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1. ABSTRACT 
 

Lactobacilli belong to the genus Lactobacillus, the largest genus among the lactic acid bacteria (LAB). They are 
abundant in plant material and food resources, or they may inhabit niches in or on the bodies of humans and animals, as 
commensals. Lactobacilli of food origin are commercially important in the production of dairy products, fermented meats, 
vegetables, and sourdough, and many of their properties have been well studied. Commensal lactobacilli are good candidates for 
development as probiotics. In recent years, the general biology and host interaction mechanisms of commensal lactobacilli have 
attracted great interest. Although the metabolic pathways, predicted gene functions, and some phenotypic traits, of commensal 
lactobacilli can be inferred or deduced to an extent by the growing number of Lactobacillus genome sequencing project, various 
genetic tools are still required to confirm their phenotypic properties and biological traits. The current state of the art with respect 
to the available complement of genetic tools including genomic resources, and more traditional approaches to investigate the 
biology of commensal lactobacilli, will now be reviewed. 
 
2. INTRODUCTION 
 

Lactobacilli are Gram-positive, non-spore-forming, acid-tolerant, aerotolerant or anaerobic with low G+C content 
(1). With a long application history, lactobacilli are important microbes in industry, which contribute to the production of cheese, 
yogurt, and other fermented products. Apart from being isolated from a broad range of nutrient-rich environments (2-7), 
lactobacilli are also part of the commensal human microbiota. They are abundant in the vagina (8), and were also found in the 
oral cavity (9), the small intestine and the large intestine (10). Because of their history of safe use and their natural presence in the 
human intestinal tract, commensal lactobacilli offer considerable potential as probiotics. Probiotics are “live microorganisms 
which when administered in adequate amounts confer a health benefit on the host” (11). It is known from numerous analyses that 
probiotics benefit the host through a variety of mechanisms (12-17).  

 
Even more so than other lactic acid bacteria (LAB), Lactobacillus species vary greatly in their phenotype, and 

scientists are faced with an unusually high level of phylogenetic diversity (18). Functional characterization of individual 
Lactobacillus species therefore requires a variety of genetic tools that may need to be adapted or customized for individual 
species, which usually have distinguishing properties to be investigated. For example, it is established that some lactobacilli 
benefit the host through modulation of the immune system (19, 20). Colonization (adhesion or persistence) is an expected, but 
possibly not essential, feature for strains being developed as probiotics. However, strains which are probiotic are expected to have 
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a wider impact on intestinal ecology, which may include production of antimicrobial substances, and usually requires survival in 
the stressful environment of the GI (gastrointestinal) tract, including resistance to low pH, and bile. The identification of genes or 
clusters that contribute to these probiotic-related characteristics is an ongoing challenge for scientists. In this context, genetic 
analysis and manipulation of these bacteria will be of paramount importance to understand their probiotic functionality and for 
optimizing their performance in vitro and in vivo. An emerging knowledge of the genomics of Lactobacillus species will allow 
improved understanding of the probiotic characteristics of these strains. However, the development of genetic tools for lactic acid 
bacteria, especially commensal lactobacilli, has lagged significantly, notwithstanding a number of significant recent studies. 
Therefore, novel genetic tools are urgently required to understand the biological potential of many Lactobacillus species. This 
review summarizes the current status in this area, and highlights issues of greatest urgency for further advancement. As an 
accompaniment to the sections which follow, Figure 1 illustrates schematically a selection of genetic tools that have been 
successfully applied to the study of candidate genes involved in probiotic effects in commensal lactobacilli. 
 
3. GENOMIC RESOURCES 
 
3.1. Genome databases 

Genome sequencing projects provide critical data to underpin investigation of commensal lactobacilli. Twelve 
Lactobacillus genome sequences including five commensal Lactobacillus strains have been published by January 2008. The 
sequenced strains belong to Lactobacillus acidophilus (29), Lactobacillus brevis (30), Lactobacillus casei (30), Lactobacillus 
delbrueckii ssp. bulgaricus (31), Lactobacillus gasseri (30), Pediococcus pentosaceus (30), Lactobacillus helveticus (32), 
Lactobacillus johnsonii (33), Lactobacillus plantarum (34), Lactobacillus sakei (35), and Lactobacillus salivarius (36). Their 
genome properties are described in Table 1. There are another three Lactobacillus genome sequencing projects completed but 
currently unpublished or in press (Lactobacillus reuteri F275, Lactobacillus rhamnosus ATCC53103 and Lactobacillus 
fermentum IFO3956). More Lactobacillus genome sequencing projects are in process according to the genomes online database 
(GOLD) (37), from the Lactobacillus species amylolyticus, antri, buchneri, coleohominis, crispatus, iners, jensenii, reuteri, 
paracasei, syntoryeus, and ultunensis. The complete genome resources deposited in the NCBI database 
(http://www.ncbi.nlm.nih.gov/sites/entrez?db=Genome&itool=toolbar) and other databases provide not only complete genome 
information, but also bioinformatics tools for genome analysis. Websites like KEGG (http://www.genome.jp/kegg/), JGI 
microbial genomics (http://genome.jgi-psf.org/mic_home.html) offer predicted metabolic pathways or comparative analysis and 
annotation of publicly available genomes. In addition, the JCVICMR on-line resource from the J. Craig Venter Institute 
(http://cmr.jcvi.org/cgi-bin/CMR/CmrHomePage.cgi) provides genome tools including genome summary information, graphical 
displays, genome properties, and sophisticated genome analysis tools (gene position search, protein motif search, restriction 
digest, pseudo 2D gel, codon usage, putative operon predictions, primer search etc.) as well as comparative tools. The available 
genome databases will provide information underpinning the understanding of the biology and function of sequenced 
Lactobacillus species as well as those of strains from the same species. 
 

3.2. Microarray-based analysis 
Sequenced and annotated Lactobacillus genomes provide comprehensive information about predicted gene functions, 

in silico-constructed bacterial metabolic pathways, and especially potential host interaction factors and gene functions in 
candidate probiotic strains. However, these are all, by definition, merely predicted functions, unless and until they are confirmed 
experimentally. On the basis of sequenced genomes, microarray-based assay is an efficient methodology to measure gene 
transcription, and it can also be used in comparative genomic hybridization, single nucleotide polymorphism studies, tiling array 
analyses, and promoter sequence/function studies (38). Among those genome sequences available for commensal lactobacilli, 
microarray techniques were mainly employed to investigate stress response genes involved in gut persistence such as bile 
responsive genes (39, 40), acid resistance genes (41) and gut persistence associated genes (42). Targeted analyses of specific 
operons like those for bile-resistance (43), carbohydrates utilization (44, 45), and also systems involved in regulation of 
adherence (46) can also be accomplished by microarrays. There are other applications that microarray technology can address. It 
can track changes in the expression of genes along the digestive tract (47), and can be used to detect gene expression responsive 
to the intestinal tract (48-50), and to analyze integration and distribution of Lactobacillus prophages (51). Microarrays are also 
being developed which support thousands of 16S ribosomal RNA (rRNA) gene probes that are specific for intestinal bacteria, for 
community analysis, as described elsewhere in this volume.  
 
