2.5-
fold regulation which was used as a cut-off value in the analyses, and the circles enclose bile-
responsive clones. 
 

 97



Chapter 5 

Table 1: L. plantarum genes that are at least 2.5-fold down-regulated by bile. The gene clusters are 
indicated in bold and are presented in more detail in Fig. 2. The two ratios represent the ratio of signal 
(Cy5 and Cy3) of the individual arrays. 
 
Gene Product nr. of clones ratio 1 ratio 2 

lp_0005 DNA repair and genetic recombination protein RecF 3 -3.7 -2.6 
lp_0006 DNA gyrase, B subunit 3 -3.5 -2.5 
lp_0007 DNA gyrase, A subunit 4 -9.8 -3.5 
lp_0064 conserved hypothetical protein 1 -2.8 -3.0 
lp_0175 maltose/maltodextrin ABC transporter, substrate binding protein 3 -4.0 -4.0 
lp_0176 maltose/maltodextrin ABC transporter, permease protein 3 -3.2 -3.0 
lp_0177 maltose/maltodextrin ABC transporter, permease protein 2 -3.0 -2.5 
lp_0178 maltose/maltodextrin ABC transporter subunit (putative) 2 -4.9 -3.7 
lp_0179 alpha-amylase 2 -4.6 -5.3 
lp_0180 multiple sugar ABC transporter, ATP-binding protein 1 -11.3 -6.1 
lp_0239 hypothetical protein 2 -5.3 -3.0 
lp_0240 conserved hypothetical protein 2 -6.1 -3.2 
lp_0242 nucleoside-diphosphate kinase 2 -5.3 -3.0 
lp_0266 hypothetical protein 2 -4.9 -5.7 
lp_0286 cellobiose PTS, EIIC 4 -6.5 -2.8 
lp_0287 hypothetical protein 2 -3.2 -2.6 
lp_0289 hypothetical protein 1 -3.0 -2.6 
lp_0852 pyruvate oxidase 3 -7.5 -3.0 
lp_1069 NADH dehydrogenase 2 -5.3 -3.2 
lp_1168 hypothetical protein 1 -10.6 -4.9 
lp_1169 glutamate dehydrogenase (NAD(P)+) 4 -4.0 -3.7 
lp_1171 serine-type D-Ala-D-Ala carboxypeptidase 3 -8.6 -2.8 
lp_1362 hypothetical protein 2 -3.7 -2.8 
lp_1420 nisin resistance protein (putative) 1 -3.0 -4.0 
lp_1544 response regulator 2 -7.0 -3.2 
lp_1545 histidine protein kinase; sensor protein 3 -9.2 -3.0 
lp_1558 phenylalanine--tRNA ligase, alpha chain 3 -3.5 -3.7 
lp_1643 cell surface protein precursor 11 -9.8 -3.2 
lp_1956 ABC transporter, permease protein 1 -3.7 -3.2 
lp_1957 ABC transporter, permease protein 3 -3.2 -3.0 
lp_1958 ABC transporter, ATP-binding protein 2 -3.0 -3.2 
lp_1959 transcription regulator 2 -5.3 -4.9 
lp_1960 hypothetical protein 2 -2.8 -5.7 
lp_1961 hypothetical protein 1 -2.8 -5.7 
lp_1962 DNA-directed RNA polymerase, sigma factor 42 2 -2.5 -4.3 
lp_2143 integral membrane protein 1 -4.0 -3.0 
lp_2173 extracellular protein 3 -5.3 -3.2 
lp_2174 cell surface protein precursor 3 -4.6 -3.2 
lp_2647 N-acetylglucosamine/galactosamine PTS, EIIA 3 -36.8 -4.3 
lp_2648 N-acetylgalactosamine PTS, EIID 3 -48.5 -6.1 
lp_2649 N-acetylgalactosamine PTS, EIIC 2 -9.8 -4.6 
lp_2776 D-serine dehydratase 2 -4.0 -3.5 
lp_2936 thiamin biosynthesis lipoprotein ApbE 1 -4.0 -4.6 
lp_2937 transcription regulator 2 -8.6 -3.7 
lp_2975 extracellular protein 3 -4.9 -3.2 
lp_2976 cell surface protein precursor (putative) 2 -6.5 -3.2 
lp_2977 cell surface protein precursor 2 -2.8 -2.5 
lp_2978 extracellular protein 1 -4.3 -2.6 
lp_3091 conserved hypothetical protein 1 -3.7 -3.7 
lp_3092 succinate-semialdehyde dehydrogenase (NAD(P)+) 3 -5.3 -4.6 
lp_3172 xylose operon regulator 4 -4.9 -2.8 
lp_3219 sucrose PTS, EIIBCA 3 -3.5 -2.6 
lp_3220 alpha-glucosidase 6 -5.3 -2.5 
lp_3221 transcription regulator 4 -3.5 -2.8 
lp_3222 hypothetical protein 3 -2.6 -3.0 
lp_3360 integral membrane protein 1 -4.9 -2.8 
lp_3362 choloylglycine hydrolase 4 -9.8 -3.0 
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lp_3397 conserved hypothetical protein 1 -2.8 -3.7 
lp_3553 maltose O-acetyltransferase 3 -8.0 -4.3 
lp_3554 L-arabinose isomerase 5 -18.4 -7.5 
lp_3555 L-ribulose 5-phosphate 4-epimerase 2 -97.0 -16.0 
lp_3556 L-ribulokinase (putative) 6 -13.9 -8.6 

 

 
Table 2: L. plantarum genes that are at least 2.5-fold up-regulated by bile. The gene clusters are 
indicated in bold and are presented in more detail in Fig. 2. The two ratios represent the ratio of signal 
(Cy5 and Cy3) of the individual arrays. 
 

Gene Product nr. of clones ratio 1  ratio 2 
Lp_0254 serine O-acetyltransferase 3 2.8 3.0 
Lp_0255 cystathionine beta-lyase 3 9.2 9.2 
Lp_0256 cysteine synthase 3 8.6 8.6 
Lp_0512 ribosomal protein L31 1 9.2 5.3 
Lp_0547 cell division protein FtsH, ATP-dependent zinc 

metallopeptidase 
4 4.0 3.2 

Lp_0609 glutamate--tRNA ligase 4 4.3 3.5 
Lp_0779 nucleotide kinase (putative) 3 6.1 4.0 
Lp_0780 conserved hypothetical protein 4 4.9 4.6 
Lp_0781 conserved hypothetical protein 2 5.3 5.3 
Lp_1026 ribosomal protein S7 1 3.2 3.7 
Lp_1253 glutathione reductase 1 4.3 4.9 
Lp_1541 phosphogluconate dehydrogenase (decarboxylating) 3 5.7 3.0 
Lp_2002 hypothetical protein 1 3.2 4.3 
Lp_2003 transcription regulator (putative) 1 3.2 4.0 
Lp_2019 D-alanine activating enzyme DltA 3 4.0 3.5 
Lp_2020 D-Ala-teichoic acid biosynthesis protein (putative) 1 4.6 6.1 
Lp_2364 H(+)-transporting two-sector ATPase, beta subunit 3 3.7 11.3 
Lp_2365 H(+)-transporting two-sector ATPase, gamma subunit 3 3.0 12.1 
Lp_2366 H(+)-transporting two-sector ATPase, alpha subunit 2 4.0 11.3 
Lp_2367 H(+)-transporting two-sector ATPase, delta subunit 3 3.0 9.2 
Lp_2368 H(+)-transporting two-sector ATPase, B subunit 2 2.6 8.6 
Lp_2369 H(+)-transporting two-sector ATPase, C subunit 2 2.6 8.6 
Lp_3014 extracellular protein 2 2.8 3.5 
Lp_3420 glutamate decarboxylase 2 6.5 4.9 
Lp_3421 gamma-D-glutamate-meso-diaminopimelate muropeptidase 

(putative) 
2 6.5 3.0 

Lp_3536 choloylglycine hydrolase 2 4.9 4.6 
Lp_3537 hydrolase, HAD superfamily, Cof family 1 4.9 3.7 
Lp_3687 cell division protein 1 5.7 4.6 

 

 99



Chapter 5 

Approximately 50% of the regulated genes appeared genetically linked (Table 
1 and 2), suggesting clustered organization of these genes in operon-like structures, 
which could explain their concerted regulation. Therefore, these entire clusters, as 
based on gene annotation in the L. plantarum genome (10), were analyzed in more 
detail (Fig. 2). To increase confidence, only clusters represented by at least 3 clones 
were used in the analyses, which in some cases included flanking genes that were not 
necessarily identified by our initial, stringent selection. Notably, some clones 
represent multiple genes (Fig. 2C, lp_1956), some genes are only partly represented 
(Fig. 2H, lp_3554 and lp_3557), and absolute induction levels obtained vary for 
different clones representing the same gene. The latter is especially true for clones 
that are located at the termini of the gene clusters identified and partially overlap with 
genes up- or downstream of the gene cluster (Fig. 2H, three clones representing 
lp_3553). On the other hand the direction and magnitude of bile-mediated regulation 
is very similar for all clones representing the twelve complete gene clusters, thereby 
allowing multiple, independent measurements of the bile-response of these gene 
clusters. 
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Fig. 2: Schematic overview of the identified bile-responsive gene clusters. Figure 2 A-H represent the 
bile-repressed clusters lp_0004-lp_0007 (DNA gyrase), lp_0175-lp_0181 (maltose ABC transporter), 
lp_1956-lp_1959 (ABC transporter), lp_2173-lp_2175 (extracellular proteins), lp_2647-lp_2651 (N-
acetylgalactosamine PTS-system), lp_2975-lp_2978 (extracellular proteins), lp_3219-lp_3222 (sucrose 
PTS-system) and lp_3553-lp_3557 (arabinose transporter), respectively. Figure 2 I-L represent the bile-
induced gene clusters lp_0254-lp_0256 (metC-cysK operon), lp_0779-lp_0781 (nucelotide kinase), 
lp_2016-lp_2021 (dlt operon) and lp_2363-lp_2370 (F1F0 ATPase), respectively. Notably, 
representative clones are truncated at the first start or stop codon of the genes encompassed by the gene 
clusters and the presented fold-induction levels are the average of the values obtained in the two arrays 
performed. Genes presented as bold-italic were initially identified using stringent selection criterion 
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Bile-regulated gene expression 
Seven genes or gene clusters encoding typical stress related functions appeared 
regulated by bile. Remarkably, the operon encoding the RecF protein and DNA 
gyrase, involved in the repair of point mutations during oxidative stress in several 
bacteria (15) is down-regulated, while bile acids are considered to induce oxidative 
stress. This finding is unexpected, especially since several other bile-mediated 
responses appear to reflect the oxidative stress induced by bile. As an example, the 
increased expression of glutathione reductase and the metC-cysK operon upon bile-
treatment could be involved in the protection against the oxidative stress imposed on 
L. plantarum by bile (12, 13). Notably, one of the bile-induced proteins that was 
identified in Propionibacterium freudenreichii in a differential proteome analysis is 
the cysteine synthase encoded by cysK (12), suggesting that at least part of the defense 
against bile appears to be conserved among different Gram-positive bacteria. The 
increased ftsH transcript levels upon treatment with bile could also relate to stress 
adaptation in L. plantarum. The ftsH gene encodes an ATP-dependent zinc 
metallopeptidase involved in cell-cycle control and membrane function in Escherichia 
coli and Bacillus subtilis (8, 9, 19). Moreover, in Bacillus subtilis, the ftsH gene is 
induced upon osmotic up shift and has a general role in stress adaptation (9). It is 
remarkable that the expression of one of the four choloylglycine hydrolase encoding 
genes of L. plantarum (lp_3536, bsh1) is approximately 5-fold induced by bile, while 
the expression of another bsh gene is reduced (lp_3362, bsh3). This observation 
suggests differential regulation of bsh genes by different bile compounds present in 
the porcine bile mixture used during our experiments. Therefore, it would be 
interesting to perform experiments in which at a chosen moment a chemically-defined 
bile compound is added and transcript profiles are determined following bile addition. 
Finally, the DNA micro-array experiments demonstrated that transcription of the 
glutamate decarboxylase encoding gadB gene was significantly induced by bile. In 
addition, two other genes encoding proteins involved in glutamate metabolism are 
regulated by bile, namely glutamate dehydrogenase and glutamate tRNA-ligase 
(lp_1169 and lp_0609, Table 1 and 2, respectively). It has been demonstrated in 
several GI-tract related bacteria, including E. coli (6) and Listeria monocytogenes (4), 
that intracellular glutamate accumulation enhances the survival of these microbes 
during osmotic and acid stress. This protective effect is directly correlated to the 
glutamate decarboxylase activity that is involved in the conversion of glutamate into 
γ-aminobutyrate. The γ-aminobutyrate formed is subsequently exchanged for another 
extracellular glutamate via the gadC encoded antiporter (4), thereby the combination 
of these reactions results in the consumption of an internal proton, which is thought to 
generate the observed stress tolerance (4). The gadB and gadC genes of E. coli and 
Listeria monocytogenes are genetically linked and tandemly transcribed, which is a 
feature that is not conserved in L. plantarum. Nevertheless, the L. plantarum genome 
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appears to encode a GadC homologue (lp_2799). While the expression of this gene 
did not appear to be affected by bile in our experiments, a protective effect of L. 
plantarum GadB in maintenance of the relative intracellular pH and proton motive 
force, possibly involving a constitutively expressed glutamate-γ-aminobutyrate 
antiporter, can certainly not be excluded. 

Six bile-repressed genes and gene clusters encode transporters located in the 
cell membrane, namely two ABC-transporters, of which one is annotated to be 
specific for maltose/maltodextrin, three PTS-systems specific for N-
acetylglucosamine, cellobiose and sucrose, and an arabinose transport protein. The 
observation that the transcription of all these transporters is down-regulated by bile 
could reflect the major impact of this lipid-active compound on membrane integrity 
and stability. Possibly, bile stress-induced loss of membrane integrity can partially be 
compensated by the down-regulation of the genes encoding non-essential membrane 
proteins. A similar rationale might explain the reduced expression of the membrane 
associated protein encoded by lp_2143. Moreover, it should be noted that the absolute 
regulatory factors found for the gene clusters containing the N-
acetylgalactosamine/glucosamine PTS-system and the arabinose transporter, were 
among the highest in the array analyses. Uptake of N-acetyl-D-glucosamine via its 
PTS transporter leads to N-acetyl-D-glucosamine-6P intracellular, which is a 
precursor in the biosynthesis of both UDP-N-acetyl-D-glucosamine and UDP-N-
acetylmuramate that are both required for peptidoglycan biosynthesis. The results 
appear to suggest that L. plantarum could exploit this pathway under non-stressed 
conditions, while bile induced stress leads to repression of this metabolic shortcut for 
cell-wall precursor biosynthesis, which could be related to the membrane stress 
caused by bile. The only membrane-associated function of which the transcript levels 
are enhanced during bile stress is the F1F0 ATPase system, which is involved in 
maintenance of the proton motif force at the expense of ATP (17). The expression of 
the atp operon in L. acidophilus, encoding F1F0 ATPase, appeared to be induced at 
low pH ranges (11). The increased transcript levels of the complete F1F0 ATPase 
encoding gene cluster in L. plantarum in the presence of bile strongly suggests proton 
motive force dissipation in the presence of bile. Apparently, maintenance of proton 
motif force is a crucial factor during bile stress, as two systems potentially 
contributing to this process appear to be induced, generating proton motif force at the 
expense of ATP (F1F0 ATPase system) or glutamate (glutamate decarboxylase 
system, see above). 

Several changes in the expression levels of genes encoding cell-wall 
associated proteins were observed. The expression of lp_1643 and lp_3421, encoding 
two individual cell surface proteins, appear to be down- and up-regulated by bile, 
respectively. Moreover, the transcript levels of two clusters encoding multiple 
extracellular proteins were reduced (lp_2173-lp_2175 and lp_2975-lp_2978). The 
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exact role of these extracellular proteins in L. plantarum during bile stress remains to 
be established. Nevertheless, the remarkable changes in transcription level of several 
genes encoding cell wall-associated functions clearly indicate a changed cell wall 
composition during bile stress. A striking observation in this respect is the increased 
expression of the dlt operon, involved in D-alanylation of teichoic acids (7). This 
observation suggests an increased molecular decoration of lipoteichoic acid in the 
presence of bile, which would influence the charge of the cell wall and might provide 
a defense mechanism against bile. Besides the increase in expression of the serine-
type D-Ala-D-Ala carboxypeptidase encoded in the dlt operon, a second gene 
encoding this function appeared reduced during bile stress. In conclusion, the fact that 
fourteen genes and gene clusters encoding cell envelop associated functions display 
altered expression levels indicate prominent changes in cell envelope architecture 
during bile stress. 
 
Concluding remarks 
This paper describes the first transcriptome analysis of the bile response in L. 
plantarum. In parallel with a genetic screen performed previously in our lab (3), the 
response towards bile was investigated during growth on plates. Clone-based arrays 
were used and stringent selection of differentially expressed genes led to the 
identification of 29 and 62 putative genes that were up- and down-regulated in the 
presence of bile, respectively. Genetic linkage of several of these individual bile-
responsive genes resulted in the identification of twelve bile-responsive gene clusters. 
Several genes and gene clusters encode functions that have previously been associated 
with stress response and/or adaptation in different bacteria (4, 9, 13). The major 
impact of bile acids on cell envelope integrity is clearly exemplified by the change in 
expression of fourteen genes and gene clusters encoding cytoplasmic membrane and 
cell wall-associated functions. In analogy, a genetic screen that was previously 
performed in our laboratory already elucidated the importance of efflux pumps and 
cell envelope architecture in the response towards bile (3). Moreover, these findings 
are in good agreement with the dramatic changes in morphology of L. plantarum cells 
upon bile stress (3), which has also been observed for other Gram-positive bacteria 
like Propionibacterium freudenreichii (12) and L. reuteri (18). The aforementioned 
genetic screen (3) and the DNA micro-arrays presented here, both aim at analysis of 
the bile response in L. plantarum during growth on solid media. However, the genes 
identified by the genetic screen (3) did not appear to be consistently up-regulated by 
bile according to the array analyses presented here. This apparent discrepancy might 
be explained by the fact that the genetic screen primarily identifies differentially 
active promoter elements in a multi-copy plasmid system, while the DNA micro-array 
studies aim at differential transcript profiling. Moreover, since the genetic screen 
employed was based on complementation of a mutation in the essential alanine 
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racemase encoding gene (alr), it is likely that this screen primarily identifies genes 
that are differentially expressed for several days during growth on plates. In contrast, 
the transcript levels assessed with DNA micro-arrays represent the abundance of 
mRNAs at one specific time point and thus reflect the response to the physico-
chemical conditions present at that time point. Consequently, these analyses provide a 
snap-shot of the bacterial expression profile, namely at the time of RNA isolation. 
Hence, within the experimental set-up used here, it could very well be that the alr 
complementation screen has identified genes involved in the initial stress response of 
L. plantarum upon bile treatment, while DNA micro-array analyses have unraveled 
the later, bile adaptive response. These subtle differences could explain the low level 
of similarity found in the outcome of these two screens. Nevertheless, the 
complementary approaches used (genetic screen and DNA micro-arrays) have 
provided valuables clues towards the defense mechanisms that play a role during bile 
stress in L. plantarum. 
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Chapter 6 

Abstract 
Lactobacillus plantarum is a flexible and versatile microorganism that inhabits a 
variety of environmental niches, including the human gastrointestinal tract (GI-
tract). Moreover, this lactic acid bacterium has been shown to be able to survive 
passage of the human and mouse stomach in an active form. To investigate the 
genetic background of this persistence, resolvase-based in vivo expression 
technology (R-IVET) was performed in L. plantarum WCFS1, using the mouse 
GI-tract as a model system. This approach identified 72 L. plantarum genes of 
which the expression is induced during passage of the GI-tract as compared to 
laboratory media. Nine of these genes encode sugar-related functions, including 
ribose, cellobiose, sucrose and sorbitol transporter genes. Another nine genes 
encode functions involved in acquisition and synthesis of amino acids, 
nucleotides, cofactors and vitamins, indicating their limited availability in the 
GI-tract. Four genes involved in stress-related functions were identified, 
reflecting the harsh conditions that L. plantarum encounters in the GI-tract. The 
four extracellular protein encoding genes identified could potentially be involved 
in interaction with host specific factors. The rest of the genes are part of several 
functionally unrelated pathways or encode (conserved) hypothetical proteins. 
Comparison of the R-IVET screen with several in vitro experiments might 
provide clues to geographical differentiation of L. plantarum gene expression 
along the host's GI-tract. Remarkably, a large number of the functions or 
pathways identified here have previously been identified in pathogens as being 
important in vivo during infection, strongly suggesting that survival rather than 
virulence is the explanation for the importance of these genes during host 
residence. 
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Introduction 
Traditionally lactic acid bacteria (LAB) are applied extensively in the production of a 
wide variety of fermented food and feed products. In addition, certain LAB species, in 
particular from the genus Lactobacillus, are natural inhabitants of the gastrointestinal 
tract (GI-tract) and may have probiotic effects in man and animals (2). Moreover, 
LAB have great potential to serve as delivery vehicles of health-promoting or 
therapeutic compounds to the human GI-tract (23, 49). Among the different species 
encompassed by this genus, Lactobacillus plantarum is encountered in many 
environmental niches, including some dairy, meat and many vegetables fermentations 
(31). Because of the long tradition of utilization of L. plantarum in industrial and 
artisanal fermentations, this microbe is generally regarded as safe (GRAS). Next to 
the occurrence of L. plantarum in our diets, this microbe is frequently encountered as 
a natural inhabitant of the  human GI-tract (2). The complete 3.3 Mbp genome 
sequence of L. plantarum WCFS1 has been determined (31). This strain is a single 
colony isolate of strain NCIMB8826, which effectively survives passage of the human 
stomach in an active form, reaches the ileum in high numbers as compared to other 
strains, and is detectable in the colon (52). Intriguingly, genome sequence comparison 
revealed that the closest relatives of L. plantarum include Listeria innocua and 
monocytogenes, which also naturally inhabit and persist the human GI-tract (22). The 
availability of its genome sequence allows effective investigation of the genes and 
regulation mechanisms underlying the observed persistence of L. plantarum in the GI-
tract. 