3.3. In silico modeling of metabolic pathways 

Genome sequencing projects can dramatically accelerate the understanding of biological capabilities of lactobacilli. 
Exemplifying this, genome-scale metabolic networks can be reconstructed based on the functional annotation of predicted genes, 
genome and metabolic pathway databases, and targeted experimental verification. For commensal lactobacilli, there are few such 
networks constructed, with the prominent example of LacplantCyc (52) for the genome sequence of L. plantarum WCFS1 
potentially serving as a model. The metabolic network links functional genes with metabolic reactions, which can be used to 
investigate cellular properties of organisms and help scientists to understand the diversity of their capabilities, roles and 
interactions. Recently, an AUTOGRAPH-method (Automatic Transfer by Orthology of Gene Reaction Associations for Pathway 
Heuristics) (53) has been developed to accelerate the process of metabolic reconstruction. However, the quality of the metabolic 
network derived from it depends on the availability and quality of manually curated metabolic networks and the orthology 
detection. Given the critical role of metabolism of lactic acid bacteria in carbohydrate and protein catabolism, the extension of in 
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silico metabolic mapping to other species is highly desirable, reinforced by experimental validation where appropriate. 
Considering an individual Lactobacillus strain as a cell factory (54), metabolic models will help to build cellular signaling and 
regulatory networks. 
 
3.4. Codon usage and operon structure 

Access to complete genome sequences of commensal lactobacilli provides empowering information for rational 
design of cloning experiments, for example to facilitate heterologous gene expression. Thus, there is an accompanying 
requirement to characterize properties such as codon usage, for trouble-shooting and optimizing protein production. 
Bioinformatic tools like Artemis (Sanger, Cambridge, UK) and the JCVICMR on-line genome tools can derive codon usage 
patterns for a bacterium whose genome sequence is available. However, despite the high bias of the codon usage in lactobacilli 
(55), there are surprisingly no meta-analyses of this topic in the post-genomic era.  

 
Given the high coding density typical of prokaryotes, and utilization of single promoters for co-transcription of 

complex operons, many biologically interesting genes in commensal lactobacilli are likely subject to co-regulation and 
transcriptional dependence on contiguous genes. The burgeoning availability of genome sequences, improved tools for motif 
detection such as deployment of Hidden Markov models (HMM) (56), and the increasing power of comparative genomics (57) 
will collectively ensure that powerful tools are available to identify genes, operons, promoters and regulatory sequences. 
 
4. LACTOBACILLUS IDENTIFICATION TOOLS 
 

Identification of lactobacillus species has been historically contentious, and some high-profile strains have been re-
classified. Meaningful biological investigations of commensal lactobacilli benefit from robust identification and phylogenetic 
positioning of strains that are often isolated from very complex environments. The classification of lactobacilli is complex and 
controversial: Identification of commensal lactobacilli is difficult as they belong to a large extremely diverse genus Lactobacillus 
which contains 147 recognized species to date (58). Genetic investigations and tools therefore provide important adjuncts to 
taxonomy tools based on physiological, biochemical and molecular profiles available for differentiation of Lactobacillus as 
described in Table 2. The classic approach such as employment of API 50 CH strips (bioMérieux, Inc., Marcy l’Etoile, France) 
(59) based on carbohydrates fermentation profiles is common and efficient for the identification of lactobacilli. However, due to 
the diversity of Lactobacillus and lack of database profiles for species including L. gasseri, L. jensenii, L. iners and Lactobacillus 
vaginalis, identification of commensal Lactobacillus species by API 50 CH can lead to misidentification or uninterpretable results 
(60). Complicating identification are persistent errors in classification; for example, it is not robust to divide some species into 
subspecies (61) either by molecular techniques, or by reference to carbohydrate utilization profiles in the API 50 CH database. 
Therefore, differentiation of Lactobacillus species according to physiological and biochemical criteria alone can be unreliable. 

 
Molecular approaches are more reliable, and have been used to distinguish lactobacilli at the species or strain level. 

Most of these molecular approaches are based on analyzing differences in PCR amplicons derived from fragments or regions 
including 16S ribosomal RNA (rRNA) gene (62), 16S-23S rRNA intergenic spacer region (63, 64), groEL (hsp60 PCR-RFLP) 
(65) or random DNA (randomly amplified polymorphic DNA, RAPD) (66). These strain identification tools are efficient and can 
distinguish lactobacilli at species level. For differentiating genotypically close Lactobacillus species or distinguishing at strain 
level, it is necessary to employ identification tools that couple PCR with restriction or electrophoresis analysis, such as amplified 
ribosomal DNA restriction analysis (ARDRA) (67, 68), PCR-coupled temperature or denaturing gradient gel electrophoresis 
(PCR-TGGE and PCR-DGGE (69), respectively), transferred-DNA (tDNA) intergenic spacer PCR (tDNA-PCR) (70) and 
multiplex RAPD-PCR (71). The choice of application of these approaches mainly depends on the requirement for differentiation. 
Methods based on whole genome polymorphisms such as renaturing SDS-PAGE (72), pulsed-field gel electrophoresis (PFGE) 
(73), amplified fragment length polymorphism (AFLP) (74) and temporal temperature gradient gel electrophoresis (TTGE) (75) 
are also useful to determine the relatedness of Lactobacillus isolates.  

 
Of great interest, some methods such as typing IS (insertion sequence) elements have been used to group lactobacilli 

of the same species into clusters which correlated with the isolation source (76). Other identification tools based on microarrays 
proved useful for the characterization of lactobacilli. For example, genome-probing microarrays (GPM) (77) detected a linear 
relationship between the hybridization signal intensity and target genome quantity. This method showed high sensitivity for 
identifying Lactobacillus strains in a community background. (0.25% prevalence in the total community, testing 2.5 total ng 
DNA, was still detectable). Another genome-typing approach identified regions of variance among L. plantarum strains (78). 
This method was able to distinguish L. plantarum into two groups. Robust phylogenetic positioning of lactobacilli, 
complemented by phylogenomics, will be useful for ecological studies of environments such as the gut that contain many 
members of this genus. 
 
5. GENE TRANSFER 
 

Although genetic manipulation of strains for usage in food preparation is prohibited in many jurisdictions, there is still a 
great deal to be learned by studying Lactobacillus gene function in a heterologous background. Thus it is essential to develop 
methods for transferring genes between strains and model hosts. 
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5.1. Transformation 

Replicons derived from different plasmids that have been demonstrated to replicate in lactobacilli are listed in Table 
3. Electroporation has been widely used for plasmid transfer and cloning in many lactobacilli. For most species, transformation 
occurs at reasonable frequencies, namely 104 transformants per μg of DNA or greater, though this transformation efficiency is 
lower than that possible with lactoccoci. However, the transformation efficiencies for some Lactobacillus species like L. 
crispatus, L. delbrueckii, and L. helveticus are quite low, at approximately 30-50 transformants per μg of DNA, and many strains 
of those species are non-transformable (79). The low efficiency of transformation could be due to the presence of incompatible 
plasmids (80, 81) in the recipient. Therefore, either improvement of cell competence preparation protocols, or development of 
new plasmid replicons, is required for gene transfer via electroporation in these species. An additional barrier to transformation is 
the presence of diverse restriction/modification systems, which are evident from genome sequences of lactobacilli such as L. 
acidophilus, L. brevis, L. casei, L. delbrueckii ssp bulgaricus, L. gasseri, L. helveticus, L. plantarum and L. salivarius (Table 1). 
 

5.2. Conjugation 
Although electroporation is widely used for gene transfer and cloning in lactobacilli, some species of this genus are 

poorly transformable or non-transformable. Conjugation is an alternative approach for the introduction of novel DNA into poorly-
transformable lactobacilli (79). Conjugal gene transfer can be achieved by conjugative plasmids (26), or comobilization of a 
nonconjugative plasmid with a conjugative plasmid (89). For instance, conjugal gene transfer was used to introduce a 
heterologous gene encoding beta-glucanase into a non-transformable strain of the species L. helveticus (90). Conjugation can also 
be used to transfer genes between different species. Therefore, development of a recombinant plasmid transfer system based on 
conjugation may be a useful and potentially broad-range tool for gene transfer in lactobacilli. Normally, the source vector for 
conjugal gene transfer comes from existing conjugative plasmids. Construction of a conjugal plasmid can alternatively be 
accomplished by cloning the mobilization region into a Lactobacillus cloning vector. Some Lactobacillus species harbour 
transmissible or conjugative plasmids. For example, the sequenced L. plantarum strain WCFS1 harbours a conjugative plasmid 
pWCFS103 (26). The megaplasmid of L. salivarius UCC118 contains a tract of genes related to conjugation (36), though they 
appear to be genetically corrupt (28). Genes encoding TraA related to transmission were also found in a small plasmid present in 
the same strain (28). This plasmid formed the basis for development of a vector that could be mobilized into L. salivarius and 
various other species. This emphasizes the potential of adapting endogenous plasmids for developing new genetic tools for 
lactobacilli. 
 
5.3. Transduction 

Another gene transfer method is transduction, bacteriophage-mediated chromosomal or plasmid DNA transfer. 
Transduction has been infrequently reported for gene transfer in lactobacilli compared with transformation, electroporation and 
conjugation. To our knowledge, transduction was only employed in four Lactobacillus strains, L. delbrueckii (91), L. gasseri (92) 
L. acidophilus (93) and L. salivarius (94) with bacteriophage LL-H/S, Φadh and PLS-1, respectively. The role of transduction in 
gene mapping and linkage studies is redundant in the post-genomic era, but transduction remains a useful alternative method, 
albeit one requiring time investment for isolating appropriate phage. 
 
6. GENE EXPRESSION AND CONTROL 
 
6.1. Available plasmids replicons and construction of gene cloning vectors 

Cloning vectors for lactobacilli can be divided into three classes (95): Promiscuous plasmids based on rolling cycle 
replication (RCR) replicons such as pWV01 (96) derivatives; plasmids with replication origins for both E. coli and gram-positive 
bacteria such as pAMβ1 (97) or pSH71 (98) based replicons; and native Lactobacillus vectors with selectable markers and 
alternative replication origins for gram-negative bacteria. Presence of plasmids is a common feature in Lactobacillus species (80). 
This characteristic of Lactobacillus supplies a large reservoir of plasmids which can be exploited for the construction of the third 
class of Lactobacillus vector, and for diverse recombinant applications. Since repA-based plasmid replicons replicate via the theta 
mode of replication, which confers stability, derivatives of this replicons type have been widely used (86-88, 99-101) to construct 
vectors for L. casei, L. plantarum, L. delbrueckii, L. fermentum, and L. sakei . Some of the constructed vectors have a broad host 
range. For example, the shuttle vector pLP825 could be introduced by electroporation into L. casei, L. pentosus, L. plantarum, L. 
acidophilus, L. fermentum, and L. brevis strains with similar efficiencies (81). Derivatives of pLP1, a 2.1 kb plasmid extracted 
from L. plantarum CCM 1904 (ATCC 8014) can replicate in L. curvatus, L. sakei, Carnobacterium, and Leuconostoc 
mesenteroides (102). L. salivarius UCC118 harbours 3 plasmids (36), a megaplasmid pMP118 and two endogenous plasmids 
pSF118-44 and pSF118-20 which putatively replicate via a theta replication mechanism. The repA of pSF118-20 has high 
sequence similarity with repA of plasmids from different Lactobacillus species. This suggests it has the potential to be used to 
develop vectors with broader host range among the lactobacilli (28).  
 
6.2. Gene expression and control of expression 

Among the available gene expression systems for application in Lactobacillus, the Lactococcus nisin-controlled gene 
expression system may be the most widely used. As listed in Table 4, the nisin regulated gene expression system has been used 
for gene expression in L. plantarum (103), L. helveticus (104) and L. reuteri (105). Gene expression under constitutive promoters 
e.g. pldh (106, 107) or through integration upstream of a native promoter (108) has also been employed in lactobacilli. There are 
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other systems such as sakacin (109) or lactose inducible (110) gene expression systems available for conditional gene expression 
in lactobacilli. The nisin controlled gene expression system has been employed in L. salivarius UCC118 for expressing the 
osmoprotective glycine-betaine transporter betL (111) by adaptation of the pNZ8048 and pNZ9530 (112) system. However, this 
system requires addition of multiple antibiotics, which could either induce stressful effects on the host or prevent gene expression 
in strains that already harbour an antibiotic resistance marker. In addition, low level expression of betL without induction was 
detected when using the pNZ8048 and pNZ9530 nisin regulated gene expression system. Therefore, optimization of inducible 
expression and perhaps integration of the nisRK gene into the chromosome of L. salivarius UCC118 (and other species) is 
desirable. Moreover, constitutive gene expression systems would be useful for many species, as a complement to inducible 
expression systems. 
 
6.3. Genetic markers, promoters 

Commensal lactobacilli, by virtue of their source niches, are suitable candidates to be explored and developed as 
probiotic agents. The probiotic characteristics and safety aspects of such strains must be ratified before their employment as food 
supplements or functional adjuncts. In this context, the development of genetic makers that can be used as tags to investigate the 
biology of commensal lactobacilli, and the mechanism of their interaction with the host in vivo, is desirable. Various reporter 
systems have been used to identify regulatory sequences and to monitor gene expression for commensal lactobacilli in the past 10 
years. Those based on the emission of light may be a particularly suitable monitoring system for commensal lactobacilli as light 
emission can be detected in real time, and its monitoring is less laborious compared with other reporter systems. 

 
Genes encoding enzymes that produce light include lux (which encodes bacterial luciferase) from Photorhabus 

luminescens, Vibrio harveyi or Vibrio fisheri, and gfp (that encodes Green Fluorescent Protein) from Aequorea victoria. The 
bioluminescence reporter system was widely used in L. casei (120, 121), L. jensenii (122), L. plantarum and L. gasseri (123) for 
various utilities. However, due to the requirement for FMNH2 (reduced riboflavin mononucleotide), which is involved in the 
emission of luminescence by bacteria harbouring the lux genes, the NAD (P)H:FMN oxidoreductase (EC 1.6.8.1) is required to 
generate a constant level of FMNH2 for continuous emission of light (124). Therefore, use of bioluminecence as a genetic marker 
may not be possible in Lactobacillus strains or species that lack NAD (P)H:FMN oxidoreductase. 