Three main strategies have been developed for the identification of genes that 
are highly expressed in vivo as compared to laboratory conditions, namely selective 
capture of transcribed sequences (SCOTS; 13, 17), signature tagged mutagenesis 
(STM, for reviews see 43, 54) and in vivo expression technology (IVET). The original 
IVET strategy involves a tandem set of promoterless reporter genes which were used 
to identify promoters that are specifically switched on in Salmonella typhimurium 
during infection (38). Variations to IVET utilizing auxotrophic markers, antibiotic 
resistance genes and site-specific recombinases have been employed to trap promoters 
specifically activated during infection of several pathogens (for reviews see 3, 37). 
Although many papers describe the in vivo behavior of pathogens during infection in 
various animal models, the bacterial factors that allow survival and persistence of 
food-associated microorganisms remain largely unknown. Only a single study 
describes an in vivo approach in L. reuteri, resulting in the identification of 3 genes 
that are induced during colonization of Lactobacillus-free mice on an antibiotic-
containing diet (53). Unfortunately, the administration of antibiotics dramatically 
disturbs the intestinal microflora present in these mice, probably leading to GI-tract 
conditions that differ significantly from those in a conventional mouse. This 
disadvantage does not apply to recombination-based IVET (R-IVET) strategies (3). 
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Here we describe the exploitation of such a R-IVET approach in the food-grade 
organism L. plantarum WCFS1, leading to the identification of 72 genes of which the 
expression is induced in this LAB during passage of the GI-tract of conventional mice 
as compared to laboratory media. Many of the genes identified here have previously 
been identified in pathogenic bacteria using a variety of SCOTS, STM and (R)-IVET 
approaches. In addition, several novel in vivo induced genes of L. plantarum have 
been identified that potentially contribute to specific host-microbe interactions. 
 
Material and Methods 
Bacterial strains and plasmids 
The bacterial strains and plasmids that were used in this study are listed in Table 1. 
Escherichia coli strains MC1061 (11) was used as cloning host during construction of 
pNZ7109 (see below) and was grown aerobically in TY medium (46). Lactococcus 
lactis MG1363 (21) was used as a cloning host during construction of pNZ7125, 
pNZ7126 and the L. plantarum promoter library (see below). Lactococcus lactis was 
grown without aeration at 30 oC in M17 medium (Merck, Darmstadt, Germany), 
supplemented with 0.5% (wt/vol) glucose (GM17). L. plantarum WCFS1 (31) and its 
loxP-ery-loxP derivative NZ7109 (see below) were grown at 37 oC in MRS medium 
(Difco, Surrey, U.K.) without aeration. When appropriate, antibiotics were added to 
the media; for E. coli ampicillin (50 µg/ml); for Lactococcus lactis chloramphenicol 
(5 µg/ml); for L. plantarum chloramphenicol (5 µg/ml), erythromycin (5 or 30 µg/ml, 
for selection after transformation or replica-plating, respectively), lincomycin (10 
µg/ml) and rifampicin (50 µg/ml). 
 
DNA techniques and sequence analysis 
Plasmid DNA was isolated from E. coli on a small scale using the alkaline lysis 
method (4, 46). Large scale plasmid DNA isolations were performed using Jetstar 
columns according to the manufacturer’s instructions (Genomed GmbH, Bad 
Oberhausen, Germany).  DNA isolation and transformation in Lactococcus lactis and 
L. plantarum were performed as described previously (14, 18, 26). Standard 
procedures were applied for DNA manipulations in E. coli (46). Restriction 
endonucleases, Taq and Pwo polymerase, T4 DNA ligase and calf intestine alakaline 
phosphatase (CIAP) were used following the recommendations of the manufacturer 
(Promega, Leiden, the Netherlands and Boehringer, Mannheim, Germany). Primers 
were purchased from Pharmacia Biotech (Roosendaal, the Netherlands). The 
sequences of the inserts present in the pNZ7125 derivatives (see below), were 
amplified by PCR using the primers cre-R2 and BglII-cre (Table 1), followed by 
amplicon purification using Sephadex-G50 and multiscreen HV 96-well plates 
(Millipore, Amsterdam, The Netherlands). Partial insert sequences were determined 
using primer cre-R2 or BglII-cre, approximately 100 ng of the purified amplicons and 
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the ABI Prism® BigDye (tm) Terminator Cycle Sequencing Ready Reaction Kit 
protocol (Applied Biosystems, Nieuwekerk a/d IJssel, The Netherlands). Sequence 
reaction products were analyzed using an ABI-prism 3700 DNA analyzer. The 
determined insert sequences were assigned to L. plantarum WCFS1 chromosomal loci 
using Blast-N (31). 
 
 
Table 1: Strains, plasmids and primers used in this study and their relevant characteristics and 
references. 
 

Material Relevant features Source or reference 
Strains   
E. coli   
 MC1061 cloning host (11) 
Lactococcus lactis   
 MG1363 cloning host (21) 
L. plantarum   
WCFS1 wild-type for which the genome sequence is available (31) 
WCFS1-R RifR this work 
NZ7109 RifR, EmR, L. plantarum WCFS1 derivative containing a chromosomally located loxP-ery-loxP-cassette this work 
   
Plasmids   
pUC18 ApR (55) 
pUC19 ApR (55) 
pNZ7105 ApR , pUC18 derivative containing a 5'-truncated fragment of lp_3503  this work 
pNZ7106 ApR , pUC19 derivative containing a 5'-truncated fragment of lp_3504 this work 
pUC18ery ApR, EmR (51) 
pNZ7109 ApR, EmR, contains ery originating from pUC18ery flanked by two synthetic loxP sites and 5'-truncated 

fragments of lp_3503 and lp_3504 originating from pNZ7105 and pNZ7106, respectively (Fig. 1) 
this work 

pNZ7110 ApR, pUC18 derivative containing cre and TpepN (6) 
pJIM2246 low copy cloning vector, CmR  (45) 
pNZ7124 CmR, pJIM2246 derivative containing cre and TpepN  originating from pNZ7110 this work  
pNZ7125 CmR, pNZ7124 derivative containing Tlas upstream of cre this work 
pNZ7126 CmR, pNZ7125 derivative containg PldhL1 upstream of cre this work 
   
Primers   
cre-R2 5’-GTCCATCAGGTTCTTGCG-3’  
BglII-cre 5’-ATAGTTTACCCCGTCAGC-3’  
lp_3503F 5’-TGCTTTCCAAGAGCAAGCTG–3’  
lp_3503R a 5’-ACGTCTGCAGTCAGGTGTGAAGTTGGCACT-3’  
lp_3504F a 5’-ACGTCTGCAGCCACTCACCGACTAACACTC-3’  
lp_3504R a 5’-ACGTAAGCTTGACCCACGAGTTACCAACACG-5’  
lasF2 a 5’-ACGTGGATCCGGACAATATGGGGTAAGCG-3’  
lasR a 5’-AAGAAGATCT CTAAAGCTGACGGGGTAAAC-3’  
PldhL-F a 5’-GAAGATCTTCAATCTTCTCACCGTCTTG-3’  
PldhL-R a 5’-GAAGATCTTCAATAAGTCATCCTCTCGT-3’  

a underlined sequences indicate restriction sites subsequently used in cloning procedures 
b ApR, ampicillin resistant; CmR, chloramphenicol resistant; EmR, erythromycin; RifR, rifampicin resistant 
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Construction of L. plantarum NZ7109  
To allow highly selective recovery of L. plantarum WCFS1 from faecal samples, this 
strain was cultured with increasing concentrations of rifampicin (up to 50 µg/ml) and 
the resulting rifampicin resistant strain was designated L. plantarum WCFS1-R (Table 
1). The intergenic locus flanked by the convergently transcribed genes lp_3503 and 
lp_3504 (Fig. 1) was chosen for the integration of a loxP-ery-loxP cassette into the 
chromosome of L. plantarum WCFS1-R using a two step double cross-over strategy 
(18). For this purpose pNZ7109, a pUC18 (55) derivative which harbors a loxP-ery-
loxP cassette flanked by PCR amplified 5'-truncated fragments of lp_3503 (using 
primers lp_3503F and R) and lp_3504 (using primers lp3504F and R) was constructed 
and integrated into the chromosome of L. plantarum WCFS1-R (Fig. 1). A selected 
integrant possessing the anticipated genotype, as analyzed by PCR and Southern 
blotting, was designated NZ7109 (Table 1).  
 
 
 

 

 

 

 

 

 

 

 

 

 
 
 
Fig. 1: Basic principles of R-IVET. L. plantarum strain NZ7109 harbors a chromosomally located 
loxP-ery-loxP cassette and pNZ7125. Chromosomal loci of the L. plantarum genome (black triangle) 
are cloned upstream of cre in pNZ7125 and promoter activities in the resulting library can be trapped 
by monitoring the erythromycin phenotype, since cre expression will lead to excision of the 
erythromycin marker from the chromosome by a homologous recombination event between the two 
loxP sites. The colonies in the library appearing as erythromycin resistant in the laboratory (no active 
promoters under laboratory conditions) are administrated to mice and changes in the erythromycin 
phenotype (promoter activations) can be monitored in faecal samples. 
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pNZ7125, pNZ7126 and R-IVET library construction 
To implement R-IVET in L. plantarum the low-copy vector pNZ7125 was 
constructed. First, a fragment harboring cre, originating from pNZ7110 (7), was 
cloned into the low copy variant of pJIM2246 (45), yielding pNZ7124. Genomic 
DNA of Lactococcus lactis MG1363 (21) was used as a template to amplify the 
terminator of the las operon, using primers lasF2 and lasR (Table 1). The resulting 
0.35 kb amplicon was cloned into pNZ7124 and a plasmid containing the terminator 
of the las operon properly oriented upstream of cre to prevent read-through 
transcription was designated pNZ7125. This vector harbors the prtP ribosome binding 
site originating from pUC-NcoI (19) linked to a promoterless copy of the cre gene 
followed by the pepN terminator, both originating from pNZ8048-Cre (10). To 
confirm correct chromosomal loxP-ery-loxP resolution (1) upon cre expression, a 
pNZ7125 derivative containing the L. plantarum ldhL1 promoter (18) upstream of the 
cre gene was constructed. The promoter region of the ldhL1 gene of L. plantarum 
WCFS1 was amplified using chromosomal DNA of this strain (31) as template and 
the primers PldhL-F and PldhL-R (Table 1). The resulting 0.5 kb amplicon was 
digested with BglII and cloned into similarly digested pNZ7125. The constructed 
plasmid was designated pNZ7126 and contains the cre gene under control of the 
ldhL1 promoter. Finally, a L. plantarum WCFS1 chromosomal R-IVET library was 
constructed in pNZ7125. Chromosomal DNA was partially digested with Sau3AI and 
size-fractionated on 1% agarose gels. Fragments ranging from 1-2 kb were purified 
using SephaglasTM Bandprep (Pharmacia Biotech, Roosendaal, The Netherlands). 
These purified fragments were cloned into BglII digested and CIAP dephosphorylated 
pNZ7125 (Fig. 1). Ligation mixtures were transformed to Lactococcus lactis MG1363 
(21) and approximately 50,000 of the obtained colonies were collectively resuspended 
in GM17. Plasmid DNA was isolated from these cells and introduced into NZ7109. 
The approximate 37,000 colonies obtained were collectively resuspended in MRS 
containing 15% glycerol, and stored in aliquots at –80 oC. 
 
R-IVET animal experiments 
To counter select against clones in the R-IVET library that harbor pNZ7125 
derivatives containing a promoter element that is active under the laboratory 
conditions applied, the collective library was subcultured for approximately 20 
generations in MRS containing 5 µg/ml chloramphenicol, 30 µg/ml erythromycin and 
50 µg/ml rifampicin. Subsequent animal experiments were performed in an accredited 
establishment (N° A59107) according to guidelines N°86/609/CEE of the French 
government. Seven weeks-old female Balb/c mice were purchased from Iffa Credo (St 
Germain sur l’Arbresle, France) and had free access to tap water and standard mice 
chow during the experiments. After overnight culture, bacterial cells were pelleted by 
centrifugation and resuspended at 1010 CFU per ml in MRS. The 4 mice received a 
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100 µl oral dose of these freshly prepared bacterial suspensions by intragastric 
administration at 2 consecutive days, and 24 h after the last administration individual 
faecal samples were collected and resuspended in MRS medium. After extensive 
homogenization, the complete R-IVET library was recovered from the faecal samples 
by plating appropriate dilutions of the suspensions on MRS plates containing 5 µg/ml 
chloramphenicol and 50 µg/ml rifampicin. After 72 h full grown colonies were 
replica-plated to plates containing 5 µg/ml chloramphenicol and 50 µg/ml rifampicin, 
with or without 30 µg/ml erythromycin. Another 24 h later the plates were compared, 
leading to the identification of cells displaying an erythromycin sensitive phenotype. 
The inserts present in the corresponding pNZ7125 derivatives harbored by these 
resolved clones were amplified by PCR and from the resulting amplicons the DNA 
sequences were analyzed. 
 
Results 
Implementation and functionality of R-IVET in L. plantarum  
Previously R-IVET has been used exclusively for the identification of genes induced 
in pathogenic microorganisms during infection of host tissues (for reviews see 3, 37). 
Since it has been reported that the Cre resolvase, encoded by the cre gene, could be 
functionally implemented in the LAB Lactococcus lactis (10), the suitability of this 
resolvase for a R-IVET approach in L. plantarum was evaluated. Therefore, a L. 
plantarum WCFS1 derivative strain harboring a chromosomally located loxP-ery-
loxP cassette was constructed and designated strain NZ7109 (Fig. 1). The growth rate 
of NZ7109 did not differ from that observed for wild-type L. plantarum WCFS1, and 
after 50 generations of growth without antibiotic selection pressure, replica-plating 
revealed that all NZ7109 cells were erythromycin resistant. Moreover, PCR analysis 
revealed that the chromosomal loxP-ery-loxP insertion could be amplified from all 
colonies (data not shown), indicating that the chromosomal insertion is stable. Both 
pNZ7125, a low-copy vector encoding a promoterless copy of cre, and a derivative 
containing the cre gene under control of the L. plantarum WCFS1 ldhL1 promoter 
(pNZ7126) were introduced in NZ7109 cells and plated on MRS medium with 
chloramphenicol. Replica-plating of the transformants revealed that all NZ7109 
colonies harboring pNZ7125 were erythromycin resistant, while all NZ7109 colonies 
harboring pNZ7126 were erythromycin sensitive. In addition, PCR analysis confirmed 
that the loxP-ery-loxP locus could only be amplified from erythromycin resistant 
colonies (data not shown). These results establish the functional implementation of 
the cre-loxP resolution system in L. plantarum WCFS1 and confirm the suitability of 
pNZ7125 as a R-IVET vector. 
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Construction of a L. plantarum R-IVET library in pNZ7125 
A genomic library of L. plantarum WCFS1 was constructed in pNZ7125, using 
Lactococcus lactis MG1363 as an intermediate cloning host. Approximately 37,000 
colonies were obtained in L. plantarum NZ7109 and the quality of this library was 
assessed in several ways. The pNZ7125 derivatives of 100 randomly picked colonies 
were used as template for insert amplification by PCR, demonstrating that over 95% 
of the investigated clones contain an insert with an estimated average size of 1.3 kb 
(data not shown). To assess insert redundancy, all amplicons were digested with 
Sau3AI and the resulting fragments were separated by 2% agarose gel electrophoresis. 
No common restriction profiles were detected, indicating that redundancy in the R-
IVET library is low. Moreover, 28 of these amplicons were used for partial sequence 
analysis, which revealed no apparent over- or under-representation of a specific 
region of the L. plantarum genome. These results support the randomness of the 
library and genome coverage was calculated to be approximately 98% (data not 
shown). The R-IVET library was replica-plated to plates with and without 
erythromycin, which indicated that 10% of the R-IVET clones contain a pNZ7125 
derivative harboring a properly oriented promoter element that is active under the 
laboratory conditions applied and drives cre expression at a sufficient level to excise 
the loxP-ery-loxP cassette from the chromosome of NZ7109. 
 
R-IVET screen in mice 
To counter select against clones displaying cre expression under laboratory 
conditions, the R-IVET library was cultured for 20 generations in the presence of 
erythromycin. Subsequently, full-grown cultures were used for gastric administration 
to 4 Balb/c mice. After recovery from faecal samples 6,000 of the R-IVET clones 
were analyzed for their erythromycin phenotype by replica-plating, revealing 198 
(3.3%) clones that displayed an erythromycin sensitive phenotype. The partial 
sequence of 132 of the chromosomal inserts present in the pNZ7125 derivatives 
originating from these clones was determined and corresponded to 119 unique loci of 
the L. plantarum genome, since one locus was found three times, while 11 loci were 
found twice. According to the current genome annotation database of L. plantarum 
WCFS1 (31) these loci harbor 72 unique genes and their upstream sequences in the 
proper orientation to explain the observed induction of cre expression (Table 2). 
Notably, 9 loci contained more than one putative 5'-end of an annotated ORF and 
their potential promoter. Remarkably, two independent Sau3AI clones corresponding 
to lp_0291 and its upstream sequence were found that differ in size (1.0 and 1.5 kb). 
Hence, the in vivo induction of this gene was independently confirmed twice during 
the R-IVET procedure. The identified genes appeared to be randomly located within 
the L. plantarum genome. Moreover, the genes appeared to be randomly distributed 
among the main functional categories. The ORFs identified in this R-IVET screen 
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were functionally grouped in genes involved in nutrient acquisition and synthesis (18 
ORFs), stress response and adaptation (4 ORFs), extracellular proteins (4 ORFs), 
regulation (3 ORFs) and others (19 ORFs). The remaining 24 genes encoded 
(conserved) hypothetical proteins of unknown function (Table 2). 

To verify the primary R-IVET results the 132 partially sequenced clones were 
divided in four groups of 33 clones which were used for collective plasmid DNA 
isolation. These mixtures of pNZ7125 derivatives were reintroduced into L. 
plantarum NZ7109 and the resulting colonies were collectively stored. Replica-
plating of the transformants revealed that all tested colonies displayed an 
erythromycin resistant phenotype, confirming the absence of cre expression in these 
clones under laboratory conditions. These four groups were separately subjected to a 
second round passage through 8 mice (2 animals per group), following the same 
procedure as applied in the first round passage, including recovery from faecal 
samples and analysis of the erythromycin phenotype. This second round passage 
revealed a dramatic increase in the percentage of erythromycin sensitive colonies that 
was recovered from the faecal samples of all individual mice (Table 3). The 
observation that the second round passage resulted in an average of 38.1% 
erythromycin sensitive clones as compared to 3.3% in the experimentally identical 
first round passage confirmed the R-IVET based enrichment of L. plantarum 
chromosomal fragments harboring in vivo induced promoter elements. 
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Table 2: L. plantarum genes that are induced during passage of the mouse GI-tract as compared to 
laboratory conditions. 
 

class  ORF (gene) product or function relevant reference(s) 
nutrient acquisition and 
synthesis 

   

sugar lp_0185 (pts1BCA)a sucrose PTS EIIBCA (30)b 

 lp_1164 (pts14C) cellobiose PTS, EIIC (20, 30) 
 lp_2647 (pts19A) N-acetylglucosamine/galactosamine PTS, EIIA  
 lp_3473 (ram2) alpha-L-rhamnosidase  
 lp_3522 (pts32BC) sucrose PTS, EIIBC (30)b 
 lp_3526 (pbg10)a 6-phospho-beta-glucosidase  
 lp_36182 (pts37A) sorbitol PTS EIIA (25) 
 lp_36593 (rbsD) ribose transport protein (13, 34) 
 lp_36603 (rbsK3) ribokinase  (13, 34) 
non-sugar lp_0017 (proA) glutamate-5-semialdehyde dehydrogenase (28, 48) 
 lp_0228 (pepD1) dipeptidase  
 lp_0696  cytosine/adenosine deaminase (44) 
 lp_0775 (argG) argininosuccinate synthase (9) 
 lp_0854 (birA2)a biotin--[acetyl-CoA-carboxylase] ligase and biotin operon 

repressor 
(12, 29) 

 lp_1058 (adk) adenylate kinase  
 lp_1319 (rsuA) pseudouridylate synthase  
 lp_16027 geranyltranstransferase / farnesyl di P transferase  
 lp_2031 (ribC2) bifunctional protein: riboflavin kinase and FMN 

adenylyltransferase 
(36) 

stress    
 lp_1019 (clpC) ATP-dependent Clp protease (27, 35) 
 lp_30554 (copA) copper transporting ATPase (24, 37) 
 lp_3288 cation efflux protein  
 lp_33035 putative multidrug transport protein (28) 
extracellular    
LPQTNE containing lp_0800 cell surface protein precursor  
 lp_2940 cell surface protein precursor  
other lp_0141 extracellular protein  
 lp_1403a cell surface protein  
regulators    
 lp_3176 (pkn2) serine/threonine protein kinase  
 lp_3514 (bglG4) transcription antitermination (39) 
 lp_3646a transcription regulator  
other    
 lp_0237 integral membrane protein  
 lp_0299 ABC transporter, ATP-binding protein  
 lp_0305 (gcsH1) glycine cleavage system, H protein  
 lp_03931 (thgA1) galactoside O-acetyltransferase  
 lp_03941 transport protein  
 lp_0419 (plnI)a immunity protein  
 lp_0489 (tkt1-N) transketolase  
 lp_0698 (dnaX)a DNA-directed DNA polymerase III, gamma/tau subunit (30) 
 lp_07406 (prfB-N) peptide chain release factor 2, N-terminal fragment   
 lp_07416 (prfB-C) peptide chain release factor 2, C-terminal fragment  
 lp_16037 (ispA) hemolysin homologue  
 lp_1847 (codV) integrase/recombinase  
 lp_3051 (dhaT) 1,3-propanediol dehydrogenase (40) 
 lp_3082 transport protein  
 lp_3281 transport protein  
 lp_3500 short-chain dehydrogenase/oxidoreductase (40) 
 lp_3505 (est2) acetylesterase  
 lp_36172 (tal3) transaldolase   
 lp_3662 (adhE) bifunctional protein: alcohol and acetaldehyde 

dehydrogenase 
(41) 

hypothetical    
conserved lp_0026, lp_0139, 

lp_0190, lp_0291a, 
lp_04768, lp_04778,  
lp_0907, lp_1969, 
lp_2337, lp_25079, 
lp_25089, lp_2713, 
lp_2718, lp_30574, 
lp_30584 and lp_3312 

  (53)  for lp_2718, see text) 

not conserved lp_0118a, lp_0292, 
lp_1788, lp_1872, 
lp_2112, lp_2584, 
lp_3246 and lp_33055 

  

a These genes were identified twice during the R-IVET screen 
b In the original paper 13 in vivo induced loci were identified in Streptococcus gordonii. However, these loci were only partially 
sequenced and for six loci this was not sufficient to identify a promoter element. At present, using more detailed sequence 
analysis and the partially available genome sequence, these loci have been assigned a promoter element (Lin Tao, personal 
communication) 
1-9 genes with the same tag originate from one clone 
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Table 3: A second round passage of R-IVET positives through mice results in an increased percentage 
of erythromycin sensitive NZ7109 colonies as compared to the first round passage (3.3%). 
 

mouse promoter 
group 

eryS (%) 

1 1 58.0 
2 1 71.7 
3 2 52.9 
4 2 28.8 
5 3 34.2 
6 3 33.3 
7 4 31.5 
8 4 37.5 
average (1-8) 1-4 38.1 

 

 

Discussion 
Three major strategies have been utilized for the in vivo identification of promoters. 
The major disadvantages of SCOTS are the instability of bacterial mRNA for the 
construction of cDNA libraries, the low abundance of mRNA from transiently 
expressed genes, and the difficulty in isolation of sufficient high-quality mRNA from 
small populations of bacteria in vivo (37). Using STM only limited numbers of 
mutants can be screened per animal model. Moreover, mutants that are slow-growing, 
unviable, contain mutations in genes encoding redundant functions, or that can be 
complemented in a mixed population may be underrepresented (37). The 
disadvantages mentioned above for SCOTS and STM do not apply to IVET and R-
IVET strategies (37). For reasons mentioned in the introduction we preferred a R-
IVET screening in L. plantarum. To our knowledge, this is the first R-IVET approach 
in a food-grade bacterium, which resulted in the identification of 72 genes that are 
induced in situ in L. plantarum WCFS1 during passage through the mouse GI-tract. 
The identified genes appeared to be randomly distributed over the chromosome. 
Moreover, genes from many functional classes were identified and grouped into 6 
functional domains (Table 2).  

Nine of the genes identified using R-IVET are involved in sugar transport and 
utilization (Table 2), including 5 (components of) PTS systems, specific for N-
acetylglucosamine, sorbitol, sucrose (2x) and cellobiose, a ribose permease and a 
ribose kinase, and two di- and polysaccharide hydrolyzing enzymes. A diverse 
carbohydrate potential has been associated with several gram-positive microbes 
inhabiting the GI-tract, including L. plantarum (31), Listeria innocua and 
monocytogenes (22) and Bifidobacterium longum (47). The finding that several of 
these functions are induced in situ in the GI-tract confirms their importance for 
survival and persistence under GI-tract conditions. Moreover, genes involved in the 
metabolism of the same sugars have been described as being important for 
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pathogenesis in various bacteria, including Klebsiella pneumoniae (ribose, 34), 
Salmonella typhi (ribose, 13), Pasteurella multocida (sorbitol, 25), Listeria 
monocytogenes (cellobiose, 20) and Streptococcus gordonii (sucrose and cellobiose, 
30; Lin Tao, personal communication). Remarkably, the IIC transport component of 
the cellobiose PTS system found (lp_1164) is not located in a typical PTS- operon 
structure. In Listeria monocytogenes similar "orphan" cellobiose-PTS-IIC components 
have been shown to play a role in host-specific signaling, leading to modulation of 
virulence gene expression (33), suggesting host-factor mediated gene regulation in 
bacteria, possibly including L. plantarum. 

Nine genes were identified that are involved in the acquisition of non-sugar 
compounds, including factors involved in acquisition and synthesis of amino acids, 
nucleotides, cofactors and vitamins (Table 2). These results suggest that limiting 
amounts of these compounds are available under the starvation conditions in the GI-
tract, leading to activation or derepression of these L. plantarum genes. Accordingly, 
in vitro studies in different bacteria confirm the induction of several of these 
metabolic pathways under limiting conditions of specific compounds (12, 36, 44). 
Moreover, in vivo approaches have demonstrated that genes in arginine, biotin and 
proline metabolism in Vibrio cholerae (9), E. coli (29) and Helicobacter pylori (28), 
respectively, are induced during mouse infection. In Listeria monocytogenes, one of 
the closest relatives of L. plantarum, proline metabolism is induced under high 
osmolarity conditions (48). Such conditions could potentially be found in the colon 
and might suggest differential colonic expression of lp_0017. In analogy, other 
experiments in our laboratory have identified lp_3473, encoding an α-rhamnosidase, 
as induced by high osmolarity (unpublished observation), suggesting its colonic 
induction.  

The copper transporting ATPase identified here (lp_3055, Table 2) could be 
involved in copper acquisition. Alternatively, this transporter could act as an exporter, 
thereby preventing accumulation of copper in the cytoplasm. Arbitrarily, this gene 
was categorized as a stress-related protein, involved in copper detoxification. Three 
other genes were categorized as stress-related, namely clpC, a multidrug transporter 
and a cation efflux protein (Table 2). The fact that 3 possible exporters were identified 
suggests that the efficient transport of toxic compounds is important for GI-tract 
persistence of L. plantarum. Genes important in the transport of metals have been 
identified in many IVET screens (37), including a heavy metal transporter in 
Salmonella typhimurium possibly involved in Cu2+ homeostasis during infection (24). 
Moreover, in Helicobacter pylori an STM strategy revealed two genes encoding 
multidrug transporters to be essential for gastric colonization of mice (28). In several 
gram-positive microorganisms clp genes were demonstrated to be involved in stress 
response (15). In Streptococcus mutants the clpC operon is induced at low pH (35), 
which could suggest that expression of this gene might be induced in L. plantarum 
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during passage through the mouse stomach. Moreover, mutations in the ctsR gene, 
encoding the clpC regulator, in Listeria monocytogenes displayed a lower ability to 
survive the initial stages of murine infection in mice (27). 

Four genes encoding extracellular proteins were identified in the R-IVET 
screen (Table 2), including two proteins (lp_0800 and lp_2940) that contain an 
LPXTG-like motif (LPQTNE) involved in anchoring them to the bacterial cell wall 
(42). lp_0141 contains a high number of positive charges which could be involved in 
the interaction of the encoded protein with the cell wall. No putative binding domains 
were found in the protein encoded by lp_1403, suggesting secretion of this protein. 
The bacterial surface is the primary site of interaction with the host and numerous 
surface exposed adhesion factors have been described (32). Therefore, the surface 
anchored proteins identified here might represent factors that mediate interaction with 
host cells in the GI-tract or with components excreted in the GI-tract lumen of the 
host. lp_0800 encodes a protein that is extremely rich in serine and threonine. For a 
serine-rich surface protein encoded by Streptococcus pneumoniae it has been 
suggested that the serine residues might be glycosylated by glycosyltransferases that 
are encoded by genes flanking the surface protein encoding gene (50). These 
glycosylated serine residues could resemble mucin like structures that coat the 
bacterial surface or interact with host cell mucins (50). Although no 
glycosyltransferase encoding genes appear to be genetically linked to lp_0800, a 
similar role might be fulfilled in L. plantarum by the lp_0800 encoded protein. 

Three regulators of different families were found to be induced in vivo (Table 
2). The bgl operon in L. plantarum was previously shown to be down-regulated in the 
presence of glucose (39). Therefore, the BglG transcription antiterminator (lp_3514) 
might be involved in the regulation of the response to the different sugars L. 
plantarum ferments during passage of the GI-tract. Remarkably, among the best 
homologues of lp_3514 in the Listeria monocytogenes genome is the bvrA gene (33% 
identity), which encodes a BglG-family antiterminator involved in regulation of 
virulence gene expression (5). 

Nineteen identified genes are involved in diverse pathways, including DNA 
and energy metabolism, protein fate and synthesis, and fermentation (Table 2). 
Several genes in these pathways have previously been described as being important 
for pathogenesis in various bacteria, including the 1,3-propanediol regulator and a 
short chain dehydrogenase of Klebsiella pneumonia (40), a bifunctional protein 
possessing alcohol and acetaldehyde dehydrogenase activity in E. coli K1 (41) and a 
DNA polymerase in Streptococcus gordonii (30). Another interesting observation is 
the apparent induction of PlnI, a plantaricin immunity protein (16), suggesting that the 
production of this bacteriocin is important for L. plantarum in the highly competitive 
environment in the GI-tract. 
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Finally, 24 hypothetical proteins (16 conserved and 8 unique) apparently play 
a role during passage of L. plantarum through the GI-tract (Table 2). Strikingly, the 
protein encoded by lp_2718 is a homologue (32% identity) of the only conserved 
hypothetical protein that was identified with IVET in L. reuteri (53; Christian Hertel, 
personal communication). Although the other putative genes were used for extensive 
analysis, using the available (R)-IVET literature and blast searches, no significant 
homologies could be found between these L. plantarum hypothetical proteins and 
other in vivo induced genes found in other species. One reason for this could be that a 
large amount of the nucleotide sequence data obtained for the hypotheticals found in 
in vivo screens in pathogens is not publicly available. The role of the aforementioned 
hypothetical genes in L. plantarum GI-tract persistence remains to be determined. 

Overall, a striking amount of parallels can be drawn between the pathogenic 
and non-pathogenic in vivo response, strongly suggesting that survival rather than 
virulence is the explanation for the importance of these genes during host residence. 
This suggestion is further corroborated by the fact that the gene encoding peptide 
methionine sulfoxide reductase has previously been identified using IVET in the food-
associated microbe L. reuteri during passage of the GI-tract (53) and IVET in the non-
food-associated Streptococcus gordonii during endocarditis (30). The similarities 
found for the L. plantarum R-IVET screen presented here are most prominent with in 
vivo screens that are performed in the same host (mice) using pathogens that infect the 
same host-organ (GI-tract), suggesting that organ- and host-specific factors play a key 
role in the determination of the microbial response. In addition, a number of functions 
that are in vivo induced in L. plantarum during passage of the mouse GI-tract, which 
(so far) have not been identified in similar in vivo studies in other bacteria, might 
contribute to specific interactions between this bacterium and factors encountered in 
this niche. Moreover, parallels between the in vivo study presented here and in vitro 
studies performed in the same bacterium (osmolarity induction, see above) or closely 
related species (osmolarity induction or low pH, see above) might hint towards spatial 
differentiation of L. plantarum gene expression during passage of the mouse GI-tract, 
i.e. specific induction in the stomach, small intestine or colon. Interesting in this 
respect is the recent observation in our laboratory that expression of lp_0237 and 
lp_0775 is induced by bile (8), suggesting in vivo induction in the duodenum, as this 
is the site of bile release by the host. In conclusion, the R-IVET screen performed in 
L. plantarum is an important step towards understanding the behavior of this food-
associated microbe related to stress, persistence, host-microbe- and microbe-microbe-
interactions in the complex GI-tract environment. 
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Chapter 7 

Abstract  
In vivo expression technology (IVET) and its resolvase-based variant (R-IVET) 
have been applied frequently for the identification of genes in pathogenic 
bacteria that are differentially expressed in vivo during infection. Recently, the 
first R-IVET screen in a food-grade organism, Lactobacillus plantarum WCFS1, 
was performed in our laboratory. This screen resulted in the identification of 72 
genes that are in vivo induced (ivi) during passage of the gastrointestinal tract 
(GI-tract) as compared to laboratory conditions (3). Here, we have selected 12 of 
these 72 L. plantarum ivi genes, mainly focusing on genes that encode proteins 
with a predicted role in cell envelope functionality, stress response and 
regulation, for the construction of gene replacement mutants. The growth 
characteristics of the constructed ivi gene replacement mutants on MRS and 
chemically defined medium appeared highly similar to that of the wild-type 
strain, which is in agreement with the R-IVET-based suggestion that these genes 
are not transcribed in the laboratory. Quantitative PCR (qPCR) experiments 
were performed to monitor the relative population dynamics of the group of L. 
plantarum cat-replacement mutants in faecal samples after passage through the 
GI-tract of mice, in competition with each other and a wild-type control strain 
NZ7109. These competition experiments indicated that after GI-tract passage the 
abundance of the total mutant group is drastically decreased relative to the 
control strain. Moreover, the relative abundance of individual ivi gene mutants 
appeared to be highly variable, and led to the identification of three ivi gene 
mutants that displayed 100- to 1000-fold reduced abundance as compared to 
other mutant strains.  
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Introduction 
Three main strategies have been developed for the identification of genes that are 
either highly expressed, differentially expressed or specifically required in vivo, 
namely (recombination-based) in vivo expression technology ((R-)IVET), signature 
tagged mutagenesis (STM), and selective capture of transcribed sequences (SCOTS). 
The basic characteristics and relative (dis)advantages of these approaches have been 
addressed previously (Chapter 1) and will therefore not be discussed in detail here. 
Particularly the different variants of the (R-)IVET approach have been applied to a 
large number of pathogenic bacteria, including Escherichia coli , Salmonella enterica, 
and Klebsiella pneumoniae (1, 20). The number of genes identified as in vivo induced 
(ivi) in these (R-)IVET screens is extremely variable and ranges from 1 to more than 
100 (20). After the initial identification of these ivi genes, quantitative reverse 
transcriptase PCR (qRT-PCR) has been used during follow-up experiments, allowing 
detailed analysis of the spatial and temporal expression patterns of (a subset of) these 
genes. In E. coli and Lactobacillus plantarum qRT-PCR experiments have revealed 
specific induction of gene expression in the liver and duodenum, respectively (4, 16). 
Another frequently applied follow-up strategy with ivi genes identified in pathogenic 
bacteria is the construction of gene deletion mutants followed by assessment of the 
relative virulence of the constructed mutants as compared to the wild-type strain (21, 
30). In addition, several studies report the comparative abundance of the mutants in 
infected tissues relative to the wild-type strain, as determined by selective plate counts 
of both strains (10, 12, 19). These gene disruptions strategies have confirmed the 
importance of many ivi genes during the infection process of several pathogens, 
including Staphylococcus aureus (19), Pseudomonas aeruginosa (30), Salmonella 
typhimurium (20), Yersinia enterocolitica (12), and Listeria monocytogenes (10). 

L. plantarum is a flexible and versatile lactic acid bacterium that inhabits a 
variety of environmental niches, including the human gastrointestinal tract (GI-tract). 
L. plantarum WCFS1 is a single colony isolate of strain NCIMB 8826, which 
displayed high activity and survival rates in the human intestine in pharmacokinetic 
experiments (29). To investigate the genetic events during this persistence, a R-IVET 
screen was performed in our laboratory, using the mouse GI-tract as a model system. 
This approach identified 72 L. plantarum WCFS1 genes of which the expression is 
induced during passage of the GI-tract as compared to laboratory media (3). 

This paper describes the construction of L. plantarum gene replacement 
mutants of 12 of the 72 ivi genes that were identified using R-IVET. Growth of these 
mutants on MRS and chemically defined medium was investigated, revealing that all 
mutants displayed highly similar growth characteristics as compared to the wild-type 
strain. Equal amounts of cells of the individual chloramphenicol resistant mutants and 
the control strain NZ7109, which harbors a chromosomal copy of an erythromycin-
resistance cassette (3), were administered to three mice and their relative population 
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dynamics were investigated by quantitative PCR (qPCR). Relative to the population 
ratios observed in the mixed bacterial population administered to the mice, the 
abundance of the mutant group as a whole appeared significantly reduced relative to 
the control strain in faecal samples. Moreover, qPCR analysis of the relative 
population dynamics within the mutant group revealed that the relative abundance of 
several of the mutants was significantly reduced in faecal samples as compared with 
the initial mutant population ratios administered to the mice. 
 
Material and Methods 
Bacterial strains, media and growth conditions 
The parent strains and plasmids that were used in this study are listed in Table 1. The 
regular primers, the primers for cat-replacement mutant construction, and the primers 
and probes used for qPCR are presented in Tables 1, 2 and 3, respectively. The L. 
plantarum mutants that were constructed are listed in Table 4. E. coli strain MC1061 
(6) was used as cloning hosts during construction of the pNZ7101 derived gene 
replacement vectors (see below). E. coli was grown aerobically in TY medium (25). 
L. plantarum WCFS1 (17), NZ7109 (3) and the gene disruption mutants were grown 
at 37 oC in MRS (Difco, Surrey, U.K.) or chemically defined medium (CDM)(23) 
without aeration. When appropriate, erythromycin (5 µg/ml or 30 µg/ml for primary 
selection or replica-plating, respectively) or chloramphenicol were added to the media 
(8 and 5 µg/ml for E. coli and L. plantarum, respectively).  
 
 
Table 1: Strains and plasmids used in this study, and primers for the construction of pNZ7101. 
 

Material Relevant featuresa Source or 
reference 

Strains   

E.coli MC1061 cloning host (6) 

L.plantarum WCFS1 wild-type for which the genome sequence is available (17) 

L. plantarum NZ7109 RifR EmR, L. plantarum WCFS1 containing chromosomal ery in neutral locus (3) 

Plasmids   

pNZ84 CmR, pACYC184 derivative (26) 

pGIZ850 CmR, contains P32-cat selectable as single copy in the chromosome of L. plantarum Goffin and Hols, 
unpublished data 

pUC18Ery AmpR EmR (28) 

pNZ7101 CmR EmR, vector for construction of L. plantarum gene replacement mutants this study 

Primers   

pNZ84F 5'-CGGGATCCCAACAGTACTGCGATGAG-3'  

pNZ84R 5'-GGGGTACCATCCAGTGATTTTTTTCTCC-3'  

a ApR, ampicillin resistant; EmR, erythromycin resistant; CmR, chloramphenicol resistant; RifR, rifampicin resistant 
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Table 2: Primers used during construction of the L. plantarum cat-replacement mutants. 
 

target locus Forward primer Reverse primer 

5’-lp_0190 5'-TACGAAAACTAAAGGC-3' 5'-ATGAACAACTACCGTTTAAC-3' 

3’-lp_0190 5'-TCTTCAAATACGGTAGGTCC-3' 5'-TTGCCTTAACTAAGATCGCC-3 

5’-lp_0237 5'-TTTTGGATGTCGGGACCTTA-3' 5'-ATTGCCATTTTCAGCACATG-3' 

3’-lp_0237 5'-CAGATAGGGTGTTGTCATAA-3' 5'-GTTTAGCCGGAATCTTCATC-3' 

5’-lp_0682 5’-GTAGAATCGGCTGAAGAACA-3’ 5’-CCCATTCATCCCAACCTAAT-3’ 

3’-lp_ 0682 5’-ACTCAGATCAATTACACCCA-3’ 5’-CAACGTATATACGTTCAGGC-3’ 

5’-lp_1019 5'-GGAGAAATTAGTCTCAGAAC-3' 5'-TGAAATATTTGGCCTGTTCC-3' 

3’-lp_1019 5'-TTAAAACCAGCCTAAGGCAG-3' 5'-TGTAGTTGCATGTCAGGTTG-3' 

5’-lp_1164 5'-TCATAGCACAACTGGATAGG-3’ 5’-GACCCGTTCAAAGGTCAATA-3’ 

3’-lp_1164 5’-TTGGCAAACCAGGTTGAGGA-3’ 5’-CGTTTCAGCCAGTAAGTACT-3’ 

5’-lp_1403 5’-CTTTGACCATCGTTTTAGCA-3’ 5’-TGGCTCTATGAAAACATCTC-3’ 

3’-lp_1403 5’-TAAGCTAATTGCGCCAATCG-3’ 5’-GATTTTGCGACTTGGCAGAC-3’ 

5’-lp_2940 5’-GCTAAACTAAAAAACGGTCG-3’ 5’-GGTTTTAGCAAGCAACAACG-3’ 

3’-lp_2940 5’-TAACATGGTGATTCCCATCA-3’ 5’-TATCAGGATGCTGAGTATCA-3’ 

5’-lp_3055 5’- TCCCAAGCGACGTAAATCTA– 3’ 5’-GTAGTCACGAGTTCGGTATTG-3’ 

3’-lp_3058 5’-CCCAATTGCTAACCCACCAA– 3’ 5’-AACCAAGTCAACCAGAAGAG-3’ 

5’-lp_3281 5’-CGATTAAAGTACCAGACGAC-3’ 5’-GTGACGTCTCAAATAGCGAA-3’ 

3’-lp_3281 5’-GTACAAGTCAACGTCATCCC-3’ 5’-CGCGACTTTGCCAATAAGTT-3’ 

5’-lp_3514 5’-ACGACAATACCCAAACTGCC-3’ 5’-ATCATGCACATTCAGCGGAT-3’ 

3’-lp_3514 5’-TTCAGCCAATAGGACGTTAT-3’ 5’-AAGGAACAGTTAGAATCACG-3’ 

5’-lp_3646 5'-GGATGGATGAAGCCTATCAG-3' 5'-AGCAAGGTATTCAAGCGGTA-3' 

3’-lp_3646 5'-GGCGTAAAGAACTTCCGGTT-3' 5'-CATGATTGAGTTGCTGGAAC-3' 

5’-lp_3659 5’-TTGGTAGTCTTCTTTTGGCC-3’ 5’-ACTGGTGAAATGACACCTTA-3’ 

3’-lp_3660 5’-GTTGATACTCCCAATAACGG-3’ 5’-GAATCCCTTTTTTGGTGAGC-3’ 
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Table 3: Primers used to check chromosomal integration events, and primers and probes used during 
qPCR. 
 