 
Expression of gfp was employed in L. acidophilus (83), L. reuteri (105), L. casei (110), L. hevelticus (79), L. sakei 

(125) and L. plantarum (103) by either integration into the chromosome or gene fusion in an expression vector. GFP tagging was 
also used to track L. dekbrueckii and L. fructosus for localization on the GI epithelium (107) and to monitor the behavior of L. 
rhamnosus GG in vivo (118).These and other markers will soon be deployed to monitor commensal bacteria in vivo, which is 
highly desirable. For example, L. salivarius has demonstrated probiotic properties in human trials and animal models (126-129). 
However, very little is known about the fate of live L. salivarius cells when administered in vivo, or about the interaction of these 
microorganisms with the gastrointestinal ecosystem. For future applications, it would be extremely useful to have reporter 
systems (gfp or lux fusions) to monitor bacterial cell distribution and gene expression by L. salivarius and other commensal 
lactobacilli in animal models. In order to investigate the biology of commensal lactobacilli, availability of defined promoters 
would be highly advantageous for multiple applications. For a specific microorganism, most promoters required could be isolated 
and identified from a genome library. Promoters regulated by e.g. bacteriocin induction peptides could be used as inducible 
promoters. Microarray based transcriptional analysis is an efficient method to characterize strong promoters, and promoters 
which function at different bacterial growth phases. Among commensal lactobacilli, a synthetic promoter library was constructed 
for L. plantarum WCFS1 and was then evaluated by expression of GusA and PepN (130). Further studies on Lactobacillus 
promoter sequences, in a broader range of species, are clearly warranted.  
 
7. MUTAGENESIS SYSTEMS 
 

Generally, there are two methods for generating genetic mutants in lactobacilli for targeted and random mutagenesis. 
The first is integration, which is rec-dependent recombination of cloned DNA with a homologous locus. The second is rec-
independent, which involves transposons or insertion sequences. 

 
7.1. Integration and insertion systems 

Integration of genes or vectors into the chromosome of bacteria is a critical genetic tool. Integration may be required 
in manipulation of gene stabilization, fusion, amplification, deletion, insertional mutagenesis, and creation of physical/genetic 
maps. A number of techniques for integration in Lactobacillus have been developed to date. Homologous recombination in 
lactobacilli can be achieved by one plasmid or two plasmid systems. One plasmid systems have been widely used in LAB. They 
are based on either temperature-sensitive integrated vectors such as pG+host (pWV01 derivative (131)), pIP501 (pSA3 derivative 
(132)), pTN1 (115) and an unstable replicon pGID (pE194 derivative) (133) or non-replicative plasmids such as pUC18/19 (134) 
and pBluescript SK- (108, 135). The two plasmid systems include the pORI28 system (136, 137) and its derivative systems 
pORI19-pVE6007 (138) and pORI28-pTRK669 (139). pORI28-pTRK669 system is an expansion  of pORI28 for use in 
themophilic lactobacilli, by site specific DNA replacement (140, 141). These systems are all based on the conditional replication 
of the lactococcal pWV01-derived vector pORI. Combining the system with a temperature-sensitive pWV01 derivative increased 
the frequency of Campbell-type recombinants. The pORI19-pVE6007 gene integration system has been successfully adapted to 
delete a gene encoding sortase (24), multiple genes for surface proteins (24), and a gene which encodes a bacteriocin transporter 
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on the megaplasmid pMP118 in L. salivarius UCC118 (23). However, for deletion or disruption of genes on a genome-wide 
scale, pVE6007 and pORI is not a efficient integration system. Powerful and universal gene deletion or disruption tools need to 
be developed for such a specific requirement. A novel method for the directed genetic manipulation of the Bacillus subtilis 
chromosome free of any selection markers has been developed recently (142). This method employed the Escherichia coli toxin 
gene mazF as a counter-selectable marker, which makes it possible to repeatedly and successfully inactivate a specific gene, to 
introduce a gene of interest, and to accomplish the in-frame deletion of a target gene in the same strain. In addition, there are 
other new mutagenesis systems, such as that using extracellular endoglucanase A (celA) of Clostridium thermocellum as a 
screening marker (143) and the Cre-lox-based system (144) which has been developed and employed in L. plantarum. 

 
In addition to homologous recombination strategies via suicide or temperature-sensitive replicons, prophages 

constitute a substantial proportion of the mobile DNA of their bacterial hosts. Two temperate phages from L. delbrueckii (145, 
146) and L. gasseri (147) were used to construct site-specific integration vectors. A DNA sequence was stably introduced into the 
chromosome of L. casei by application of prophage integration and it could be subsequently excised (148). Sequence analysis 
revealed that L. plantarum (34), L. gasseri (149), L. casei (149), L. johnsonii (51), and L. salivarius (149) contain 2 (Lp1and 
Lp2a), 1 (Lgal), 1 (Lca1), 2 (Lj928 and Lj965), and 2 (Sal1 and Sal2) intact prophage sequences, respectively. Thus, genomes of 
sequenced Lactobacillus species provide the potential for establishing efficient and site-specific integration systems for 
commensal lactobacilli. 
 
7.2. Random mutagenesis systems 

Random mutagenesis is a valuable genetic tool to study genes and their regulators. However, it requires generation of 
a genuinely random i.e. non-biased mutant library. In vivo expression technology (IVET) (150) can be used to detect bacterial 
genes that are specifically induced in their host. IVET and R-IVET ( (resolvase-based) in vivo expression technology) were used 
to detect L. reuteri 100-23 (151) and L. plantarum WCFS1 (152) genes specifically induced in the murine gut. Both transposon 
mutagenesis and insertion sequences (IS) are common approaches for generating a mutant library. However, there are only a few 
transposon-based mutagenesis systems available for lactobacilli. The conjugative transposon Tn916 family and transposon Tn917 
from Enterococcus faecalis have been used for random insertional mutagenesis of LAB (153-156), with the latter example being 
in L. plantarum. However, both systems appear to have limitations in their utility for generating mutant libraries for LAB, due to 
low transfer and integration frequencies and limited transposon carriers. Therefore, the most frequently used mutagenesis 
approach for lactobacilli is IS-based mutagenesis. IS-elements can be used for construction of suicide insertion vectors. The 
discovery of functional IS-elements in lactobacilli should aid in the development of functional mutagenesis and insertional 
vectors for a variety of intestinal lactobacilli. The insertion of IS1223 into pSA3 (157), and IS1223 or IS1201 into pIP501 (158) 
exemplify the successful usage of IS elements for random mutagenesis in lactobacilli. The addition of the lactococcal ISS1 to the 
thermosensitive replicon pG+host allowed construction of a food grade random mutagenesis system which has been employed for 
generating stable mutants in L. plantarum (159) and other gram-positive bacteria (160). Patnaik (161) accomplished genome 
shuffling by recursive pool-wise protoplast fusion and successfully identified shuffled strains that produced more lactic acid that 
the wild type. It will be interesting to see if this approach can be used to improve host association, or intestinal persistence, in 
commensal lactobacilli.  
 
8. SUMMARY AND PESPECTIVES 
 

It is now five years since the first genome of a Lactobacillus was definitively elucidated by sequencing. Primary 
molecular genetic tools like gene cloning, expression and disruption have been constructed for investigating traits including 
probiotic characteristics. Though most of these are derivatives of lactococcal genetic tools, some customized systems for use in 
lactobacilli have been developed recently. Following genetic characterization, genetically modified organisms (GMOs) will not 
ultimately be used for human consumption in most jurisdictions; thus there is a parallel requirement for development of in vivo 
assays and appropriate animal models, to demonstrate proof of concept or functionality in genes that have been modified or 
altered. However, considering the heterogeneity of this genus, a novel greatly-expanded repertoire of genetic tools is required. 
Approaches are also desirable for DNA manipulation in Lactobacillus strains with atypical genome architectures. For example, 
megaplasmids are widely present in L. salivarius strains and a few other species (162). Thus, efficient gene disruption systems 
need to be developed to inactivate genes of interest which are located on megaplasmids. Plasmid Toxin-antitoxin (TA) addiction 
systems (163) that contribute to plasmid maintenance or stability in the relevant host were detected in L. plantarum (164) and L. 
salivarius (28). However, plasmid TA systems are not well understood in Lactobacillus e.g. the mode of toxin action. Given the 
fact that curing a resident plasmid has been accomplished by production of the relevant antitoxin in trans (28), adaptation of 
plasmid TA systems for plasmid curing or for recombinant plasmid retention will become feasible and desirable, as more 
manipulations are required in natural isolates with complex plasmid profiles. Following the leading example of L. plantarum 
WCFS1 (165), analytical tools like proteomics should be employed for detecting stress response, looking for biomarkers, and for 
detecting secreted proteins of commensal lactobacilli. With the discovery of presumptive contingency metabolic genes in some 
genomes, lactobacillus metabolomic studies coupled with in silico modelling will be another fruitful approach for studying the 
adaptation of strains to environmental conditions. For providing extended safety validation of probiotics for human consumption, 
systems approaches that are underpinned by genetic tools will provide additional supporting data on individual gene function, and 
overall strain phenotypes. Following patterns in the development of genetic systems for microbial pathogens, and well-
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characterized lactic acid bacteria such as Lactococcus, we anticipate that the next decade will witness establishment of a more 
comprehensive set of genetic tools for the lactobacilli, which will be broadly welcomed. 
 
9. ACKNOWLEDGEMENTS 
 

This work was supported by Science Foundation Ireland through a Centre for Science, Engineering and Technology 
award to the Alimentary Pharmabiotic Centre, UCC. 
 
11. REFERENCES 
 
1. Hammes, W. P. & R. F. Vogel: The genus Lactobacillus. In: The genera of lactic acid bacteria. Eds: W. B. J. B. & H. W. H. 
Blackie Academic and Professional, London, United Kingdom (1995) 
2. Henri-Dubernet, S., N. Desmasures & M. Gueguen: Diversity and dynamics of lactobacilli populations during ripening of RDO 
Camembert cheese. Can J Microbiol, 54, 218-228 (2008) 
3. Lyhs, U. & J. K. Bjorkroth: Lactobacillus sakei/curvatus is the prevailing lactic acid bacterium group in spoiled maatjes 
herring. Food Microbiol, 25, 529-533 (2008) 
4. Scheirlinck, I., R. Van der Meulen, A. Van Schoor, M. Vancanneyt, L. De Vuyst, P. Vandamme & G. Huys: Taxonomic 
structure and stability of the bacterial community in Belgian sourdough ecosystems as assessed by culture and population 
fingerprinting. Appl Environ Microbiol, 74, 2414-2423 (2008) 
5. Chao, S. H., Y. Tomii, K. Watanabe & Y. C. Tsai: Diversity of lactic acid bacteria in fermented brines used to make stinky 
tofu. Int J Food Microbiol, 123, 134-141 (2008) 
6. Singh, A. K. & A. Ramesh: Succession of dominant and antagonistic lactic acid bacteria in fermented cucumber: insights from 
a PCR-based approach. Food Microbiol, 25, 278-287 (2008) 
7. Najjari, A., H. Ouzari, A. Boudabous & M. Zagorec: Method for reliable isolation of Lactobacillus sakei strains originating 
from Tunisian seafood and meat products. Int J Food Microbiol, 121, 342-351 (2008) 
8. Martin, H. L., B. A. Richardson, P. M. Nyange, L. Lavreys, S. L. Hillier, B. Chohan, K. Mandaliya, J. O. Ndinya-Achola, J. 
Bwayo & J. Kreiss: Vaginal lactobacilli, microbial flora, and risk of human immunodeficiency virus type 1 and sexually 
transmitted disease acquisition. J Infect Dis, 180, 1863-1868 (1999) 
9. Hojo, K., C. Mizoguchi, N. Taketomo, T. Ohshima, K. Gomi, T. Arai & N. Maeda: Distribution of salivary Lactobacillus and 
Bifidobacterium species in periodontal health and disease. Biosci Biotechnol Biochem, 71, 152-157 (2007) 
10. Eckburg, P. B., E. M. Bik, C. N. Bernstein, E. Purdom, L. Dethlefsen, M. Sargent, S. R. Gill, K. E. Nelson & D. A. Relman: 
Diversity of the human intestinal microbial flora. Science, 308, 1635-1638 (2005) 
11. FAO/WHO: Health and nutritional properties of probiotics in food including powder milk with live lactic acid bacteria. 
(2001). 
12. Barrons, R. & D. Tassone: Use of Lactobacillus probiotics for bacterial genitourinary infections in women: A review. Clin 
Ther, 30, 453-468 (2008) 
13. Kim, J. M., J. S. Kim, Y. J. Kim, Y. K. Oh, I. Y. Kim, Y. J. Chee, J. S. Han & H. C. Jung: Conjugated linoleic acids produced 
by Lactobacillus dissociates IKK- (gamma) and Hsp90 complex in Helicobacter pylori-infected gastric epithelial cells. In press: 
Lab Invest (2008) 
14. Koll, P., R. Mandar, H. Marcotte, E. Leibur, M. Mikelsaar & L. Hammarstrom: Characterization of oral lactobacilli as 
potential probiotics for oral health. Oral Microbiol and Immunol, 23, 139-147 (2008) 
15. Caramia, G., A. Atzei & V. Fanos: Probiotics and the skin. Clin Dermatol, 26, 4-11 (2008) 
16. Francavilla, R., E. Lionetti, S. P. Castellaneta, A. M. Magista, G. Maurogiovanni, N. Bucci, A. De Canio, F. Indrio, L. 
Cavallo, E. Ierardi & V. L. Miniello: Inhibition of Helicobacter pylori infection in humans by Lactobacillus reuteri ATCC 55730 
and effect on eradication therapy: a pilot study. Helicobacter, 13, 127-134 (2008) 
17. Pillai, A. & R. Nelson: Probiotics for treatment of Clostridium difficile-associated colitis in adults. Cochrane Database Syst 
RevCD004611 (2008) 
18. Claesson, M. J., D. van Sinderen & P. W. O'Toole: The genus Lactobacillus - a genomic basis for understanding its diversity. 
FEMS Microbiol Lett, 269, 22-28 (2007) 
19. Gill, H. S. & F. Guarner: Probiotics and human health: a clinical perspective. Postgrad Med J, 80, 516-526 (2004) 
20. Cummings, J. H., J. M. Antoine, F. Azpiroz, R. Bourdet-Sicard, P. Brandtzaeg, P. C. Calder, G. R. Gibson, F. Guarner, E. 
Isolauri, D. Pannemans, C. Shortt, S. Tuijtelaars & B. Watzl: PASSCLAIM - gut health and immunity. Eur J Nutr, 43 Suppl 2, 
II118-II173 (2004) 
21. Pretzer, G., J. Snel, D. Molenaar, A. Wiersma, P. A. Bron, J. Lambert, W. M. de Vos, R. van der Meer, M. A. Smits & M. 
Kleerebezem: Biodiversity-based identification and functional characterization of the mannose-specific adhesin of Lactobacillus 
plantarum. J Bacteriol, 187, 6128-6136 (2005) 
22. Boekhorst, J., Q. Helmer, M. Kleerebezem & R. J. Siezen: Comparative analysis of proteins with a mucus-binding domain 
found exclusively in lactic acid bacteria. Microbiology, 152, 273-280 (2006) 
23. Corr, S. C., Y. Li, C. U. Riedel, P. W. O'Toole, C. Hill & C. G. M. Gahan: Bacteriocin production as a mechanism for the 
antiinfective activity of Lactobacillus salivarius UCC118. Proc Natl Acad Sci USA, 104, 7617-7621 (2007) 