Primer sequence 

Integration controls  

HTPcmF 5'-TAGTGACAAGGGTGATAAAC-3' 

HTPcmR 5'- TCCTGACCACCATTATCAAG-3' 

HTPeryF 5'-GATACCGTTTACGAAATTGG -3' 

HTPeryR 5'- CCCATTTTGAAACAAAGTAC -3' 

SmaI- ori 5’-TTAAGAAGATACTGGCCGAA-3’ 

PvuII-ori 5’-TAGTAAGCCAGTATACACTC-3’ 

PvuII- SCO 5’-TGATGGTGTTTTTGAGGTGC-3’ 

eryF 5'-AAGCAATGAAACACGCC-3' 

  

qPCR primers  

TM-cat-F96 5’-TCAAATACAGCTTTTAGAACTGG-3’ 

TM-cat-R97 5’-ACCATCAAAAATTGTATAAAGTGGC-3’ 

TM-ery-F99 5’-TTCACCGAACACTAGGGTTGC-3’ 

TM-ery-R100 5’-CATTCCGCTGGCAGCTTAAG-3’ 

uniF 5'- CCGAGCCTAAGGAACAGGC-3' 

qPCR_0190 5’- AATTTGGGGGACCTACCGTAT-3’ 

qPCR_0237 5’- AAGCTGCCCATGTGCTGAAAA-3’ 

qPCR_1019 5’- ACGACCATCTGCCTTAGGCT-3’ 

qPCR_1164 5’- CCTCCTCCTCAACCTGGTTT -3’ 

qPCR_1403 5’- TGGGTCACGATTGGCGCAAT-3’ 

qPCR_2940 5’-TAAGATAGTGATGGGAATCACC-3’ 

qPCR_3055 5’- ACTCGTGACTACGGACAATGA-3’ 

qPCR_3281 5’- TTTAAGCGGGATGACGTTGAC-3’ 

qPCR_3514 5’- TAATAATAACGTCCTATTGGCTG-3’ 

qPCR_3646 5’- GTGAATTTGAACCGGAAGTTCT-3’ 

qPCR_3659 5’- ACGGTAACCGTTATTGGGAGT-3’ 

qPCR_0682 5’-CATTTAACTGGGTGTAATTGATC-3’ 

  

qPCR probes  

TM-cat-VIC98 5’-VIC-GCGACGGAGAGTTAGGTTATTGGG-TAMRA-3’ 

TM-ery-FAM101 5’-FAM-TGCACACTCAAGTCTCGATTCAGCA-TAMRA-3’ 

qPCR-MM 5'-FAM-CTAGAACAATTACGGCGCGATATGC-TAMRA-3' 
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Table 4: Overview of the constructed L. plantarum mutant strains, the functions of the replaced ORFs 
and their maximal growth rate on MRS and CDM media.  
 

a In these strains the chloramphenicol gene is transcribed in the opposite orientation as compared to the original gene 
b The corresponding clone identified as in vivo induced in the R-IVET procedure harbored lp_0682 and lp_0683 in the wrong 
orientation to drive expression of the reporter gene (3) 

 
 
DNA techniques  
Plasmid DNA was isolated from E. coli on a small scale using the alkaline lysis 
method (2, 25). Large scale plasmid DNA isolations were performed using Jetstar 
columns according to the manufacturer’s instructions (Genomed GmbH, Bad 
Oberhausen, Germany). DNA isolation and transformation in L. plantarum were 
performed as described previously (7, 15). Standard procedures were applied for DNA 
manipulations in E. coli (25). Restriction endonucleases, Taq and Pfx polymerase, and 
high-concentration T4 DNA ligase were used following the recommendations of the 
manufacturer (Promega, Leiden, the Netherlands and Boehringer, Mannheim, 
Germany). Primers were purchased from Pharmacia Biotech (Roosendaal, the 
Netherlands). 

Strain Replaced ORF(s) (genes) Removed function(s) µmax (h-1) 
on MRS 

µmax (h-1) 
on CDM 

L. plantarum WCFS1   0.80 ± 0.02 0.19 ± 0.02 

L. plantarum ∆lp_0190 lp_0190 conserved hypothetical 0.83 ± 0.17 0.17 ± 0.01 

L. plantarum ∆lp_0237a lp_0237 integral membrane protein 0.82 ± 0.06 0.18 ± 0.02 

L. plantarum ∆lp_0682b lp_0682 and lp_0683 prophage P1 protein 59 and 60 0.96 ± 0.10 0.22 ± 0.02 

L. plantarum ∆lp_1019 lp_1019 (clpC) ATP-dependent Clp protease 0.76 ± 0.11 0.18 ± 0.01 

L. plantarum ∆lp_1164 lp_1164 (pts14C) cellobiose PTS, EIIC 0.87 ± 0.03 0.21 ± 0.01 

L. plantarum ∆lp_1403 lp_1403 cell surface protein 0.87 ± 0.14 0.22 ± 0.02 

L. plantarum ∆lp_2940 lp_2940 cell surface protein precursor 0.91 ± 0.04 0.23 ± 0.01 

L. plantarum ∆lp_3055 a lp_3055 (copA), lp_3057 and lp_3058 copper transporting ATPase and conserved hypothetical (2x) 0.84 ± 0.08 0.22 ± 0.01 

L. plantarum ∆lp_3281 lp_3281 transport protein 0.90 ± 0.16 0.19 ± 0.02 

L. plantarum ∆lp_3514 lp_3514 (bglG4) transcription antitermination 0.85 ± 0.05 0.21 ± 0.01 

L. plantarum ∆lp_3646 lp_3646 transcription regulator 0.91 ± 0.12 0.21 ± 0.02 

L. plantarum ∆lp_3659 lp_3659 (rbsD) and lp_3660 (rbsK3) ribose transport protein and ribokinase 0.81 ± 0.04 0.21 ± 0.02 
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Plasmid construction and gene replacement in L. plantarum  
An efficient method was developed for the construction of relatively large numbers of 
gene replacement mutants in L. plantarum. For this purpose the vector pNZ7101 was 
constructed that allows single-step selection of L. plantarum gene replacement 
mutants. The pACYC184-derived origin of replication (24) was PCR amplified as a 
2.0 kb fragment using Pfx polymerase, with the primers pNZ84F and pNZ84R (Table 
1), and pNZ84 (26) as a template. The obtained amplicon was ligated with the 1.5 kb 
NaeI fragment of pGIZ850 (Philippe Goffin and Pascal Hols, UCL laboratory 
collection, Louvain, Belgium, unpublished data) that contains the cat-194 gene (14) 
under control of the lactococcal P32 promoter (27). The resulting plasmid was 
digested with SmaI and SphI, and ligated to a 1.1 kb SmaI-SphI fragment of 
pUC18Ery (28), which contains the erythromycin-resistance encoding ery gene. The 
resulting vector was designated pNZ7101 and is a suitable mutagenesis vector that 
harbors two selectable markers (ery and cat) that can both be selected at single-copy 
expression level in the L. plantarum chromosome (Fig. 1).  
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Fig. 1: Schematic representation of the mutagenesis vector pNZ7101 that allows single-step selection 
of cat-gene replacement mutants in L. plantarum. 
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pNZ7101 was utilized for the construction of 12 cat-replacement mutants in L. 
plantarum WCFS1. As a first step, the 24 5’- and 3’- flanking regions of the 12 target 
genes were amplified using Pfx polymerase, locus specific primers (Table 2), and 
chromosomal DNA of L. plantarum WCFS1 as template. The resulting amplicons 
were glass matrix purified (Amersham Pharmacia Biotech Inc) and the 5’-flanking 
regions were cloned in PvuII digested pNZ7101. The ligation mixtures were digested 
with PvuII prior to transformation to E. coli MC1061 (6) to reduce the number of 
transformants harboring backligated vector DNA. After 48 h, full-grown colonies 
were used directly as templates in a PCR reaction using primer PvuII-ori and the 
corresponding mutant specific 5’R primer (Table 3 and 2, respectively). This PCR 
reaction only generates a product when an insert is cloned in the appropriate 
orientation. Using this approach, 12 clones were selected that harbor a PNZ7101 
derivative containing the gene-specific 5’-flanking region. Plasmid DNA derived 
from these clones was digested with SmaI and ligated to the PCR-amplicon of the 
corresponding 3’-flanking region. The procedure used was essentially the same as that 
described for the 5’-flanking regions, including SmaI digestion of the ligation 
mixtures prior to transformation, and orientation-specific PCR-based clone selection 
using primers SmaI-ori and the locus-specific 3’R primer (Table 3 and 2, 
respectively). This approach resulted in the construction of 10 plasmids that harbor 
the chloramphenicol resistance gene flanked by the 5’- and 3’-flanking region of 10 
ivi target genes. For 2 target genes (lp_0237 and lp_3055) cloning of the 3’ flanking 
region was unsuccessful. Therefore, the 5'- and 3'-flanking regions of these genes 
were cloned in pNZ7101 in the opposite orientation (5’- and 3’-flanking regions 
cloned in SmaI and PvuII, respectively). Using this approach the 2 cat-gene 
replacement vectors for lp_0237 and lp_3055 could be obtained. Notably, all 12 
plasmids constructed were subjected to extensive restriction and PCR analyses, 
confirming their anticipated organization (data not shown). 

A double cross-over chloramphenicol replacement strategy was used for the 
stable cat-gene replacement of the 12 selected ivi genes. The mutagenesis plasmids 
were transformed to L. plantarum WCFS1 and integrants were selected on MRS 
plates containing 5 µg/ml chloramphenicol. After 48 h, full-grown colonies were 
replica-plated to MRS plates containing 5 µg/ml chloramphenicol, with or without 30 
µg/ml erythromycin. Colonies displaying an erythromycin sensitive phenotype 
represent candidate cat-gene replacements that result from a simultaneous double 
cross-over event in both the 5’- and the 3’-flanking regions of the ivi gene. The 
anticipated cat-replacement genotype of these candidate mutants was verified by five 
PCR reactions using chromosomal DNA of the mutants as template. These reactions 
include a multiplex PCR using the primer pairs HTPcmF plus HTPcmR, and HTPeryF 
plus HTPeryR to confirm the presence of the cat gene and the absence of the ery gene 
in the chromosomes of the mutants, respectively (Table 3). Moreover, the absence of 
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plasmid-derived DNA sequences was investigated using the primer combinations 
SmaI-ori and eryF, and PvuII-ori and PvuII-SCO (Table 3). Finally, the conformation 
of the cat-integration loci was checked using the primer pairs PvuII-ori combined 
with the corresponding mutant specific 5’R primer, and SmaI-ori combined with the 
corresponding 3’R primer (Table 2 and 3). Using these PCR reactions the anticipated 
genotype of the 12 cat-replacement mutant strains could be confirmed (Table 4). 
 
Maximal growth rate determination 
The maximal growth rates of L. plantarum WCFS1 and its cat-replacement mutant 
derivatives on MRS and chemically defined medium (CDM) medium (23) were 
determined. Full-grown cultures were diluted 100-fold in fresh media in a 96-well 
plate and growth was monitored by automatic OD600 measurements using an 
SPECTRAmax® PLUS384 microplate spectrophotometer (Molecular Devices 
Corporation, Sunnyvale, USA). All experiments were performed in triplicate and the 
obtained data were used to calculate the maximal logarithmic growth rate of all strains 
in MRS and CDM. 
 
Animal experiments 
The animal experiments were performed at the Institute Pasteur in Lille in an 
accredited establishment (N° A59107) according to guidelines N°86/609/CEE of the 
French government. Seven weeks-old female Balb/c mice were purchased from Iffa 
Credo (St Germain sur l’Arbresle, France) and had free access to tap water and 
standard mice chow during the experiments. To compare the in vivo persistence of the 
L. plantarum NZ7109 control strain (3) and the 12 ivi gene mutants in a competitive 
model, equal amounts of overnight cultures of all bacterial strains were mixed, 
pelleted by centrifugation, and resuspended at approximately 1010 CFU (total 
population) per ml in MRS. Three mice received a 100 µl oral dose of the bacterial 
suspension by intragastric administration at 2 consecutive days (day –1 and 0). 
Individual faecal samples were collected daily during 6 days following the last 
administration (day 1 to 6) and the samples were stored at –80 oC until they were 
further processed. 
 
DNA isolation from faecal samples 
DNA was isolated from the mixed input populations administered to the mice, and 
from faecal samples essentially as described before (31). Approximately 108 CFU 
from the mixed input population or 0.1 g of faecal sample were resuspended in 0.4 ml 
TE buffer (10 mM Tris-HCl, 1mM EDTA, pH 8.0) containing 10 µg/ml RNase. After 
thorough homogenization, 50 µl 10% SDS and 10 µl proteinase K solution (20 mg/ml) 
were added, and the resulting suspensions were incubated for 1 h at 65 oC.  
Subsequently, 0.5 g of zirconium glass beads, 0.5 ml phenol and 200 µl chloroform 
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were added and the cells were disrupted using two treatments of 40 seconds in a 
FastprepTM (Qbiogene Inc, Cedex, France) interspaced by 1 minute on ice. After 
centrifugation, the aqueous phase was used for DNA isolation using several phenol-
chloroform extractions, followed by precipitation of the DNA using 1 volume of 
isopropanol. Subsequently, the pellets were washed with 70 % (v/v) ethanol, and 
dissolved in 200 µl TE buffer by overnight incubation at 4 oC. 
 
Quantitative PCR analysis  
To compare the relative population dynamics of the erythromycin-resistant control 
strain L. plantarum NZ7109 (3) and the group of chloramphenicol resistant L. 
plantarum replacement mutants, a quantitative PCR (qPCR) was performed to 
determine the cat:ery gene ratio in DNA derived from mixed input populations and 
faecal samples at different time points. Each 50 µl amplification reaction contained 5 
µl of the isolated total DNA, 1x Taqman Universal PCR master mix (Applied 
Biosystems), 200 nM of primers TM-cat-F96, TM-cat-R97, TM-ery-F99, TM-ery-
R100, and 200nM of the Taqman probes TM-cat-VIC98 and TM-ery-FAM101 (Table 
3 and Fig. 2). Reactions were performed using an ABI Prism 7700 PCR machine 
(Applied Biosystems, Nieuwekerk a/d IJsel, the Netherlands). Reactions were 
initiated at 95 °C for 10 minutes, followed by 40 amplification cycles of 95 °C for 15s 
and 55 °C for 60s. Cycle threshold (Ct) values were obtained upon manual setting of 
the baseline at a threshold value at which fluorescence was appreciably above 
background fluorescence for each reaction and within the exponential phase of 
amplification for all reactions. Reactions were performed in triplicate and the 
reciprocal of the 2-power of the Ct values was used as a measure for the absolute 
amount of cat and ery templates. The ratios between these two absolute values for cat 
and ery were taken as the mutant:wild-type ratio. To compare the relative in vivo 
abundance of all constructed L. plantarum cat-replacement mutants, essentially the 
same qPCR conditions were used. However, each reaction contained 200 nM of uniF 
primer, mutant specific qPCR primer and the Taqman qPCR-MM probe (Table 3 and 
Fig. 2). The mutant-specific Ct values were used to calculate the relative abundance 
per mutant compared to the overall mutant population size in the DNA samples, 
which were calculated from the Ct values obtained by the cat-specific PCR on the 
same faecal samples, as described above. 
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Fig. 2: Schematic overview of the strategy that was employed to construct multiple cat-replacement mutants in L. plantarum, and the design of two qPCR approaches that 
allows quantitative amplification of the total mutant population or quantitative amplification of individual mutants strains. 
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Results  
Gene replacements and in vitro growth characteristics 
Previously we have described the identification of 72 L. plantarum genes that are 
induced during gastrointestinal tract passage in mice as compared to laboratory 
conditions (3). 12 of these ivi genes were selected, of which the majority encodes 
proteins with a predicted role in cell envelope functionality (lp_0237, lp_1164, 
lp_1403, lp_2940, lp_3281, and lp_3659), stress response (lp_1019, lp_3055), or 
regulation (lp_3514 and lp_3646). Moreover, two genes were selected that encode 
proteins for which no function in GI-tract functionality of L. plantarum could be 
anticipated (lp_0190 and lp_0682). In order to establish a role for these genes in the 
observed persistence of L. plantarum in this complex niche, the 12 ivi genes were 
mutated by cat-gene replacement. Initially, the growth characteristics of the 12 L. 
plantarum cat-replacement mutants were investigated in vitro on MRS medium 
(Table 4), revealing that the maximal growth rate of all mutants appeared to be highly 
similar to that observed for the wild-type strain. Moreover, the final OD600 reached by 
all strains was virtually identical (data not shown). The fact that the genes mutated in 
these L. plantarum WCFS1 derivatives were selected by R-IVET screening implies 
that these genes are not expressed under laboratory conditions (3). Therefore, the 
finding that mutation of these genes did not result in dramatic effects on growth under 
laboratory conditions was not unexpected and is in agreement with the R-IVET 
results. Nevertheless, these genes could still play an important role in vitro when L. 
plantarum is grown on poorer media as compared to the rich MRS medium. 
Therefore, the maximal growth rates of the mutants and the wild-type strain were 
compared on CDM. All mutants appeared to grow in this medium at a rate that is 
highly similar to that observed for the wild-type strain (Table 4). These data could 
suggest that these genes have a role under more specific conditions encountered in the 
GI-tract. 
 
Relative population dynamics 
A method was developed to monitor the relative population dynamics of the group of 
L. plantarum cat-replacement mutants during passage through the GI-tract in 
competition with each other and a wild-type control strain NZ7109. Notably, NZ7109 
harbors a unique erythromycin-resistance marker at a neutral locus in its chromosome 
(3), allowing its incorporation in these experiments as a wild-type control strain. This 
experimental set-up allows the use of Taqman qPCR for the simultaneous marker-
gene based quantitative determination of the cat-marked total mutant population 
versus the ery-marked wild-type control population. The cat- and ery-derived 
amplicons were generated in a single, 4-primer PCR reaction and were differentially 
detected and quantified using amplicon-specific Taqman probes with different 
fluorescent labels. To investigate differences in PCR efficiency in the two reactions, a 
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dilution range of pNZ7101 was initially used as template for the amplification of the 
cat and ery PCR products. The reciprocal of the 2-power of the obtained Ct values 
was used as a measure for the absolute amount of template. The average ratio of these 
absolute amounts calculated for the cat and ery reactions was 0.88 ± 0.05. Although 
this ratio is quite close to the actual template ratio of 1, the cat and ery template 
quantifications and their ratios presented below were corrected for this difference in 
amplification and/or detection efficiency. 

To assess their relative persistence in a competitive intestinal model, the 12 cat 
replacement mutants and the control strain NZ7109 were intragastrically administered 
in equal amounts to three mice on two consecutive days (day –1 and 0) and faecal 
samples were collected during 6 days (day 1-6). The qPCR method described above 
was employed to determine cat- and ery-derived Ct values that were used to calculate 
the abundance of the collective mutant group relative to NZ7109 in total DNA derived 
from the bacterial mixtures administered to mice and the faecal samples collected 
(Fig. 2 and 3). The input samples on day –1 and 0 appeared to contain approximately 
15-fold more cat-marked mutants than ery-marked NZ7109, which is relatively close 
to the ratio in which the mutant strains were mixed with the control strain prior to the 
intragastric intubation (12:1). These results clearly confirm the suitability of this 
qPCR approach for the quantitative population determination of the strains used in 
this in vivo experiment. In contrast to the input bacterial mixtures, the faecal samples 
from day 1-6 appeared to contain approximately equal amounts of the collective 
mutant group and the control strain NZ7109, indicating that after GI-tract passage the 
relative abundance of the mutant group is drastically decreased (Fig. 3A). Moreover, 
virtually identical cat and ery quantification curves were obtained for the three mice. 
Therefore, these individual abundance numbers per mouse were used to calculate the 
average cat:ery ratio (Fig. 3B). These data clearly illustrate the significantly reduced 
survival or persistence in the GI-tract of the ivi gene mutants as a group compared to 
the control strain NZ7109. 

A second qPCR strategy was developed that allows the determination of the 
relative population dynamics within the group of the cat-replacement mutants. The 
procedure employed generates a specific amplicon for every mutant by using one 
mutant-specific primer in combination with a universal primer and probe (Fig. 2). In 
control experiments it could be shown that a primer combination designed to 
specifically amplify a single ivi mutant did not generate a PCR product when 
chromosomal DNA of any of the other mutants was used as template (data not 
shown). This complete lack of cross-amplification establishes the high specificity of 
this mutant-specific qPCR approach. Subsequently, mutant-specific qPCR 
determinations were used to assess the relative population of individual mutants as 
compared to the total group of mutants, as was determined using the cat-gene specific 
qPCR described above. The data obtained clearly demonstrated that the input 
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population size of individual mutants present in the mixtures administered to the mice 
on day –1 and 0 are not significantly different (data not shown). Moreover, the 
relative abundance of some of the mutants appeared to be consistently and 
significantly lower as compared to other mutant strains in all 3 mice. This finding is 
clearly exemplified by the finding that in one mouse the relative abundance of the 
mutant strains ∆lp_1164, ∆lp_2940, and ∆lp_3055 appeared to be 100- to 1000-fold 
lower as compared to the mutant strains ∆lp_1403, ∆lp_3281 and ∆lp_3659, in which 
the latter mutants are representatives of the group of strains that displayed the highest 
relative abundance (Fig. 4). The measurements performed in the other 2 mice clearly 
confirmed the distinction between these strains, although the abundance reduction 
factor for L. plantarum ∆lp_1164, ∆lp_2940, and ∆lp_3055 appeared to be variable 
between mice. Several other mutant strains, including ∆lp_1019 and ∆lp_3514, 
appeared to consistently display intermediary abundance in the faecal samples 
analyzed (data not shown). However, significant assessment of their relative 
persistence requires expansion of the number of measurements and mice. Finally, the 
individual measurements per time point for strain ∆lp_0190 appeared to be relatively 
variable (data not shown). In conclusion, these experiments demonstrate the 
suitability of the qPCR strategy to assess and compare the in vivo persistence of 
multiple mutants in a single host animal, and clearly establish the importance of 
lp_1164, lp_2940 and lp_3055 for L. plantarum during passage of the GI-tract. 
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Fig. 3: Assessment by qPCR of the population dynamics of the cat-replacement mutants as a group, relative to the control strain NZ7109. panel 3A: the population 
abundance was calculated as the reciprocal of the 2-power of the obtained average Ct values, and is plotted per mouse (squares, triangles and circles represent the 3 
individual mice) for the mutant group (closed symbols) and the control strain NZ7109 (open symbols). Panel 3B: the average of the abundance ratio for the mutant group 
and the control strain NZ7109 (cat:ery) is presented, and was calculated on basis of the data obtained from all 3 mice. 
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Fig. 4: Determination of the relative abundance of individual mutants as compared to the group of mutants. The relative abundance is calculated as the reciprocal 2-power 
of the obtained Ct values, normalized by the abundance score obtained for the total mutant population (Fig. 3). The open circles, triangles and squares represent the low-
abundance mutant strain ∆lp_2940, ∆lp_1164 and ∆lp_3055, whereas the closed circles, triangles and squares represent the high-abundance mutant strains ∆lp_1403, 
∆lp_3659 and ∆lp_3281, respectively. 
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Discussion 
This paper describes the construction of 12 isogenic L. plantarum WCFS1 gene-
replacement mutants. These mutations were introduced in genes that were previously 
demonstrated to be induced during passage of the mouse GI-tract. The growth 
characteristics of all mutants on two different laboratory media (MRS and CDM) 
were highly similar to that of the wild-type strain. Furthermore, a qPCR approach 
demonstrated that the abundance of the mutant group in the GI-tract of mice is 
drastically reduced relative to a wild-type control strain, indicating that most, if not 
all, ivi gene mutants have a reduced persistence or survival rate in the GI-tract. In 
addition, a second mutant-specific qPCR experiment focused on the relative 
population dynamics within the group of mutants. It would be interesting to validate 
whether the group-specific qPCR data (representing DNA template abundance) can be 
confirmed by selective viable count determinations (representing living cell 
abundance). Subsequently, the relative abundance of individual cat-replacement 
mutants could in its turn be validated by mutant specific qPCR on the collective 
chloramphenicol resistant, viable bacterial population retrieved from faecal samples. 

The mutant-specific qPCR experiments revealed that in particular the 
abundance of L. plantarum ∆lp_1164, L. plantarum ∆lp_2940 and L. plantarum 
∆lp_3055 was decreased relative to the other mutants. These data indicate that these 
genes play a role in the functionality of L. plantarum during passage of the GI-tract. 
The IIC transport component of the cellobiose PTS system predicted to be encoded by 
lp_1164 is not located in a typical PTS-operon structure. Notably, the best homologs 
of lp_1164 in the Genbank and ERGO databases (http://www.ncbi.nlm.nih.gov/ and 
http://ergo.integratedgenomics.com/ERGO/, respectively) include several orphan 
PTS-IIC transport components in other bacteria. Moreover, in Streptococcus 
thermophilus, Pediococcus pentosaceus, L. johnsonii, and L. casei the genomic 
organization of these homologs appears to be similar to the lp_1164 locus in L. 
plantarum, since the downstream gene encodes an acetyltransferase/hydrolase with a 
typical αβ-hydrolase fold in all these organisms. In Listeria monocytogenes orphan 
cellobiose-PTS-IIC components have an established role in host-specific signaling, 
leading to modulation of virulence gene expression (18). Notably, many of these PTS 
systems are absent in Listeria innocua (11). These findings together with the 
experiments presented here suggest that host-factor mediated gene regulation in 
bacteria could involve analogous bacterial signaling factors (orphan cellobiose PTS-
IIC components) in different bacteria, including L. plantarum. 
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The lp_2940 gene is predicted to encode an extracellular protein that contains 
an LPQTNE motif involved in anchoring of this protein to the bacterial cell wall (5, 
22). The bacterial surface is the primary site of interaction with the host and the 
protein encoded by lp_2940 might represent a factor that mediates interaction with a 
(host-derived) GI-tract specific factor, or with host epithelial cells. Notably, the 
protein encoded by lp_2940 has no homologues in the Genbank and ERGO databases. 
Moreover, no recognizable sequence motifs or domains could be identified in this 
protein (5). Therefore, it remains to be established what the exact role of this protein 
in L. plantarum is.  

lp_3055 is predicted to encode a copper transporting ATPase and could be 
involved in copper acquisition. Alternatively, this transporter could act as an exporter, 
thereby preventing accumulation of copper in the cytoplasm. These possibilities could 
be analyzed in vitro by comparison of growth characteristics under copper limitation 
of the wild-type and lp_3055 mutant, or by determination of their relative LD50 for 
copper. Heavy metal transport is a common theme that arose from several IVET 
screens in pathogens (20), and copper homeostasis has been recognized in an IVET 
screen as important during the infection process of Salmonella typhimurium (13). 
Furthermore, among the best homologs of L. plantarum CopA is the CtpA protein of 
Listeria monocytogenes (56% identity), which has an established role in copper 
transport. Gene expression studies suggest that CtpA functions both as detoxification 
and acquisition mechanism, since the expression of ctpA is induced under copper 
limitation and high copper concentrations. Growth of Listeria monocytogenes ctpA 
insertion mutants was restricted by copper-chelating agents (8). Moreover, recovery 
of ctpA mutants from tissue of infected mice was dramatically reduced as compared to 
the wild-type strain, and a significant impairment in terms of in vivo persistence in 
mixed-infection competition experiments was observed (9). Our results establish a 
similar role in in vivo persistence for CopA in L. plantarum, which is likely related to 
the same in situ function displayed by copA and ctpA in the two species. Whether the 
in situ importance of these proteins relates to copper detoxification or copper 
acquisition remains to be established, but in vitro functional analysis of copA in L. 
plantarum might suggest which of the two functions is required in the GI-tract. 

Several papers describe the construction of ivi gene deletion mutants in 
pathogenic bacteria, followed by assessment of the abundance of individual mutants 
compared to the wild-type strain. Notably, these experiments involve selective plate 
counts of mutant and wild-type strains and are usually performed with bacterial cells 
that are in the post-invasion stage, e.g. isolated from infected tissues or organs (10, 12, 
19). These plate counts generally do not allow the differential enumeration of more 
than one mutant in a single experiment and, hence, can only be performed in binary 
experiments comparing an individual mutant with the wild-type strain. In contrast, the 
qPCR approach described here is a culture independent approach and allows for 
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assessment of groups of mutants in complex competition experiments, generating a 
large amount of relative persistence data for individual mutants. In addition, it can be 
anticipated that the relative abundance of individual mutants is strongly influenced by 
the number of competitors it encounters in its niche. Therefore, relatively minor 
persistence reduction scored for specific mutants in a binary comparison with its 
corresponding wild-type strain, could be amplified in a more complex and thus more 
competitive system. In contrast, a drawback of large and complex mixed-mutant 
populations could be that the phenotype of a specific mutant is masked or 
compensated by other members of the mixed population. Examples of such inter-
bacterial compensation have been reported for the simultaneous analysis of larger 
numbers of STM mutants in a single animal model (20). However, it is difficult to 
envision how elimination of the predicted functions of the genes targeted here could 
be compensated in a mixed population. Nevertheless, following these competitive 
population dynamics experiments, selected mutant strains could be analyzed in binary 
experiments with the wild-type L. plantarum to generate a more detailed view of these 
mutants. Such experiments could include qPCR using total DNA derived from 
different locations in the GI-tract, e.g. stomach, small intestine or colon, combined 
with selective enumeration of mutant and wild-type viable cells, and might reveal the 
molecular trigger responsible for the relatively low abundance of specific mutants. 
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Abstract 
In gram-positive bacteria covalent attachment of proteins to the cell wall is 
catalyzed by an enzyme termed sortase. In several pathogenic bacteria the role of 
sortase and its target proteins in virulence has been established. Here we 
describe the functional study of a sortase homologue in the non-pathogenic 
bacterium Lactobacillus plantarum WCFS1. The complete genome sequence of 
this bacterium was analyzed and one sortase encoding gene (srtA) and 26 target 
proteins of SrtA could be identified. A srtA::cat gene replacement mutant 
(NZ7104) was constructed. Transcription analysis of srtA and its flanking genes 
in L. plantarum WCFS1 and NZ7104 revealed that the srtA::cat mutation did not 
cause detrimental polar effects. Furthermore, the mutation did not appear to 
affect growth under laboratory conditions. However, in contrast to the wild-type 
strain, the srtA::cat mutant strain had completely lost the capacity to agglutinate 
Saccharomyces cerevisiae, suggesting that at least one of the sortase target 
proteins plays a role in agglutination. Next to the srtA mutant, two strains were 
constructed that harbor a chloramphenicol or erythromycin resistance marker 
in different neutral chromosomal loci (NZ7102 and NZ7109, respectively). These 
strains were used in competition experiments to determine the persistence of the 
srtA mutant strain in the mouse intestine. Following administration of equal 
amounts of these strains to mice, the srtA mutant and the control strain were 
enumerated in faecal samples collected over a period of 6 days. this analysis 
revealed that the srtA mutant is not affected in its capacity to persist in the 
intestine of mice. 
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Introduction 
Gram-positive organisms employ the cell wall peptidoglycan for the covalent 
attachment of proteins to the cell wall. This attachment is catalyzed by a 
transpeptidase termed sortase (SrtA) (31). Initially, the mechanism of action of SrtA, 
encoded by srtA, was elucidated using Staphylococcus aureus protein A as a model 
target protein (27, 28, 38, 39). All sortase anchored proteins have a typical N-terminal 
signal peptide involved in targeting and transport across the cytoplasmic membrane. 
In addition, these proteins possess a conserved LPXTG-like motif near their C-
terminus, followed by a hydrophobic region and a positively charged tail (14). During 
the sorting reaction these target proteins are hydrolyzed between the threonine and 
glycine residue of their LPXTG motif. Subsequently, the carboxyl group of threonine 
is covalently linked to the free amino group of the pentaglycine cross-bridge in the 
cell-wall via a transpeptidation reaction that is catalyzed by sortase (30, 40). 
Importantly, the role of SrtA in the pathogenicity of Staphylococcus aureus has been 
established, since srtA mutants displayed reduced virulence (20, 26). Moreover, the 
3D-structure of the staphylococcal SrtA was determined by NMR spectroscopy (17). 

The sequence of SrtA from Staphylococcus aureus has been used to identify 
homologs in the genomes of several gram-positive bacteria, including Listeria 
monocytogenes (5, 15), Corynebacterium diphteriae (41), and several Streptococcus 
species (4, 25, 32). Notably,  all sortase homologs identified to date possess a TLXTC 
motif, which has been shown to be the active site in the Staphylococcus aureus 
enzyme (38). The importance of SrtA in virulence has been implicated in all of the 
aforementioned pathogens (5, 15, 20, 25, 26, 41). Moreover, a second gene encoding 
a sortase homolog in Staphylococcus aureus was designated srtB and a deletion 
mutant did not cause a defect in the anchoring of the SrtA target proteins FnbA, FnbB, 
protein A or ClfA. These results demonstrated that SrtA and SrtB do not fulfill 
redundant function, suggesting that SrtB is involved in sorting of other surface 
proteins (28). In analogy, the function of the two sortase homologs encoded on the 
Streptococcus pyogenes genome was investigated and it could clearly be established 
that these proteins play a role in the non-redundant, differential recognition of surface 
proteins (4). Furthermore, intravenous inoculation of mice with staphylococcal srtA, 
srtB and srtA-srtB double mutants resulted in significantly reduced weight loss and 
increased survival of the mice, as compared to those that received the wild-type strain. 
Notably, mice that received the srtA mutant did not manifest severe arthritis, while 
arthritis in mice inoculated with the srtB mutant appeared comparable to that observed 
in mice that were infected with the wild-type strain. Overall, these results indicate 
SrtB merely plays a contributing role during pathogenesis of staphylococcal 
infections, while SrtA is an essential virulence factor for the establishment of septic 
arthritis (19). These conclusions were corroborated in a similar, independent study, 
using both mouse and rat animal models (44). Interestingly, recent in silico analysis of 
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complete genome sequences has demonstrated that most gram-positive bacterial 
genomes encode more than one sortase homolog. The same analysis also revealed that 
the number of LPXTG-motif containing potential target proteins of these sortase 
homologs is highly variable (33). 

Traditionally lactic acid bacteria (LAB) are applied extensively in the 
production of a wide variety of fermented food and feed products. Based on this long 
history of application in products for human consumption, most LAB are generally 
regarded as safe (GRAS). More recent research has shown that certain LAB, in 
particular species from the genus Lactobacillus, are among the natural inhabitants of 
the human and animal gastrointestinal tract (GI-tract) (2, 16, 37). Moreover, several 
studies claim that specific Lactobacillus species have probiotic effects in man and 
animals (42). Lactobacillus plantarum is a representative of the Lactobacillus genus 
that is encountered in many environmental niches, including some dairy, meat and 
many vegetable fermentations as well as the human GI-tract (23). Moreover, it was 
demonstrated that several L. plantarum strains have the capacity to specifically adhere 
to human colonic cell lines (1). Recently, the complete 3.3 Mbp genome sequence of 
L. plantarum WCFS1 has been published (23). This strain is a single colony isolate of 
strain NCIMB8826, which effectively survives passage of the human stomach in an 
active form, reaches the ileum in high numbers as compared to other strains, and is 
detectable in the colon (43). A recombination-based in vivo expression technology (R-
IVET) screen revealed 72 L. plantarum WCFS1 genes that are in vivo induced (ivi) in 
the GI-tract of mice as compared to laboratory conditions (8). These ivi genes include 
four genes that encode extracellular proteins. Notably, two of these proteins contain 
an LPXTG-like motif. As the bacterial surface is the primary site of interaction with 
the environment, these surface anchored proteins might represent factors that mediate 
interaction with specific (host-derived) GI-tract factors, and could be involved in the 
direct interaction with host epithelial cells. Moreover, the presence of an LPXTG-like 
motif in these proteins indicates a role for sortase in the functionality of L. plantarum 
in the GI-tract. 

To date, functional analyses on sortase homologs have only been performed in 
pathogenic organisms. Although the functional role of sortase in food-grade 
organisms has not been established, a streptococcal nuclease tagged with a LPXTG 
sorting signal appeared to be properly sorted and covalently attached to the cell wall 
when expressed in Lactococcus lactis and several Lactobacillus strains. These 
experiments clearly suggest that endogenous sortase homologs are present in these 
LABs (11). Accordingly, in silico analysis using the available LAB genomic sequence 
information (http://www.jgi.doe.gov/) showed that all these LAB genomes harbor at 
least one sortase encoding gene. Here, we describe the functional analysis of a sortase 
homolog in the food-grade organism L. plantarum WCFS1. A single sortase encoding 
gene (srtA) and 26 potential target proteins were identified in silico in the L. 
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plantarum WCFS1 genome sequence. A srtA mutant was constructed by a gene 
replacement strategy. The srtA::cat mutation did not affect the growth characteristics 
of L. plantarum under laboratory conditions. Transcription analysis of the genes 
flanking srtA showed that the srtA::cat mutation did not cause detrimental polar 
effects. Nevertheless, in contrast to the wild-type strain, the srtA mutant completely 
lacked the capacity to cause Saccharomyces cerevisiae agglutination in vitro. Finally, 
in vivo competitive persistence analysis in the GI-tract, using a mouse model system, 
revealed that the srtA mutation had no significant effect on the persistence of L. 
plantarum in this niche. 
 
Material and Methods 
In silico analysis of sortases and its target proteins 
To search for sortase enzymes encoded in the chromosome of L. plantarum, we first 
created Hidden Markov Models (http://hmmer.wustl.edu/)(12) based on known amino 
acid sequences of sortases. The NCBI PubMed database 
(http://www.ncbi.nih.gov/entrez/query.fcgi) was searched to find proteins which had 
been experimentally shown to have sortase activity. Sortase A proteins were found in 
Listeria monocytogenes (5), Staphylococcus aureus (27), Streptococcus gordonii (7), 
Streptococcus  mutans (25), Streptococcus pneumoniae (22), Streptococcus pyogenes 
(4) and Streptococcus suis (32). Sortase B proteins were found in Staphylococcus 
aureus (29) and Streptococcus pyogenes (4). Hidden Markov Models (HMMs) were 
generated from these sequences with the program HMMER (version 2.2g), and 
subsequently used to search in 113 published microbial genomes in the NCBI 
database (ftp://ftp.ncbi.nih.gov/genomes/Bacteria/), version May 21, 2003. In this 
way, over 80 sortases were identified, and these sequences were used in an iterative 
way to create improved HMMs for searching for sortases A and B (Boekhorst et al., 
unpublished data). The HMMs were created with both the complete sortase precursor 
sequences and with the core sequences of the sortase enzymes. 

The program FindPatterns (GCG Wisconsin Package Version 9.0) was used to 
search for the presence of LPXTG-anchor motifs in proteins encoded in the genome 
of L. plantarum WCFS1 (Genbank accession number AL935263), using a modified 
version of the pattern described by Janulczyk and Rasmussen (18). Homology 
searches of the identified LPXTG proteins were performed with BLASTP version 
2.2.4 (3) against the Swiss-Prot, spTrEMBL and the spTrEMBL (updates) databases 
at BioASP (https://gw1-prod.nbic.nl/http://ps1-prod.nbic.nl/portal/dt). Domain 
analysis was performed by searching against the Superfamily (http://supfam.mrc-
lmb.cam.ac.uk/SUPERFAMILY/), Pfam (http://www.sanger.ac.uk/Software/Pfam/), 
SMART (http://smart.embl-heidelberg.de/) and Interpro 
(http://www.ebi.ac.uk/interpro/) databases. 
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Table 1: Strains, plasmids and primers used in this study and their relevant characteristics and 
references.  