 7



Genetic tools for lactobacilli 

24. van Pijkeren, J.-P., C. Canchaya, K. A. Ryan, Y. Li, M. J. Claesson, B. Sheil, L. Steidler, L. O'Mahony, G. F. Fitzgerald, D. 
van Sinderen & P. W. O'Toole: Comparative and functional analysis of sortase-dependent proteins in the predicted secretome of 
Lactobacillus salivarius UCC118. Appl Environ Microbiol, 72, 4143-4153 (2006) 
25. McAuliffe, O., R. J. Cano & T. R. Klaenhammer: Genetic analysis of two bile salt hydrolase activities in Lactobacillus 
acidophilus NCFM. Appl Environ Microbiol, 71, 4925-4929 (2005) 
26. van Kranenburg, R., N. Golic, R. Bongers, R. J. Leer, W. M. de Vos, R. J. Siezen & M. Kleerebezem: Functional analysis of 
three plasmids from Lactobacillus plantarum. Appl Environ Microbiol, 71, 1223-1230 (2005) 
27. Axelsson, L., G. Lindstad & K. Naterstad: Development of an inducible gene expression system for Lactobacillus sakei. Lett 
Appl Microbiol, 37, 115-120 (2003) 
28. Fang, F., S. Flynn, Y. Li, M. J. Claesson, J.-P. van Pijkeren, J. K. Collins, D. van Sinderen & P. W. O'Toole: Characterization 
of endogenous plasmids from Lactobacillus salivarius UCC118. In press: Appl Environ Microbiol (2008) 
29. Altermann, E., W. M. Russell, M. A. Azcarate-Peril, R. Barrangou, B. L. Buck, O. McAuliffe, N. Souther, A. Dobson, T. 
Duong, M. Callanan, S. Lick, A. Hamrick, R. Cano & T. R. Klaenhammer: Complete genome sequence of the probiotic lactic 
acid bacterium Lactobacillus acidophilus NCFM. Proc Natl Acad Sci USA, 102, 3906-3912 (2005) 
30. Makarova, K., A. Slesarev, Y. Wolf, A. Sorokin, B. Mirkin, E. Koonin, A. Pavlov, N. Pavlova, V. Karamychev, N. 
Polouchine, V. Shakhova, I. Grigoriev, Y. Lou, D. Rohksar, S. Lucas, K. Huang, D. M. Goodstein, T. Hawkins, V. Plengvidhya, 
D. Welker, J. Hughes, Y. Goh, A. Benson, K. Baldwin, J. H. Lee, I. Diaz-Muniz, B. Dosti, V. Smeianov, W. Wechter, R. 
Barabote, G. Lorca, E. Altermann, R. Barrangou, B. Ganesan, Y. Xie, H. Rawsthorne, D. Tamir, C. Parker, F. Breidt, J. 
Broadbent, R. Hutkins, D. O'Sullivan, J. Steele, G. Unlu, M. Saier, T. Klaenhammer, P. Richardson, S. Kozyavkin, B. Weimer & 
D. Mills: Comparative genomics of the lactic acid bacteria. Proc Natl Acad Sci USA, 103, 15611-15616 (2006) 
31. van de Guchte, M., S. Penaud, C. Grimaldi, V. Barbe, K. Bryson, P. Nicolas, C. Robert, S. Oztas, S. Mangenot, A. Couloux, 
V. Loux, R. Dervyn, R. Bossy, A. Bolotin, J. M. Batto, T. Walunas, J. F. Gibrat, P. Bessieres, J. Weissenbach, S. D. Ehrlich & E. 
Maguin: The complete genome sequence of Lactobacillus bulgaricus reveals extensive and ongoing reductive evolution. Proc 
Natl Acad Sci USA, 103, 9274-9279 (2006) 
32. Callanan, M., P. Kaleta, J. O'Callaghan, O. O'Sullivan, K. Jordan, O. McAuliffe, A. Sangrador-Vegas, L. Slattery, G. F. 
Fitzgerald, T. Beresford & R. P. Ross: Genome sequence of Lactobacillus helveticus, an organism distinguished by selective gene 
loss and insertion sequence element expansion. J Bacteriol, 190, 727-735 (2008) 
33. Pridmore, R. D., B. Berger, F. Desiere, D. Vilanova, C. Barretto, A. C. Pittet, M. C. Zwahlen, M. Rouvet, E. Altermann, R. 
Barrangou, B. Mollet, A. Mercenier, T. Klaenhammer, F. Arigoni & M. A. Schell: The genome sequence of the probiotic 
intestinal bacterium Lactobacillus johnsonii NCC 533. Proc Natl Acad Sci USA, 101, 2512-2517 (2004) 
34. Kleerebezem, M., J. Boekhorst, R. van Kranenburg, D. Molenaar, O. P. Kuipers, R. Leer, R. Tarchini, S. A. Peters, H. M. 
Sandbrink, M. W. Fiers, W. Stiekema, R. M. Lankhorst, P. A. Bron, S. M. Hoffer, M. N. Groot, R. Kerkhoven, M. de Vries, B. 
Ursing, W. M. de Vos & R. J. Siezen: Complete genome sequence of Lactobacillus plantarum WCFS1. Proc Natl Acad Sci USA, 
100, 1990-1995 (2003) 
35. Chaillou, S., M. C. Champomier-Verges, M. Cornet, A. M. Crutz-Le Coq, A. M. Dudez, V. Martin, S. Beaufils, E. Darbon-
Rongere, R. Bossy, V. Loux & M. Zagorec: The complete genome sequence of the meat-borne lactic acid bacterium 
Lactobacillus sakei 23K. Nat Biotechnol, 23, 1527-1533 (2005) 
36. Claesson, M. J., Y. Li, S. Leahy, C. Canchaya, J. P. van Pijkeren, A. M. Cerdeno-Tarraga, J. Parkhill, S. Flynn, G. C. 
O'Sullivan, J. K. Collins, D. Higgins, F. Shanahan, G. F. Fitzgerald, D. van Sinderen & P. W. O'Toole: Multireplicon genome 
architecture of Lactobacillus salivarius. Proc Natl Acad Sci USA, 103, 6718-6723 (2006) 
37. Liolios, K., K. Mavromatis, N. Tavernarakis & N. C. Kyrpides: The genomes on line database (GOLD) in 2007: status of 
genomic and metagenomic projects and their associated metadata. Nucl Acids Res, 36, D475-479 (2008) 
38. Cordero, F., M. Botta & R. A. Calogero: Microarray data analysis and mining approaches. Brief Funct Genomic Proteomic, 6, 
265-281 (2007) 
39. Bron, P. A., D. Molenaar, W. M. Vos & M. Kleerebezem: DNA micro-array-based identification of bile-responsive genes in 
Lactobacillus plantarum. J Appl Microbiol, 100, 728-738 (2006) 
40. Whitehead, K., J. Versalovic, S. Roos & R. A. Britton: Genomic and genetic characterization of the bile stress response of 
probiotic Lactobacillus reuteri ATCC 55730. In press: Appl Environ Microbiol (2008) 
41. Azcarate-Peril, M. A., O. McAuliffe, E. Altermann, S. Lick, W. M. Russell & T. R. Klaenhammer: Microarray analysis of a 
two-component regulatory system involved in acid resistance and proteolytic activity in Lactobacillus acidophilus. Appl Environ 
Microbiol, 71, 5794-5804 (2005) 
42. Denou, E., R. D. Pridmore, B. Berger, J. M. Panoff, F. Arigoni & H. Brussow: Identification of genes associated with the long 
gut persistence phenotype of the probiotic Lactobacillus johnsonii strain NCC533 using a combination of genomics and 
transcriptome analysis. J Bacteriol, JB.01637-07  (2008) 
43. Pfeiler, E. A., M. A. Azcarate-Peril & T. R. Klaenhammer: Characterization of a novel bile-inducible operon encoding a two-
component regulatory system in Lactobacillus acidophilus. J Bacteriol, 189, 4624-4634 (2007) 
44. Goh, Y. J., C. Zhang, A. K. Benson, V. Schlegel, J.-H. Lee & R. W. Hutkins: Identification of a putative operon involved in 
fructooligosaccharide utilization by Lactobacillus paracasei. Appl Environ Microbiol, 72, 7518-7530 (2006) 
45. Barrangou, R., M. A. Azcarate-Peril, T. Duong, S. B. Conners, R. M. Kelly & T. R. Klaenhammer: Global analysis of 
carbohydrate utilization by Lactobacillus acidophilus using cDNA microarrays. Proc Natl Acad Sci USA, 103, 3816-3821 (2006) 

 8



Genetic tools for lactobacilli 

46. Sturme, M. H. J., J. Nakayama, D. Molenaar, Y. Murakami, R. Kunugi, T. Fujii, E. E. Vaughan, M. Kleerebezem & W. M. de 
Vos: An agr-like two-component regulatory system in Lactobacillus plantarum is involved in production of a novel cyclic 
peptide and regulation of adherence. J Bacteriol, 187, 5224-5235 (2005) 
47. Denou, E., B. Berger, C. Barretto, J.-M. Panoff, F. Arigoni & H. Brussow: Gene expression of commensal Lactobacillus 
johnsonii strain NCC533 during in vitro growth and in the murine gut. J Bacteriol, 189, 8109-8119 (2007) 
48. Brisbin, J. T., H. Zhou, J. Gong, P. Sabour, M. R. Akbari, H. R. Haghighi, H. Yu, A. Clarke, A. J. Sarson & S. Sharif: Gene 
expression profiling of chicken lymphoid cells after treatment with Lactobacillus acidophilus cellular components. Dev Comp 
Immunol, 32, 563-574 (2008) 
49. Tao, Y., K. A. Drabik, T. S. Waypa, M. W. Musch, J. C. Alverdy, O. Schneewind, E. B. Chang & E. O. Petrof: Soluble 
factors from Lactobacillus GG activate MAPKs and induce cytoprotective heat shock proteins in intestinal epithelial cells. Am J 
Physiol Cell Physiol, 290, C1018-1030 (2006) 
50. Shima, T., K. Fukushima, H. Setoyama, A. Imaoka, S. Matsumoto, T. Hara, K. Suda & Y. Umesaki: Differential effects of 
two probiotic strains with different bacteriological properties on intestinal gene expression, with special reference to indigenous 
bacteria. FEMS Immunol Med Microbiol, 52, 69-77 (2008) 
51. Ventura, M., C. Canchaya, D. Pridmore, B. Berger & H. Brussow: Integration and distribution of Lactobacillus johnsonii 
prophages. J Bacteriol, 185, 4603-4608 (2003) 
52. Teusink, B., F. H. J. van Enckevort, C. Francke, A. Wiersma, A. Wegkamp, E. J. Smid & R. J. Siezen: In silico reconstruction 
of the metabolic pathways of Lactobacillus plantarum: comparing predictions of nutrient requirements with those from growth 
experiments. Appl Environ Microbiol, 71, 7253-7262 (2005) 
53. Notebaart, R., F. van Enckevort, C. Francke, R. Siezen & B. Teusink: Accelerating the reconstruction of genome-scale 
metabolic networks. BMC Bioinformatics, 7, 296 (2006) 
54. Smid, E. J., F. J. H. Enckevort, A. Wegkamp, J. Boekhorst, D. Molenaar, J. Hugenholtz, R. J. Siezen & B. Teusink: Metabolic 
models for rational improvement of lactic acid bacteria as cell factories. J Appl Microbiol, 98, 1326-1331 (2005) 
55. Pouwels, P. H. & J. A. Leunissen: Divergence in codon usage of Lactobacillus species. Nucleic Acids Res, 22, 929-936 
(1994) 
56. Baldi, P., Y. Chauvin, T. Hunkapiller & M. A. McClure: Hidden Markov models of biological primary sequence information. 
Proc Natl Acad Sci USA, 91, 1059-1063 (1994) 
57. Boekhorst, J., R. J. Siezen, M.-C. Zwahlen, D. Vilanova, R. D. Pridmore, A. Mercenier, M. Kleerebezem, W. M. de Vos, H. 
Brussow & F. Desiere: The complete genomes of Lactobacillus plantarum and Lactobacillus johnsonii reveal extensive 
differences in chromosome organization and gene content. Microbiology, 150, 3601-3611 (2004) 
58. Euzeby, J. P.: List of prokaryotic names with standing in nomenclature - genus Lactobacillus. (2008). 
59. Nigatu, A.: Evaluation of numerical analyses of RAPD and API 50 CH patterns to differentiate Lactobacillus plantarum, 
Lact. fermentum, Lact. rhamnosus, Lact. sake, Lact. parabuchneri, Lact. gallinarum, Lact. casei, Weissella minor and related 
taxa isolated from kocho and tef. J Appl Microbiol, 89, 969-978 (2000) 
60. Boyd, M. A., M. A. D. Antonio & S. L. Hillier: Comparison of API 50 CH strips to whole-chromosomal DNA probes for 
identification of Lactobacillus species. J Clin Microbiol, 43, 5309-5311 (2005) 
61. Li, Y., E. Raftis, C. Canchaya, G. F. Fitzgerald, D. van Sinderen & P. W. O'Toole: Polyphasic analysis indicates that 
Lactobacillus salivarius subsp. salivarius and Lactobacillus salivarius subsp. salicinius do not merit separate subspecies status. 
Int J Syst Evol Microbiol, 56, 2397-2403 (2006) 
62. Schleifer, K. H. & V. Ludwig: Phylogenetics relationships of lactic acid bacteria. In: The Genera of Lactic Acid Bacteria. 
Eds: B. J. B. Wood&W. H. Holzapfel. Chapman & Hall, Glasgow, United Kingdom (1995) 
63. Song, Y., N. Kato, C. Liu, Y. Matsumiya, H. Kato & K. Watanabe: Rapid identification of 11 human intestinal Lactobacillus 
species by multiplex PCR assays using group- and species-specific primers derived from the 16S-23S rRNA intergenic spacer 
region and its flanking 23S rRNA. FEMS Microbiol Lett, 187, 167-173 (2000) 
64. Kwon, H. S., E. H. Yang, S. W. Yeon, B. H. Kang & T. Y. Kim: Rapid identification of probiotic Lactobacillus species by 
multiplex PCR using species-specific primers based on the region extending from 16S rRNA through 23S rRNA. FEMS 
Microbiol Lett, 239, 267-275 (2004) 
65. Blaiotta, G., V. Fusco, D. Ercolini, M. Aponte, O. Pepe & F. Villani: Lactobacillus strain diversity based on partial hsp60 
gene sequences and design of PCR-restriction fragment length polymorphism assays for species identification and differentiation. 
Appl Environ Microbiol, 74, 208-215 (2008) 
66. Johansson, M. L., M. Quednau, G. Molin & S. Ahrne: Randomly amplified polymorphic DNA (RAPD) for rapid typing of 
Lactobacillus plantarum strains. Lett Appl Microbiol, 21, 155-159 (1995) 
67. Moreira, J., R. Mota, M. Horta, S. Teixeira, E. Neumann, J. Nicoli & A. Nunes: Identification to the species level of 
Lactobacillus isolated in probiotic prospecting studies of human, animal or food origin by 16S-23S rRNA restriction profiling. 
BMC Microbiol, 5, 15 (2005) 
68. Guan, L. L., K. E. Hagen, G. W. Tannock, D. R. Korver, G. M. Fasenko & G. E. Allison: Detection and identification of 
Lactobacillus species in crops of broilers of different ages by using PCR-denaturing gradient gel electrophoresis and amplified 
ribosomal DNA restriction analysis. Appl Environ Microbiol, 69, 6750-6757 (2003) 
69. Walter, J., G. W. Tannock, A. Tilsala-Timisjarvi, S. Rodtong, D. M. Loach, K. Munro & T. Alatossava: Detection and 
identification of gastrointestinal Lactobacillus species by using denaturing gradient gel electrophoresis and species-specific PCR 
primers. Appl Environ Microbiol, 66, 297-303 (2000) 