Material Relevant features Source or 
reference 

Strains   

E. coli   

  MC1061 cloning host (10) 

L. plantarum   

  WCFS1 wild-type for which the genome sequence is available (23) 

  WCFS1-R RifR, derivative of L. plantarum WCFS1 (8) 

  NZ7102 RifR CmR, L. plantarum WCFS1 containing cat marker in intergenic region of lp_2681-lp_2683 this work 

  NZ7104 RifR CmR, L. plantarum WCFS1, srtA:: cat this work 

  NZ7109 RifR EmR, L. plantarum WCFS1 containing ery marker in intergenic region of lp_3503-lp_3504 (8) 

   

Plasmids   

  pCRblunt KanR, cloning vector Invitrogen 

  pUC18 AmpR, cloning vector (45) 

  pNZ7105 KanR, pCRblunt derivative containing 0.7 kb 5´-flanking region of srtA this work 

  pNZ7106 AmpR, pUC18 derivative containing 0.7 kb 3´-flanking region of srtA this work 

  pNZ7101 CmR EmR, vector for construction of L. plantarum gene replacement mutants (9) 

  pNZ7104 CmR EmR, srtA::cat replacement derivative of pNZ7101 containing  pNZ7105 and pNZ7106 derived 5’- and 3’-flanking regions of srtA this work 

  pGEMt AmpR, cloning vector Promega 

  pNZ7111 AmpR, pGEMt derivative containing 2.1 kb  fragment of the L. plantarum lp_2681 and lp_2683 locus this work 

  pNZ7102 AmpR CmR, pNZ7111 derivative containing P32-cat originating from pNZ7101 this work 

   

Primers   

  lp_0513F 5'-GGGGTACCCCCAATGCTTCTGTCAGG-3'  

  lp_0513R 5'-CGGGATCCTTGCTTGGACTTCATTAATCC-3'  

  lp_0515F a 5'-CGGGATCCCATTTTAATAACAAATATTAAC-3'  

  lp_0515R a 5'-ATGCTCTAGAACGTGTGCCGCTTGTTGC-3'  

  HF 5’-ACNGCNACNTTYAAYGARAAYCARATHTAYCG-3’  

  HR 5’-CGNCARACNGARCARCARCCNACNGCNGTNTAYCC-3’  

  P32catF a 5'- ATGCTTAATTAAGATGAGTACGGTCAAGTATG -3'  

  P32catR a 5'- ATGCTTAATTAAGGCAACAGTTTAACGATTAC -3'  

  SCO_2681 5'- CTGATCAGGAAACGGTGACG - 3'  

  catR 5'-CTCTTCCAATTGTCTAAATC-3'  

  SCO_2683 5'-GCTTGGAAACGGGCTGTCCG-3'  

  catF 5’- CAGATAGGCCTAATGACTGG -3’  

  lp_0513SB-F 5'-CAACAACGTGAGGATGGCCC-3'  

  lp_0513SB_R 5'-AGGTCACCGCCACGTTTTTC-3'  

  lp_0514SB_F 5'-CGGGTTAAAGTGGTTAGGTC-3'  

  lp_0514SB_R 5'-CTTATCACAGGTAATTAGGG-3'  

  lp_0515SB_F 5'- TTTAATTATCGTTGCGGTCG -3'  

  lp_0515SB_R 5'-CTGCTTCAGGAACAGTTAAG-3'  

  lp_0516SB_F 5'-AGCAAATTGCCCGCAACAAG-3'  

  lp_0516SB_R 5'-TAACAAACTGATGGCCGCTG-3'  

  univHTP 5’-GCCGACTGTACTTTCGGATC-3’  

  NZ7102HTP 5'-TTAGTTGTTCAGATTCCAGGC-3'  

  NZ7104HTP 5'-GCTATCATCAATAGACCCCC-3'  

a underlined sequences indicate restriction sites subsequently used in cloning procedures 
b ApR, ampicillin resistant; EmR, erythromycin resistant; CmR, chloramphenicol resistant; RifR, rifampicin resistant; KanR, 
kanamycin resistant 

 158



Sortase and its target proteins in Lactobacillus plantarum 

Bacterial strains and plasmids 
The bacterial strains and plasmids that were used in this study are listed in Table 1. 
Escherichia coli strain MC1061 (10) was used as cloning hosts during construction of 
pNZ7102 and pNZ7104.  E. coli was grown aerobically in TY medium (35). L. 
plantarum WCFS1 (23), and its derivatives WCFS1-R (8), NZ7102 (see below), 
NZ7104, (srtA::cat, see below) and NZ7109 (8) were grown at 37 oC in MRS (Difco, 
Surrey, U.K.) without aeration. When appropriate, antibiotics were added to the 
media; for E. coli ampicillin (50 µg/ml), kanamycin (50 µg/ml) and chloramphenicol 
(10 µg/ml); for L. plantarum chloramphenicol (5 µg/ml), erythromycin (5 or 30 µg/ml 
for selection or replica-plating, respectively) or rifampicin (50 µg/ml). 
 
DNA techniques  
Plasmid DNA was isolated from E. coli on a small scale using the alkaline lysis 
method (6, 35). Large scale plasmid DNA isolations were performed using Jetstar 
columns according to the manufacturer’s instructions (Genomed GmbH, Bad 
Oberhausen, Germany). DNA isolation and transformation in L. plantarum were 
performed as described previously (13, 21). Standard procedures were applied for 
DNA manipulations in E. coli (35). Restriction endonucleases, Taq and Pfx 
polymerase, and T4 DNA ligase were used following the recommendations of the 
manufacturer (Promega, Leiden, the Netherlands and Boehringer, Mannheim, 
Germany). Primers were purchased from Pharmacia Biotech (Roosendaal, the 
Netherlands). 
 
Construction of the integration vectors pNZ7102 and pNZ7104 
The mutagenesis vector pNZ7101 was previously developed in our laboratory (9) and 
is suitable for the single step selection of cat replacement mutants (Fig. 1A). This 
vector was used for the construction of a L. plantarum srtA::cat replacement mutant 
(Fig. 1B). The chromosomal 5'- and 3'-flanking regions of srtA were amplified by Pfx-
PCR using L. plantarum WCFS1 chromosomal DNA as template and the primer 
combinations lp_0513F and lp_0513R, or lp_0515F and lp_0515R, respectively 
(Table 1). The 0.7 kb 5’-PCR product was ligated into pCRblunt (Invitrogen, Breda, 
the Netherlands) and the 0.7 kb 3’-PCR product was digested with XbaI and BamHI 
(sites introduced in the primers) and ligated into similarly digested pUC18 (45), 
yielding the plasmids pNZ7105 and pNZ7106, respectively. The sequence of both 
srtA flanking regions was verified by automatic double strand sequence analysis using 
an ALFred DNA sequencer. Sequence reactions were performed with an Autoread kit 
using Cy5-labeled universal and reverse primers, following the instructions of the 
manufacturer (Pharmacia Biotech, Roosendaal, the Netherlands). Subsequently, the 
3’-flanking region of srtA was retrieved from pNZ7106 as a PvuII fragment and 
cloned into SmaI digested pNZ7101. The 5’-flanking region of srtA was cloned into 
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the PvuII site of the resulting plasmid as a Ecl136II-EcoRV fragment obtained from 
pNZ7105. The resulting plasmid was designated pNZ7104 and harbors the 
chloramphenicol resistance cassette flanked by the 5’- and 3’-flanking regions of L. 
plantarum srtA. This plasmid was used for srtA::cat replacement in the chromosome 
of L. plantarum WCFS1 (see below). 
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Fig. 1: Schematic overview of the constructed L. plantarum mutants. Mutagenesis vector pNZ7101 
was used for the cloning of L. plantarum chromosomal regions (Fig. 1A). The chromosomal 
modifications introduced in L. plantarum strains NZ7104, NZ7102 and NZ7109 are schematically 
depicted in Fig. 1B, C and D, respectively. 
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To construct a chloramphenicol resistant control derivative of L. plantarum WCFS1, 
the pNZ7101 derived chloramphenicol cassette was integrated in the intergenic region 
of the convergently oriented genes lp_2681 and lp_2683 (Fig. 1C). To this end, a 2.1 
kb fragment of the lp_2681-2683 locus was amplified by PCR, using primers HF and 
HR and chromosomal DNA of L. plantarum WCFS1 as template, and cloned into 
pGEMt (Promega, Madison, USA), yielding pNZ7111. The chloramphenicol 
resistance cassette of pNZ7101 was amplified by Pfx PCR using the primers P32catF 
and P32catR. The resulting 1.1 kb amplicon was digested with PacI and cloned into 
similarly digested pNZ71111. The resulting plasmid pNZ7102 was used to introduce 
the pNZ7101 derived cat-cassette in the lp_2681-lp_2683 intergenic region of L. 
plantarum WCFS1 (see below). 
 
Construction of NZ7102 and NZ7104 
Stable integration of pNZ7102 and pNZ7104 into the chromosome of L. plantarum 
was achieved by double cross-over replacement (Fig. 1). The plasmids were 
transformed to L. plantarum WCFS1-R (8) and the cells were plated on MRS 
containing 5 µg/ml chloramphenicol. After 48 h, pNZ7102 derived double cross over 
mutants were directly selected by colony-PCR using the primer pairs SCO_2681 plus 
catR, and SCO_2683 plus catF (Table 1). A colony generating both flanking-PCR 
products, resulting from a double cross-over event at the correct locus, was selected 
and designated NZ7102. The pNZ7104 integrants were replica-plated to MRS 
containing 5 µg/ml chloramphenicol, with or without 30 µg/ml erythromycin. A 
colony displaying the anticipated erythromycin sensitive phenotype was selected and 
designated NZ7104. The genotypes of NZ7102 and NZ7104 were verified by 
Southern blot analysis (data not shown). NZ7102 and NZ7104 as well as the 
previously constructed NZ7109 strain (8)(Fig. 1D), were used for an in vivo 
competitive persistence analysis (see below). 
 
RNA isolation and transcription analysis 
L. plantarum WCFS1 and NZ7104 strains were grown in liquid MRS medium to an 
optical density at 600nm (OD600) of 0.85. The cells were pelleted by centrifugation 
(4500 rpm for 10 min at 4oC) and resuspended in 0.4 ml ice-cold MRS. Cell 
suspensions were transferred to ice-cold tubes containing 1 g of zirconium glass 
beads, 0.4 ml phenol, 100 µl chloroform, 30 µl 10% SDS and 30 µl 3M NaAc pH 5.2. 
The cells were disrupted using two treatments of 40 seconds in a FastprepTM 
(Qbiogene Inc, Cedex, France) interspaced by 1 min on ice. After centrifugation, 200 
µl of the aqueous phase was used for RNA isolation using the High Pure kit, including 
a 1 h treatment with DNaseI, according to the manufacturer’s recommendations 
(Roche Diagnostics, Mannheim, Germany).  
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9 µg of total RNA or 1 µg of L. plantarum WCFS1 chromosomal DNA were 
spotted directly on Gene Screen Plus membranes (Dupont) according to the protocols 
provided by the manufacturer. Internal fragments of lp_0513, lp_0514, lp_0515 and 
lp_0516 were generated by PCR, using L. plantarum WCFS1 chromosomal DNA as 
the template and the four primer pairs presented in Table 1. The amplicons were glass 
matrix purified (Amersham Pharmacia Biotech Inc), labeled by nick translation (35) 
with [ -32P] dATP (Amersham International plc), and subsequently used as probes. 
Hybridization, washing and autoradiography procedures were performed as described 
previously (35). 
 
L. plantarum mediated agglutination of S. cerevisiae  
The capacity of the L. plantarum WCFS1 and NZ7104 strains to agglutinate S. 
cerevisiae was tested essentially as described previously (1). Briefly, full-grown 
cultures of L. plantarum and baker’s yeast (S. cerevisiae) were pelleted, washed and 
resuspend in PBS (pH 7.4). Subsequently, 50 µl bacterial suspension (5-fold 
concentrated as compared to full-grown culture), 50 µl PBS, and 100 µl of 1 % (w/v) 
S. cerevisiae suspension were mixed in a 96-well microtiter (Greiner bio-one, Alphen 
a/d Rijn, The Netherlands). The microtiterplates were incubated at room temperature 
for 10 min and examined by bright-light microscopy at 200-fold magnification (Nikon 
Eclipse TS100). 
 
In vivo persistence analysis 
Animal experiments were performed at the Institute Pasteur in Lille in an accredited 
establishment (N° A59107) according to guidelines N°86/609/CEE of the French 
government. Seven weeks-old female Balb/c mice were purchased from Iffa Credo (St 
Germain sur l’Arbresle, France) and had free access to tap water and standard mice 
chow during the experiments. To compare the in vivo persistence of the srtA mutant 
strain NZ7104 and the control strain NZ7102 (Fig. 1B and C, respectively), overnight 
cultures of the 2 bacterial strains were mixed, pelleted by centrifugation, and 
resuspended at 1010 CFU per ml in MRS. Two mice received a 100 µl dose of the 
NZ7104-NZ7102 bacterial suspension by intragastric administration at 2 consecutive 
days (day -1 and day 0). Individual faecal samples were collected daily during 6 days 
following the last administration (day 1 to 6) and the samples were resuspended in 
MRS medium. After extensive homogenization, appropriate dilutions of the 
suspensions were plated on MRS plates containing 5 µg/ml chloramphenicol and 50 
µg/ml rifampicin. After 72 h of growth at 37 oC, an average of 36 full-grown colonies 
per time-point per mouse were identified as NZ7104 or NZ7102 using a 3-primer 
(univHTP, NZ7102HTP and NZ7104HTP) colony-PCR procedure, designed to result 
in a 0.5 or 0.8 kb amplicon using NZ7102 or NZ7104 cells, respectively. The ratio of 
the NZ7102 and NZ7104 population per time-point was used as an indication for the 
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in vivo persistence of the two strains. Similarly, a second experiment was performed, 
using NZ7104 and an alternative control strain (NZ7109, see Fig. 1D) that was 
previously constructed (8) and is erythromycin and rifampicin resistant. NZ7104 and 
NZ7109 population ratios were directly determined in faecal samples by differential 
enumeration of erythromycin (NZ7109) and chloramphenicol (NZ7104) resistant 
colonies. 
 
Results and Discussion 
In silico identification of sortase and its target proteins in L. plantarum 
Only a single sortase A encoding gene (lp_0514; srtA) was identified in the L. 
plantarum WCFS1 genome by searching with Hidden Markov Models, while no 
sortase B homologue could be identified. The L. plantarum WCFS1 SrtA homologue 
consists of 234 amino acid residues and has all the features of a typical SrtA protein. 
Firstly, a TLXTC motif containing the active site cysteine residue (Cys-195) is 
present in the protein. Secondly, a conserved active site histidine residue (His-132) 
was identified. Finally, an N-terminal hydrophobic transmembrane sequence for 
anchoring of this protein to the cytoplasmic membrane was found. The best homologs 
of srtA were found in Enterococcus faecalis (42% identity over the entire protein 
sequence), Lactococcus lactis (39%) and Streptococcus agalactiae (37%). 

Twenty-six L. plantarum proteins containing LPXTG-type motifs for 
processing by sortase were identified (Table 2). All these proteins contain typical 
signal peptides for secretion by the Sec-dependent pathway. The majority (22 of 26) 
of the sortase-target motifs contain a distinct variation relative to the canonical 
LPXTG, i.e. LPQTXE, which might reflect the specificity of the sortase A encoded in 
the genome (23). Twenty of the sortase-target proteins can be divided into 6 families 
based on sequence homology, domain composition or other shared characteristics 
(Table 2A). All sortase-target proteins are large multi-domain proteins with sizes 
ranging from 419 to 2219 amino acid residues, with exception of the 6 family F 
members, which are less than 150 amino acids residues. The latter family may be part 
of extracellular protein complexes, since their genes are always clustered with several 
genes encoding extracellular proteins of unknown function (Siezen et al., unpublished 
data). Genes for other sortase target proteins are generally not part of large operons in 
L. plantarum, although some do occur adjacent to other genes for extracellular 
proteins (Table 2A). Only one of the target proteins (lp_1124) has a predicted 
enzymatic function, since it has the consensus signature GXSXG (Ser being the 
catalytic residue), typical of αβ-hydrolases, such as lipases and esterases. Most of the 
other sortase-target proteins contain one or more conserved domains (Table 2B), 
either with an unknown function (DUF285, DUF1085, Big_3 domains), or with a 
predicted binding function to either proteins (Collagen_bind, Cna_B domains) or 
carbohydrates (Cellulose_bind, ConA-like, Mub1 domains). In addition, many of 
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these sortase-target proteins also contain amino acid sequence repeats of 3-40 
residues, which are often found in extracellular proteins, and function as spacers to 
position the enzymatic or binding domains outside the cellular envelope. The 
LPQTXE-surface-anchored proteins of L. plantarum are likely to play a role in 
interaction with their environment, possibly including adhesion to host-derived 
components. 
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Tabel 2A: In silico identification of sortase target proteins in L. plantarum WCFS1, and their characteristics. 
 

ORF nr size 
(AA) 

annotation  domains repeats best paralogs in other 
genomes 

context 

Family A        
lp_0946 1189 cell surface protein precursor DUF1085 (8) no Listeria 

Lactococcus 
alone in operon; adjacent to restriction-modification genes 

lp_2486 917 cell surface protein precursor DUF1085 (5) yes Listeria 
Lactococcus 

alone in operon or with large hypothetical protein and MarR-type regulator  

lp_3127 1189 cell surface protein precursor DUF1085 (5) no Listeria 
Lactococcus 

alone in operon 

Family B       
lp_0197 1006 cell surface protein precursor   

   

   

      

Collagen_bind (1)
Cna_B (2 ?) 

yes L. brevis 
Listeria  

alone in operon 

lp_2578 705 cell surface protein precursor Collagen_bind (1)
Cna_B (2) 

yes L. brevis 
Listeria  
Lactococcus 

alone in operon 

lp_2588 570 cell surface protein precursor Collagen_bind (1)
 

yes L. brevis adjacent to cell surface hydrolase, membrane-bound 

Family C 
lp_0923 806 cell surface protein precursor  ? no hits alone in operon  
lp_2940 419 cell surface protein precursor 

  
 ? no hits alone in operon  

 Family D    
lp_0800 2139 cell surface protein precursor DUF285 (1) 

Big_3 (16?) 
no Listeria  

L. johnsonii 
Enterococcus 

alone in operon 

lp_2795 1039 cell surface protein precursor DUF285 (1) 
Big_3 (4) 

no Listeria  
L. johnsonii 
Enterococcus 

2795-2796 adjacent genes 

lp_2796 1038 cell surface protein precursor DUF285 (1) 
Big_3 (3) 

no Listeria  
L. johnsonii 
Enterococcus 

2795-2796 adjacent genes 

 
 
 
 
 
 

  



 

Family E       
lp_1643 2219 cell surface protein precursor Mub (6) no L. brevis 

L. gasseri 
L. johnsonii 
Lactococcus lactis 
Pediococcus 

in operon with lp_1645 (encoding hypothetical protein) 

lp_3114 2032 cell surface protein precursor Mub (4) no L. brevis 
L. gasseri 
L. johnsonii 
Lactococcus lactis 
Pediococcus 

in gene cluster with lp_3115-3117 encoding extracellular proteins 

lp_3059 1356 cell surface protein precursor Mub (1) yes L. brevis 
L. gasseri 
L. johnsonii 
Lactococcus lactis 
Pediococcus 
 

in operon with lp_3060 transcriptional regulator 

Family F      
lp_1447 123 cell surface protein precursor  no no hits in gene cluster of extracellular proteins 
lp_2976 125 cell surface protein precursor 

(putative) 
  

   

no no hits in gene cluster of extracellular proteins 

lp_3065 141 cell surface protein precursor  no no hits in gene cluster of extracellular proteins 
lp_3074 123 cell surface protein precursor  no no hits in gene cluster of extracellular proteins 
lp_3454 91 cell surface protein precursor  no no hits in gene cluster of extracellular proteins) 
lp_3677 113 cell surface protein precursor 

  
 no no hits in gene cluster of extracellular proteins 

 Singles 
lp_0373 1231 cell surface protein precursor   no Enterococcus 

Listeria 
in operon with lp_0374 (extracellular protein), lp_0375-0376 
(hypotheticals) 

lp_1124 901 cell surface hydrolase CSH2 (1) no many Gram+ alone in operon 
lp_1229 1010 cell surface protein precursor ConA-like (1) 

Mub (1-2 ) 
yes Staphylococcus 

(ConA domain) 
Lactobacillus 
(Mub domain) 
Lactococcus (Mub 
domain) 

at end of large polysaccharide biosynthesis cluster; linked to lp_1230 
transcriptional regulator 

lp_2925 824 cell surface protein precursor  yes no hits alone in operon 
lp_2958 617 cell surface protein precursor KXGD (1) 

Collagen_bind (1) 
yes Streptococcus 

mutans 
Pediococcus 
Lactococcus lactis 

in operon with transport protein lp_2959 

lp_3001 1074 cell surface protein precursor  ConA-like (1) 
Cellulose_bind (1) 

yes Bacteroides 
Pseudomonas 

alone in operon 

  



 

Table 2B: Domain descriptions. 
domain 
name 

domain 
codea 

Size (AA) found in 
L.plantarum  
(nr domains) 

found in other bacteria putative function 

DUF1085  
 

PF06458   ~60 lp_0946 (8),
lp_2486 (5), 
lp_3127 (5) 

Listeria, 
Lactococcus, 
Staphylococcus 

unknown 

Collagen_bind 
 

PF05737   

   

   

  

   

   

    

     

~180 lp_0197 (1)
lp_2578 (1) 
lp_2588 (1) 
lp_2958 (1) 

L. brevis 
Listeria  
Bacillus anthracis 
Lactococcus 

adhesion to proteins (like collagen, receptors) 

Cna_B  
 

PF05738 
 
 

~90 lp_0197 (2)
lp_2578 (2) 

Listeria innocua 
Listeria monocytogenes 
Lactococcus 
Bacillus halodurans 

repeated domain in collagen-binding surface proteins ; occurs together with Collagen_bind 
domain; repeats could form stalk 

DUF285 
 

PF03382 ~160 lp_0800 (1)
lp_2795 (1) 
lp_2796 (1) 

Mycoplasma unknown 

Big_3  
 

PF07523 ~80
lp_0800 (16?) 
lp_2795 (1) 
lp_2796 (1) 

Listeria 
Bifidobacterium 
Enterococcus 
Bacillus halodurans 

unknown; Bacteral Ig-like (group 3); domain with Ig-like fold, found in a variety of bacterial 
surface proteins 

Cellulose_bind  SSF49384 ~130 lp_3001 (1) Clostridium carbohydrate binding 
 

ConA-like 
 

SSF49899 ~250 lp_1229 (1)
lp_3001 (1) 

many common property of reversibly binding to specific complex carbohydrates; bacterial and fungal 
beta-glucanases carry out the acid catalysis of beta-glucans found in micro-organisms and plants; 
many Con A-like domains found in proteins involved in cell recognition and adhesion 

Abhydrolase_1 PF00561 ~220

lp_1124 (1) 

Enterococcus 
Listeria 
Streptococcus pyogenes 

cell-surface hydrolase;  consensus GXSXG typical of lipase/esterase serine active site residue 

Mub1 ~175-200 lp_1643 (6)
lp_3114 (4) 
lp_1229 (1-2) 
lp_3059 (1) 

L. reuteri 
L. johnsonii 
Lactococcus lactis 
 

experimentally determined role in mucin binding in L.reuteri (34) 

KXGD ~150 lp_2958 (1) Listeria 
Enterococcus 
Streptococcus mutans 
Bacillus cereus 

unknown; in N-terminus between signal peptide and Collagen_bind domain 

aPF: Pfam codes (http://www.sanger.ac.uk/Software/Pfam/) 
SSF: Superfamily database of known 3-D structures (http://supfam.mrc-lmb.cam.ac.uk/SUPERFAMILY/) 
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Construction and determination of growth characteristics of L. plantarum 
NZ7102, NZ7104 and NZ7109 
To study the role of sortase in L. plantarum WCFS1, strain NZ7104 was constructed 
(Fig. 1B). In this strain the sortase encoding gene srtA (lp_0514) is replaced by a 
chloramphenicol resistance marker. Moreover, two control L. plantarum strains were 
constructed that carry a chromosomal copy of the chloramphenicol or erythromycin 
resistance gene in two different regions of convergently transcribed genes (NZ7102 
and NZ7109, respectively). The maximal growth rate of the three strains appeared to 
be highly similar under laboratory conditions (Table 3). Moreover, the final OD600 
reached by the three strains was identical (data not shown). Apparently, the absence of 
a functional copy of srtA in NZ7104 does not significantly influence the growth 
characteristics of L. plantarum under the conditions tested. Similar observations have 
been made in other bacteria, including Staphylococcus aureus and Listeria 
monocytogenes  (15, 26). The unaffected growth characteristics of the control strains 
NZ7102 and NZ7109 justifies the application of these strains as selectable wild-type 
control strains in the in vivo competition experiment described below. 
 
 
Table 3: Maximal growth rate determination of L. plantarum NZ7102, NZ7104 and NZ7109. Growth 
was monitored by automatic OD600 measurements in a 96-well plate and used to calculate the maximal 
logarithmic growth rate.  

strain µmax (h-1) 

L. plantarum NZ7102 0.70 ± 0.02 

L. plantarum NZ7104 0.66 ± 0.02 

L. plantarum NZ7109 0.65 ± 0.02 

 
 

The effects of the srtA::cat mutation in NZ7104 on the transcription levels of 
the srtA flanking genes were investigated. RNA was isolated from exponentially 
growing L. plantarum WCFS1 and NZ7104 and the transcription levels of lp_0513, 
srtA (lp_0514), lp_0515 and lp_0516 were determined using individual gene-specific 
probes in an RNA spot-blot experiment. Transcripts for all genes studied could be 
detected using L. plantarum WCFS1 derived RNA (Fig 2, row 3). In contrast, using 
RNA obtained from NZ7104, no transcript could be detected for srtA (Fig. 2, row 4). 
These results demonstrate the anticipated absence of a srtA transcript in strain 
NZ7104, and confirm the correct deletion of the encoding gene (Fig 2, row 1 and 2). 
The srtA::cat mutation in NZ7104 did not appear to affect the transcription level of 
the divergently oriented gene lp_0513, while the transcription of the tandemly 
oriented genes lp_0515 and lp_0516 appeared to be slightly enhanced as compared to 
the wild-type levels (Fig 2, row 3 and 4). The latter effect probably results from read-

 168



Sortase and its target proteins in Lactobacillus plantarum 

through transcription from the chloramphenicol gene in NZ7104. Overall, the data 
indicate that the srtA flanking genes are properly transcribed in NZ7104, and exclude 
deleterious polar effects of the srtA::cat mutation.  
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Fig. 2: Transcription and chromosomal DNA analysis of sortase and its flanking genes lp_0513, 
lp_0514 (srtA), lp_0515 and lp_0516 in L. plantarum WCFS1 and its srtA::cat derivative NZ7104. 
 
 
In vitro agglutination properties of NZ7104 and L. plantarum WCFS1 
Research on the adhesive capacities of L. plantarum 299 and 299v revealed that the 
ability of these strains to adhere to HT-29 cells correlates with an ability to 
agglutinate S. cerevisiae (1), suggesting that the result of such an agglutination test 
can be extrapolated to the in vivo adhesion capacities of a strain in the GI-tract. 
Therefore, the effect of the srtA::cat mutation on the agglutinating capacities of L. 
plantarum was investigated (Fig. 3). The results clearly demonstrated that the wild-
type L. plantarum WCFS1 strain is capable to agglutinate the yeast cells. Notably, this 
agglutination phenotype could be observed using up to 16-fold diluted suspensions of 
L. plantarum WCFS1. These results indicate that the ability to agglutinate cells of S. 
cerevisiae is a conserved property shared among several L. plantarum strains, 
including L. plantarum WCFS1. In contrast, undiluted suspensions of NZ7104 
completely lacked the ability to agglutinate S. cerevisiae. The impaired sorting of 
LPQTXE-containing surface proteins in the srtA mutant apparently disturbs the 
interaction that normally leads to agglutination of S. cerevisiae by L. plantarum. This 
observation strongly suggests that at least one of the 26 L. plantarum WCFS1 target 
proteins of sortase plays a role in the agglutination of S. cerevisiae. Moreover, it is 
likely that these observations can be extrapolated to other L. plantarum strains for 
which agglutination has been observed (1). 
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Fig. 3: L. plantarum mediated agglutination of S. cerevisiae. Figure 3A shows S. cerevisiae cells 
without bacteria, 3B and 3C show S. cerevisiae incubated with L. plantarum wild-type and its srtA::cat 
derivative, respectively. Clear agglutination can only be observed upon incubation with wild-type L. 
plantarum (3B). 
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Competitive in vivo persistence analysis of NZ7104 
As the in vitro agglutination phenotype was disturbed in NZ7104, the in vivo 
persistence of this strain was analyzed in a mouse model system. Equal amounts of 
NZ7104 and a selectable WCFS1-derivative that is used as a wild-type control strain 
(either NZ7102 or NZ7109) were administered to mice on two consecutive days. 
Mutant and wild-type population ratios were determined at each time point (prior and 
post administration) by either three primer differential PCR (NZ7104 and NZ7102) or 
selective plating (NZ7104 and NZ7109). These analyses confirmed that the srtA::cat 
mutant (NZ7104) and control strains NZ7102 or NZ7109 were administered to the 
mice in similar quantities at days –1 and 0 (Fig. 4). The NZ7102:NZ7104 population 
ratio remained approximately 1 in the faecal samples collected at all time points (up to 
6 days after the last intragastric administration), indicating the presence of equal 
amounts of NZ7102 and NZ7104. Although the relative error in individual 
measurements appeared to be higher as compared to the experiments described above, 
essentially the same results were obtained when NZ7109 was used as a competitive 
control strain. Also in these experiments, the srtA mutant could be detected efficiently 
up to 6 days after the last administration, and was not significantly under or 
overrepresented compared to the erythromycin resistant control strain NZ7109 (data 
not shown). In conclusion, these two competition experiments, using two control 
strains (NZ7102 and NZ7109) that harbor different resistance markers in different 
chromosomal locations, both indicate that the srtA::cat mutation in NZ7104 does not 
have a significant effect on the persistence of this strain during residence in the GI-
tract of mice. These observations are in clear contrast to animal experiments using 
srtA mutants of several pathogens, including  Staphylococcus aureus, Listeria 
monocytogenes, Corynebacterium diphteriae and Streptococcus mutants, which 
revealed reduced pathogenicity of these mutants relative to the wild-type strains (5, 
15, 20, 25, 26, 41). 
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Fig. 4: In vivo persistence of L. plantarum NZ7102 and NZ7104, represented as the population ratio 
NZ7102:NZ7104. Error bars represent the average error margins calculated from the duplicate 
experiments 
 
 
Concluding remarks 
This paper describes the identification and characterization of the sortase encoding 
srtA gene of L. plantarum. To our knowledge, this is the first time that a functional 
analysis was performed on sortase in a non-pathogenic bacterium. A single sortase A 
homologue, no sortase B, and 26 potential target proteins could be identified in the 
genome of L. plantarum WCFS1. Although several motifs and/or repeats could be 
detected in these target-proteins, none of these proteins has a clear functional 
annotation. A sortase gene replacement mutant did not display altered growth 
characteristics as compared to the wild-type strain under laboratory conditions. In 
contrast to the wild-type strain, the srtA mutant could not agglutinate S. cerevisiae 
cells in vitro. Remarkably, the in vivo persistence of the srtA mutant in the mouse GI-
tract was not altered as compared to the wild-type strain. This finding seems to 
contrast with the observation that srtA mutants of pathogenic bacteria show decreased 
virulence. However, experiments to determine the persistence of these pathogens in 
terms of viable counts rather than virulence were usually not performed, which could 
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explain the contrasting conclusion drawn in L. plantarum. Only recently, the recovery 
of reduced viable counts for a Staphylococcus aureus srtA mutant as compared to the 
wild type from an infected animal model were reported  (44). However, these counts 
were performed on Staphylococcus aureus cells that were in a post-invasion stage of 
infection, i.e., inside infected organs. Hence, it is difficult to seperate the effects 
caused by reduced persistence and/or virulence in this experiment. Therefore, these 
results do not exclude the possibility that sortase mutants of pathogenic bacteria can 
still adhere, but are impaired in an invasion specific factor. However, in Listeria 
monocytogenes the protein internalin (InlA) mediates bacterial adhesion and invasion 
of epithelial cells in the human intestine through interaction with its host cell receptor 
E-cadherin (24, 36). Notably, InlA contains an LPXTG-like motif near its C-terminus, 
suggesting that in this species the sortase function is likely to play a key role during 
very early stages of Listeria monocytogenes virulence. The results described here, 
indicate that persistence and adherence of L. plantarum in the mouse GI-tract are not 
correlated to LPQTXE-dependent functions. This is in apparent contrast with our 
observation that a L. plantarum gene disruption mutant in lp_2940, which encodes an 
LPQTXE-motif containing protein (table 2A), showed a significantly reduced GI-tract 
persistence in a mouse model system (9). Although it can be assumed that the lp_2940 
gene product is not covalently linked to peptidoglycan in the srtA mutant, it is 
possible that this protein is still located at the cellular surface through C-terminal 
anchoring. This could explain the contradicting observations on GI-tract persistence 
for the lp_2940 and srtA mutants. At present experiments are performed in our 
laboratory to verify this hypothesis. These experiments include comparison of the fate 
of the LPQTXE-motif containing proteins in the wild-type and srtA mutant strain by 
proteome analysis of the extracellular proteins. In addition, current experiments using 
the nuclease-based model protein that was previously employed to establish LPXTG-
dependent cell-wall sorting in Lactococcus lactis (11), should provide direct evidence 
for the complete loss of sortase activity in NZ7104. Therefore, the latter experiment 
should also exclude the possible existence of a second, unrecognized sortase encoding 
gene in L. plantarum WCFS1. 
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Chapter 9 

This thesis describes the identification and functional analysis of Lactobacillus 
plantarum promoters and genes that play a role during intestinal passage of this lactic 
acid bacterium (LAB). During these studies the mouse gastrointestinal tract (GI-tract) 
and in vitro studies were utilized as models for the human situation. The molecular 
tools developed and the most important results obtained during this PhD project, as 
well as the application potential of the identified promoters, and the future direction in 
the research field of intestinal microbiology is discussed below. 
 
Tool Development 
At the start of the research described in this thesis, relatively few molecular tools were 
available for L. plantarum. Therefore, our initial efforts focused on expansion of the 
molecular toolbox available for this bacterium. Notably, the number of selectable 
antibiotic resistance markers in this organism is limited, with only examples of the 
effective use of chloramphenicol and erythromycin resistance markers available in 
literature (7, 11). Therefore, a strategy aiming at expansion of this number of 
selectable markers was initiated and focused on implementation of alr, encoding 
alanine racemase, as a complementation marker in L. plantarum. Since an isogenic 
mutant of L. plantarum carrying an alr deletion (∆alr) showed auxotrophy for D-
alanine (11), plasmids carrying a heterologous alr gene were constructed and could be 
selected, based on complementation of the D-alanine auxotrophy in the L. 
plantarum∆alr strain. Moreover, the alr complementation marker appeared to be 
selectable at single copy expression levels, allowing its use as a chromosomal marker 
in L. plantarum (Chapter 2). 

A second molecular tool developed was a promoter-probe for the detection of 
conditionally active promoters in L. plantarum. The β-glucuronidase encoding gusA 
gene of Escherichia coli, has previously been used to study promoters originating 
from Lactococcus lactis (18). Since β-glucuronidase encoding genes were not found 
in the L. plantarum WCFS1 genome (14), the potential of the E. coli gusA gene as a 
promoter-probe in L. plantarum was initially investigated. However, L. plantarum 
harboring a plasmid carrying gusA under control of a constitutive promoter, displayed 
severe fluctuation of blue-coloring on X-gluc containing plates, preventing the 
efficient application of this gene as a promoter-probe vector in L. plantarum. Since we 
already exploited the alr gene as selection marker, the applicability of this gene as an 
alternative promoter probe for the selection of conditionally active promoters was 
investigated. An alr complementation library was constructed in the L. plantarum∆alr 
strain and an exemplary promoter screen demonstrated the effectiveness of the alanine 
racemase complementation screening method for the identification of conditional, 
high-salt inducible promoters (Chapter 3). 
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A third molecular tool that was developed during the course of this PhD 
project allowed the implementation of recombination-based in vivo expression 
technology (R-IVET) in L. plantarum. Previously, the tnpR-res resolvase system (19) 
has been applied to trap promoter activities in R-IVET experiments in several 
pathogenic bacteria (1). Therefore, initial attempts aimed at implementation of this 
system in L. plantarum. A res-ery-res cassette was successfully integrated into the 
chromosome of this bacterium and a promoterless copy of the tnpR gene was cloned 
on a low-copy plasmid. Despite the successful cloning of the endogenous, highly 
active ldhL1 promoter upstream of tnpR, excision of the res-ery-res cassette from the 
chromosome of L. plantarum was never observed. These experiments indicate that the 
tnpR resolvase is not functionally expressed in L. plantarum under the conditions 
applied during the experiments. Therefore, an alternative system was chosen to 
implement R-IVET in L. plantarum, which involved the cre-loxP system (2). This 
system was previously demonstrated to be functional in another LAB, Lactococcus 
lactis (5). Hence, a loxP-ery-loxP cassette was integrated into the chromosome of L. 
plantarum and a promoterless copy of cre was cloned on a low-copy vector. This 
system appeared to be functional in L. plantarum, as ldhL-promoter driven expression 
of the cre gene led to the irreversible excision of the loxP-ery-loxP cassette from the 
chromosome (Chapter 6). Notably, the R-IVET system described here for L. 
plantarum is expected to allow the in vivo identification of promoters in related 
organisms, during residence in their complex niches. To this end, a project has 
recently been initiated that aims at the identification of Lactococcus lactis genes that 
are induced during cheese ripening (van Hylckama Vlieg, personal communication). 

A fourth tool that was developed during this project is the mutagenesis vector 
pNZ7101 that allows single-step selection of L. plantarum gene replacement mutants 
(Chapter 7). Especially the effective blunt-cloning of PCR products in this vector 
simplifies construction design and improves the rate of successful construction of 
gene replacement vectors. The two markers available on this vector allow either cat or 
ery gene replacement strategies, which can be selected directly by the differential 
evaluation of the corresponding chloramphenicol- and erythromycin-resistance or 
sensitivity. However, using this vector the cat or ery gene remains integrated in the 
chromosome after a double cross-over event, hampering the construction of double 
mutants. To overcome this drawback, the functional implementation of the cre-loxP 
system in L. plantarum has recently been exploited to construct a pNZ7101 derived 
mutagenesis vector that can be used for the sequential mutation of several loci in the 
same genetic background, without the loss of selectable antibiotic resistance markers 
in the resulting strain. To this end, 2 different mutant loxP sites (loxP66 and loxP71), 
carrying a single nucleotide mutation relative to the native loxP site (17, 23), were 
introduced into pNZ7101 at positions flanking the cat gene. Using this pNZ7101 
derivative, a double cross-over event on the chromosome of L. plantarum results in 
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replacement of the target gene by the cat gene flanked by the loxP66 and loxP71 
sequences. Subsequently, an unstable plasmid expressing the cre gene can be 
introduced in these mutant strains, resulting in excision of the cat marker from the 
chromosome by recombination of the two mutant loxP sequences. Finally, overnight 
culturing of these transformants without selection for the unstable plasmid results in 
the effective curing of this cre-encoding plasmid. The recombination of the loxP66 
and loxP71 sites results in a chromosomal loxP site that carries two single nucleotide 
mutations and as a consequence is not recognized anymore by the cre encoded 
resolvase (17, 23). In the resulting strain the complete target gene is deleted from the 
chromosome and replaced by a single loxP6671 double mutant sequence, allowing the 
construction of double gene deletion mutant by performing a second mutagenesis 
round following the same strategy (Lambert et al., unpublished data). Overall, the 
tools presented in this thesis have contributed significantly to the development of a 
basic molecular tool-box for L. plantarum, and these basic tools are currently 
exploited for the development of more sophisticated tools. 
 
Characteristics of the promoter and gene identification approaches 
Three different approaches have been employed in the identification of genes and 
promoters that are important during intestinal passage and conditions. Two of these 
approaches, namely the alr complementation screen (Chapter 3) and DNA micro-
array technology (Chapter 5), focus on the genetic response of L. plantarum to bile 
during growth on solid media. The alr complementation approach is a genetic screen 
that identifies bile-inducible promoters by monitoring the conditional colony forming 
capability on plates containing bile. Since the alanine racemase encoded by alr is 
essential for growth, expression of alr is required continuously during growth under 
the condition evaluated. Therefore, the promoters and corresponding genes identified 
by such a screening procedure are a reflection of the bacterial response over an 
extended time-range. In contrast, the transcript levels assessed with DNA micro-
arrays represent the abundance of mRNAs at one specific time point and thus reflect 
the response to the physico-chemical conditions present at that time point. 
Consequently, these analyses provide a snap-shot of the bacterial expression profile, 
namely at the time of RNA isolation. Hence, within the experimental set-up used here, 
it could very well be that the alr complementation screen has identified genes 
involved in the initial stress response of L. plantarum upon bile treatment, while DNA 
micro-array analyses have unraveled the later, bile adaptive response. These subtle 
differences could explain the low level of similarity found in the outcome of these two 
screens. Nevertheless, these complementary screens both clearly demonstrated the 
major impact of bile on the architecture of the L. plantarum cell envelope. Additional 
DNA micro-array experiments that aim at elucidation of both the transient, initial bile 
stress response as well as the subsequent adaptive response in L. plantarum could 
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provide more detailed insight in the proposed possibilities. Such experiments could 
simply be performed in batch cultures to which at a chosen moment bile is added and 
transcript profiles are determined for samples taken at various time points following 
bile addition. A common characteristic between the alr complementation (Chapter 3) 
and R-IVET screen (Chapter 6) lies within the fact that both screens allow the 
identification of promoters of which activation has occurred in the past. Nevertheless, 
a major difference is that R-IVET can be employed for the identification of promoters 
of which the expression is only temporarily induced in a specific compartment of the 
host's GI-tract, while continuous expression is required for positive selection in the alr 
complementation screen. 

The results of the R-IVET screen (Chapter 6) indicated that the distribution of 
the in vivo induced (ivi) genes over the generally recognized classes of main 
biological functions appeared to be random, which is in agreement with the outcome 
of (R-)IVET screens in pathogens (1, 16). A slight overrepresentation of R-IVET 
genes is observed around the origin of replication (50' to 10') as compared to the rest 
of the genome (Fig. 1). These results corroborate earlier suggestions that the proteins 
encoded in the so-called sugar island, which is located in this region, could provide 
important functional characteristics for the interaction of L. plantarum with its 
environment (14). A large number of the functions and pathways identified by R-
IVET in L. plantarum have previously been identified in pathogens as being important 
in vivo, during infection (Chapter 6). The striking amount of parallels between the 
pathogenic and non-pathogenic in vivo response to contact with the host suggests that 
survival or persistence rather than virulence is the explanation for the importance of 
these genes during host residence. 
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Fig. 1: Using R-IVET 72 L. plantarum genes could be identified as in vivo induced (ivi) during passage 
of the mouse GI-tract. The chromosomal localization of these ivi genes is represented in the inner 
circle, while the outer two circles represent the ORFs on the positive (outer circle) and negative 
(middle circle) chromosomal DNA strand. 
 
 
Most important scientific achievements during the project 
Three main strategies that allow the identification of conditionally active genes have 
been implemented in L. plantarum, namely an in vitro screen to trap bile-inducible 
promoters (Chapter 2 and 3), DNA micro-array technology to identify mRNAs that 
are up-regulated in the presence of bile (Chapter 5), and a R-IVET screen to select 
promoters that are induced in the GI-tract of a mouse model system (Chapter 6). 
Matching of the genes identified with these three strategies (Chapters 4, 5 and 6) 
revealed two genes, encoding an integral membrane protein and an argininosuccinate 
synthase, which appeared to be induced by bile in vitro as well as in vivo in the mouse 
GI-tract. As the duodenum is the intestinal site of bile release, expression of these two 
genes at this specific location in the host's GI-tract was investigated using quantitative 
reverse transcription PCR (qRT-PCR). The results demonstrated that the expression 
levels of these two genes were dramatically increased in L. plantarum cells isolated 
from the mouse duodenum relative to cells grown on standard laboratory medium 
(Chapter 4). Furthermore, gene disruption mutants were constructed in 12 of the ivi 
genes identified by the R-IVET screen. The effect of the mutations on the survival and 
persistence of L. plantarum were investigated using quantitative PCR (qPCR) to 
monitor the relative population dynamics of the group of mutants in faecal samples 
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after passage through the GI-tract of mice. This qPCR approach allows the assessment 
of groups of mutants in complex competition experiments, generating a large amount 
of relative persistence data for individual mutants. Notably, the number of animal 
models required for significant assessment of the relative persistence in such 
competition experiments is drastically lower than for binary experiments comparing 
only a single mutant with the wild-type strain. In addition, it can be anticipated that 
the relative abundance of individual mutants is strongly influenced by the number of 
competitors it encounters in its niche. Therefore, relatively minor persistence 
reduction scored for specific mutants in a binary comparison with its corresponding 
wild-type strain, could be amplified in a more complex and thus more competitive 
system. In contrast, a drawback of large and complex mixed-mutant populations could 
be that the phenotype of a specific mutant is masked or compensated by other 
members of the mixed population. Examples of such inter-bacterial compensation 
have been reported for the simultaneous analysis of larger numbers of STM mutants 
in a single animal model (16). Nevertheless, our competition experiments led to the 
identification of three ivi gene mutants that displayed 100- to 1000-fold reduced 
abundance in the faecal samples as compared to other mutant strains. These data 
indicate that the products of the disrupted genes (an orphan IIC transport component 
of a cellobiose PTS system, an extracellular protein that contains an LPQTNE motif 
involved in anchoring of this protein to the bacterial cell wall, and a copper 
transporting ATPase) play a key-role in the survival and/or persistence of L. 
plantarum during passage of the GI-tract (Chapter 7). Especially remarkable was the 
identification of copA, since the encoded protein (CopA) has high homology with a 
protein in Listeria monocytogenes (CtpA, 56% identity) that has an established role in 
virulence and persistence of this pathogen in the GI-tract (8, 9). Finally, a L. 
plantarum gene replacement mutant was constructed that lacks a functional copy of 
the srtA gene, which encodes the transpeptidase named sortase that catalyzes the 
covalent attachment of LPQTNE-motif-containing proteins to the cell wall. Although 
the srtA mutant strain had completely lost the capacity to agglutinate Saccharomyces 
cerevisiae, the in vivo persistence and/or survival characteristics were virtually 
identical to those of the wild-type strain (Chapter 8). This finding seems to contrast 
with the observation that srtA mutants of pathogenic bacteria show decreased 
virulence (3, 13, 15, 21). However, experiments to determine the persistence of these 
pathogens in terms of viable counts rather than virulence were usually not performed, 
which could explain the contrasting conclusion drawn in L. plantarum. 
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Potential applications 
The obtained knowledge on promoter elements regulating gene expression of the 
food-grade bacterium L. plantarum in the GI-tract (Chapter 6) could have application 
possibilities, especially since these bacteria have great potential to serve as delivery 
vehicles of health-promoting or therapeutic compounds to the human GI-tract (10, 
20). Recent efforts have resulted in the identification of a functional bacteriophage-
derived lytic cassette for L. plantarum. Following introduction of the plasmid-based, 
nisA promoter controlled lytic cassette in L. plantarum, nisin-mediated induction of 
expression of the hol-lys genes resulted in complete lysis (Hols et al., unpublished 
data and Fig. 2A). Our R-IVET approach has provided the required promoters that 
allow the construction of L. plantarum based dedicated GI-tract delivery vehicles that 
only express certain desired functions in situ. Such a function could be virtually any 
molecule of interest, e.g. enzymes, antigens or proteins involved in mannose-specific 
adhesion. Moreover, combination of the in situ activated R-IVET promoters with the 
lytic system identified, might generate LAB strains that specifically release their 
cytoplasmic content in the GI-tract (Fig. 2B). Complete in vivo lysis using such a 
delivery vehicle could generate highly effective and tightly controlled release of a 
desired factor, but could also intrinsically provide the biological-containment control 
that would facilitate application of health-promoting genetically modified organisms 
in foods. The latter aspect is directly related to the fact that this strategy would 
prevent the release of living genetically modified bacteria into the environment. For 
this reason, the R-IVET results and their potential application possibilities have been 
protected by a WCFS-patent application (4). 
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Fig. 2: Application potential of R-IVET promoters identified in L. plantarum. Panel A: Expression of a 
hol-lys cassette in L. plantarum under control of the nisin-inducible promoter PnisA. In the absence of 
the inducer molecule nisin, this strain is capable of normal growth (squares), while the strain displays 
lytic behavior after the addition of nisin (triangles). Panel B: Expression of the hol-lys cassette under 
control of a R-IVET promoter (Pivi) could lead to in situ lysis in the GI-tract. Constitutive expression of 
a therapeutic factor from a second plasmid would then result in effective delivery of this factor in the 
GI-tract. The authors gratefully acknowledge Pascal Hols for construction of Fig. 2A and the 
opportunity to use this figure prior to publication. 
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Future directions in intestinal microbiology 
Current follow-up qRT-PCR studies aim at the confirmation of gene-induction of 
several L. plantarum genes initially identified with our R-IVET screen (Marco et al., 
unpublished data). Analogous to the match identified between the alr-based in vitro 
bile response screen (Chapter 4) and the R-IVET screen (Chapter 6), current and 
future micro-array based transcription profiling under a variety of in vitro conditions 
could reveal the conditions responsible for the in situ induction of specific genes in 
the complex environment of the mouse GI-tract. The in vitro and in vivo expression of 
these genes could subsequently be analyzed in more detail by gene-specific qRT-
PCR. This approach would potentially reveal the specific environmental cue involved 
in in situ induction in the GI-tract and could eventually elucidate the regulatory 
mechanism(s) involved. In analogy, the application of gene-specific qRT-PCR on 
samples derived from various parts of the GI-tract could unravel the geographical 
differentiation of L. plantarum gene expression along the GI-tract, i.e. specific 
induction in the stomach, regions of the small intestine or colon. More detailed insight 
on the exact spatial distribution of in situ gene activation in the GI-tract might allow 
the construction of highly site specific delivery vehicles (Fig. 2). Another promising 
development is the optimization of bacterial RNA isolation protocols from GI-tract 
samples from conventional mice fed with L. plantarum (Marco et al., unpublished 
data) or human cancer patients who volunteered to consume an oatmeal-based drink 
containing high numbers of L. plantarum prior to surgery (de Vries et al. unpublished 
data). Although it is technically difficult to isolate high quality bacterial mRNAs from 
these samples, such RNA samples originating from an animal tissue could be 
analyzed using DNA micro-array technology, providing extremely valuable 
information on the in situ expression levels of thousands of bacterial genes. Recent 
results indicate that this approach is feasible in human subjects who have consumed L. 
plantarum (de Vries et al., unpublished data). Moreover, comparison of bacterial 
responses in samples from the GI-tract from animal models and of human origin could 
provide insight in the anticipated partial overlap in the L. plantarum response towards 
residence in the GI-tract of different hosts. In analogy, interesting possibilities to 
assess the overlap in the response of L. plantarum towards contact with an animal 
model and the human GI-tract, could come from the 12 L. plantarum ivi gene mutants 
constructed (Chapter 7). Several of these mutants displayed reduced abundance in 
faecal samples of mice. A similar experimental set-up could reveal whether the 
reduction in abundance of these mutants can also be demonstrated in a human trial. 
For ethical reasons this would probably require the construction of clean deletion 
mutants prior to human consumption. However, since a vector for the high-through-
put construction of clean deletion mutants in L. plantarum has recently been 
developed (Lambert et al., unpublished data), these constructions are anticipated to be 
relatively straight-forward. 
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(R-)IVET has been employed for the assessment of the genetic response of 
several bacteria towards contact with their host’s GI-tract, including many (food-
associated) pathogens (1, 16) and the food-grade microbes L. reuteri (22) and L. 
plantarum (Chapter 6). Moreover, DNA micro-array technology has been applied by 
Hooper and co-workers on the host side using germ-free (gnotobiotic) mice as a host 
to elucidate host-responses to microbe interactions in the GI-tract. Several elegant 
studies have revealed the molecular response of gastrointestinal epithelial cells of 
germ-free mice to colonization with the commensal bacterium Bacteroides 
thetaiotaomicron (12). An important question that still remains to be answered is to 
what extend the data obtained on host and bacterial gene expression using gnotobiotic 
animal models can be extrapolated to the situations in conventionally raised animals 
and, ultimately, humans. Notably, no (R-)IVET screens have been performed in 
commensal bacteria such as B. thetaiotaomicron,  L. johnsonii or L. gasseri. It would 
be interesting to compare the ivi genes identified in a commensal with those 
previously found in food-grade and pathogenic bacteria. Such an approach would 
reveal whether the parallels in the bacterial responses towards contact with the host 
GI-tract found between transient food-grade and pathogenic bacteria (Chapter 6), can 
be extrapolated to residential, commensal bacteria. 

In conclusion, the genome-wide transcript profiling approaches that have been 
performed to date have provided us with clues of the possible role of individual host 
and bacterial genes during host-microbe interactions (6). Combination of bacterium 
and host transcriptomes could generate the knowledge required for the construction of 
first generation molecular models of host-microbe interactions. These models would 
allow more pinpointed future experiments, designed on basis of a molecular 
interaction hypothesis. Since GI-tract bacteria like L. plantarum and B. 
thetaiotaomicron are genetically accessible, gene deletion and overexpression mutants 
can be constructed conveniently, and can be employed to study the effect of a single 
bacterial gene on host gene expression. After identification of responsive host genes, 
knock-out hosts and/or RNA interference approaches might allow gene silencing on 
the host side of the spectrum, thereby allowing the study of the effect of single host 
gene mutations on the colonization of microbes. Ultimately, such studies may provide 
a detailed molecular knowledgebase that is required to understand the selective GI-
tract colonization of commensals or symbionts, and could help to explain probiotic 
effects associated with LAB and related species at the molecular level. This level of 
insight would at the same time allow the rational selection or construction of 
improved probiotic strains, which would be designed to generate a specific, 
premeditated health-promoting effect in their consumer.  
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Samenvatting 
Melkzuurbacteriën worden wereldwijd toegepast in de industrie tijdens de productie 
van gefermenteerde voedselproducten. Vanwege de frequente consumptie van zuivel, 
olijven en worst, worden dagelijks grote hoeveelheden melkzuurbacteriën 
geconsumeerd door mensen. Vanwege deze lange historie van toepassing in producten 
bedoeld voor humane consumptie worden de meeste melkzuurbacteriën gezien als 
voedselveilig. Bovendien kunnen melkzuurbacteriën gebruikt worden voor het 
afleveren van gezondheidsbevorderende of therapeutische componenten in het 
humane maagdarmkanaal. Lactobacillus plantarum is een melkzuurbacterie die wordt 
gebruikt tijdens voedselfermentaties van onder andere zuivel, vlees en groenten. Naast 
de aanwezigheid van L. plantarum in ons dieet wordt deze melkzuurbacterie vaak 
aangetroffen als natuurlijke bewoner van het maagdarmkanaal. De complete 
genoomsequentie van de L. plantarum stam WCFS1 is recentelijk bepaald. Deze stam 
is nauw verwant aan de L. plantarum stam NCIMB 8826. Deze laatstgenoemde stam 
overleeft de passage van de humane maag zeer effectief, bereikt vervolgens 
eenvoudig de dunne darm en is zelfs detecteerbaar in de dikke darm. Dit proefschrift 
beschrijft de identificatie en functionele analyse van L. plantarum WCFS1 promoters 
en genen die een rol spelen tijdens de passage van het maagdarmkanaal. Tijdens deze 
studies is gebruikt gemaakt van de muis en in vitro studies als modellen voor de 
situatie in de humane darm. 

Er zijn drie strategieën geïmplementeerd in L. plantarum voor de identificatie 
van conditioneel actieve promoters, namelijk een in vitro selectie van promoters 
waarvan de activiteit is verhoogd in aanwezigheid van galzouten (Hoofdstuk 2 en 3), 
DNA micro-array technologie ter identificatie van omhoog gereguleerde mRNAs in 
de aanwezigheid van galzouten (Hoofdstuk 5), en een resolvase gebaseerde in vivo 
expressie technologie (R-IVET) aanpak om promoters te selecteren die aangeschakeld 
worden in het maagdarmkanaal van een muis (Hoofdstuk 6). De uitkomsten van de in 
vitro screen en de DNA micro-array experimenten reflecteerden duidelijk de grote 
impact van galzout op de celwand en membraan (Hoofdstuk 5). Verdere vergelijking 
van de uitkomsten van de drie strategieën onthulde 2 genen, coderend voor een 
integraal membraan eiwit en een argininosuccinate synthase, die zowel in vitro 
geïnduceerd worden door galzout als in vivo in het maagdarmkanaal van de muis. Het 
expressieniveau van deze 2 genen in het duodenum (de locatie in de darm waar 
galzouten vrijkomen) werd onderzocht met behulp van kwantitatieve reverse 
transcriptie PCR. De resultaten toonden aan dat de expressieniveaus van deze 2 genen 
veel hoger waren in L. plantarum cellen geïsoleerd uit het duodenum van een muis, 
vergeleken met cellen gekweekt op standaard laboratorium medium (Hoofdstuk 4). 
Vervolgens werden er deletiemutanten geconstrueerd in 12 van de genen die 
geïdentificeerd waren met R-IVET als geïnduceerd in de darm. Het effect van deze 
mutaties werd onderzocht gebruikmakend van kwantitatieve PCR waarmee de 



relatieve populatie dynamiek van de L. plantarum mutanten gevolgd kon worden in 
fecale monsters na passage door het maagdarmkanaal van muizen. Deze PCR aanpak 
maakte het mogelijk om in een competitie experiment de persistentie en/of overleving 
van alle mutanten onderling te vergelijken in 1 muis model systeem. Deze competitie 
experimenten onthulden 3 mutanten die 100- tot 1000-voudig minder dominant 
aanwezig waren vergeleken met andere mutanten. Deze resultaten duiden erop dat de 
producten van de gedeleteerde genen (een IIC-transport component van een 
incompleet cellobiose PTS systeem, een extracellulair eiwit dat een LPQTNE motief 
bevat voor verankering van dit eiwit aan de bacteriële celwand en een koper 
transporterende ATPase) een belangrijke rol spelen in de maagdarmkanaal 
functionaliteit van L. plantarum. Vooral de identificatie van copA is opmerkelijk, daar 
het gecodeerde eiwit (CopA) een hoge homologie vertoont met een eiwit in Listeria 
monocytogenes (CtpA, 56% identiteit) met een bewezen rol in virulentie en 
persistentie van deze pathogeen in het maagdarmkanaal (Hoofdstuk 7). Als laatste is 
er een L. plantarum stam geconstrueerd waarin geen functionele kopie van het srtA 
gen meer aanwezig is. Dit gen codeert voor sortase dat de covalente koppeling van 
LPQTNE-motief bevattende eiwitten aan de bacteriële celwand katalyseert. Hoewel 
de srtA mutant de capaciteit om gistcellen (Saccharomyces cerevisiae) te agglutineren 
volledig verloren had, werd er geen verschil gevonden in de overlevings-
karakteristieken van deze mutant in vergelijking met een controle stam tijdens passage 
van de muizendarm. 

Concluderend kan gesteld worden dat het onderzoek in dit proefschrift een 
eerste blik werpt op het gedrag van L. plantarum in een complexe, ontoegankelijke 
niche zoals de darm. Dit soort studies zal leiden tot een gedetailleerd, moleculair 
inzicht in de overlevingsstrategieën van melkzuurbacteriën in de darm en kan helpen 
om hun gezondheidsbevorderende (probiotische) effecten te verklaren. Uiteindelijk 
kan dit soort mechanistisch inzicht zelfs gebruikt worden voor de rationele selectie of 
constructie van probiotische stammen.  
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Nawoord 
Op de voorkant van dit proefschrift staat alleen mijn naam, maar geen van de 
hoofdstukken was geworden zoals ze nu zijn zonder de hulp van anderen. Daarom ben 
ik blij dat dit nawoord mij in staat stelt om hen hiervoor te bedanken. In de eerste 
plaats mijn begeleiders Michiel Kleerebezem en Willem de Vos. Michiel, jouw 
vermogen om mensen te motiveren, je kritische houding en je gedrevenheid hebben 
mij als wetenschapper, en daarmee ook dit boekje, voor een belangrijk deel gevormd. 
Vanaf het begin zaten we op één lijn en ik heb onze samenwerking dan ook als zeer 
prettig ervaren. Daarnaast denk ik met veel plezier terug aan enkele buitenlandse trips 
die we samen hebben mogen maken. Willem, je sturende rol en je kritische analyses 
van de resultaten hebben een grote bijdrage geleverd aan dit boekje. Bedankt voor het 
in mij gestelde vertrouwen! 

Ondanks dat ik als WCFSer gestationeerd was op het NIZO, was er in de 
kelder nooit sprake van discriminatie. Ik had vanaf de eerste dag het gevoel in een 
team te werken. Ik zal niet proberen om iedereen bij naam te noemen vanwege het 
grote risico dat ik daarbij mensen vergeet, maar de vele co-auteurs boven de diverse 
hoofdstukken van dit boekje geven wel aan hoe belangrijk de rol van menig collega is 
geweest. Als je meer op je werk bent dan thuis, zijn ook de sociale aspecten 
belangrijk, zoals de borrels, Substitute-bezoekjes, whiskyfestivals, vakanties en 
avondjes stappen met collega’s. Deze hebben veelvuldig, in de afgelopen vier en een 
half jaar, plaats gevonden en ik hoop dat de afronding van dit proefschrift en mijn 
vertrek naar Ierland geen definitief einde betekent voor deze contacten. De zes 
studenten die ik in de afgelopen 4 jaar heb mogen begeleiden hebben samen ongeveer 
4 manjaren bijgedragen aan dit boekje, waarmee hun inbreng van grote waarde was. 
Saskia, Armand, Jolanda, Esther, Alexander en Mieke, hierbij wil ik jullie (nogmaals) 
bedanken voor jullie inzet. Ook het contact met mijn virtuele WCFS collega’s was 
zeer positief. Tijdens de maandelijkse projectbijeenkomsten heerste altijd een 
informele sfeer en aan de discussies over onze projecten heb ik veel gehad.  

I cordially thank Annick Mercenier for the opportunity to work in her group at 
the Pasteur Institute in Lille (France). Furthermore, I would like to acknowledge 
Catherine, Corinne and the rest of the IPL group for their help with the animal 
experiments, which dramatically increased the quality of this thesis! I also appreciate 
the fact that you introduced me to the social life in Lille, which made my three visits 
to France really enjoyable. 

De keuze van mijn beide paranimfen dwingt mij om terug te denken aan 
vervlogen tijden. Patrick, nog zo kort geleden zaten we met zijn tweeën te ranzen op 
het wissellab. We hadden een perfecte balans tussen humor en hard werken gevonden 
en het was nog geoorloofd om een grap uit te halen waar het lab een beetje smerig van 
werd. Tegenwoordig is dit wel anders, met als dieptepunten de wekelijkse, vaste 
opruimdag, het feit dat de eerste plantarum-SOP is geschreven (niet door mij!) en de 
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(geënsceneerde?) diefstal van de Huub Hangop CD. Je begrijpt, ik denk nog vaak 
terug aan de prettige chaos waarin wij werkten. Ik ben blij dat je mij de dienst van 
paranimf terug bewijst! Jeroen, onze geschiedenis reikt nog verder terug en begint al 
op de middelbare school toen we elkaar bijna dagelijks zagen. Onze levens zijn sinds 
die tijd drastisch veranderd, maar toch hebben we elkaar nooit uit het oog verloren. Ik 
hoop dan ook dat we onze vriendschap nog lang in stand kunnen houden en ben blij 
dat je mijn paranimf wilt zijn. 

Ook mijn ouders verdienen een plaats in dit dankwoord. Pa en Ma, dankzij 
jullie heb ik van een onbezorgde jeugd kunnen genieten en ben ik altijd gestimuleerd 
om me verder te ontwikkelen. Het was fijn te merken dat jullie altijd achter mijn 
keuzes stonden, ook toen alle beroepstesten “Journalist” aangaven en ik Moleculaire 
Wetenschappen wilde gaan studeren.  
 Als laatste wil ik Mieke bedanken. Lieve Mieke, zonder jouw geduld en liefde 
hadden mijn leven en dit boekje er heel anders uitgezien. Met je verwoede pogingen 
om alles te relativeren heb je me af en toe toch nog een dagje achter de computer weg 
gekregen voor wat ontspanning. Bedankt dat je me door deze, soms moeilijke, tijd 
hebt gesleept. Het boek is nu af, het is tijd om nog meer te gaan genieten van het 
leven. Op naar ons volgende avontuur, op naar Ierland! 
 
 
 

Peter 
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