 9



Genetic tools for lactobacilli 

70. Baele, M., M. Vaneechoutte, R. Verhelst, M. Vancanneyt, L. A. Devriese & F. Haesebrouck: Identification of Lactobacillus 
species using tDNA-PCR. J Microbiol Methods, 50, 263-271 (2002) 
71. Daud Khaled, A. K., B. A. Neilan, A. Henriksson & P. L. Conway: Identification and phylogenetic analysis of Lactobacillus 
using multiplex RAPD-PCR. FEMS Microbiol Lett, 153, 191-197 (1997) 
72. Lortal, S., F. Valence, C. Bizet & J. L. Maubois: Electrophoretic pattern of peptidoglycan hydrolases, a new tool for bacterial 
species identification: application to 10 Lactobacillus species. Res Microbiol, 148, 461-474 (1997) 
73. Vancanneyt, M., G. Huys, K. Lefebvre, V. Vankerckhoven, H. Goossens & J. Swings: Intraspecific genotypic 
characterization of Lactobacillus rhamnosus strains intended for probiotic use and isolates of human origin. Appl Environ 
Microbiol, 72, 5376-5383 (2006) 
74. Gancheva, A., B. Pot, K. Vanhonacker, B. Hoste & K. Kersters: A polyphasic approach towards the identification of strains 
belonging to Lactobacillus acidophilus and related species. Syst Appl Microbiol, 22, 573-585 (1999) 
75. Vasquez, A., S. Ahrne, B. Pettersson & G. Molin: Temporal temperature gradient gel electrophoresis (TTGE) as a tool for 
identification of Lactobacillus casei, Lactobacillus paracasei, Lactobacillus zeae and Lactobacillus rhamnosus. Lett Appl 
Microbiol, 32, 215-219 (2001) 
76. Petrovic, T., M. Niksic & F. Bringel: Strain typing with ISLpl1 in lactobacilli. FEMS Microbiol Lett, 255, 1-10 (2006) 
77. Bae, J.-W., S.-K. Rhee, J. R. Park, W.-H. Chung, Y.-D. Nam, I. Lee, H. Kim & Y.-H. Park: Development and evaluation of 
genome-probing microarrays for monitoring lactic acid bacteria. Appl Environ Microbiol, 71, 8825-8835 (2005) 
78. Molenaar, D., F. Bringel, F. H. Schuren, W. M. de Vos, R. J. Siezen & M. Kleerebezem: Exploring Lactobacillus plantarum 
genome diversity by using microarrays. J Bacteriol, 187, 6119-6127 (2005) 
79. Thompson, J. K., K. J. McConville, C. Nicholson & M. A. Collins: DNA cloning in Lactobacillus helveticus by the 
exconjugation of recombinant mob-containing plasmid constructs from strains of transformable lactic acid bacteria. Plasmid, 46, 
188-201 (2001) 
80. Wang, T. T. & B. H. Lee: Plasmids in Lactobacillus. Crit Rev Biotechnol, 17, 227-272 (1997) 
81. Posno, M., R. J. Leer, N. van Luijk, M. J. van Giezen, P. T. Heuvelmans, B. C. Lokman & P. H. Pouwels: Incompatibility of 
Lactobacillus vectors with replicons derived from small cryptic Lactobacillus plasmids and segregational instability of the 
introduced vectors. Appl Environ Microbiol, 57, 1822-1828 (1991) 
82. van Pijkeren, J. P.: Functional chatacterization of surface components in Lactobacillus salivarius UCC118. Microbiology, 
University College Cork (2007). 
83. Kim, Y. H., K. S. Han, S. Oh, S. You & S. H. Kim: Optimization of technical conditions for the transformation of 
Lactobacillus acidophilus strains by electroporation. J Appl Microbiol, 99, 167-174 (2005) 
84. Serror, P., T. Sasaki, S. D. Ehrlich & E. Maguin: Electrotransformation of Lactobacillus delbrueckii subsp. bulgaricus and L. 
delbrueckii subsp. lactis with various plasmids. Appl Environ Microbiol, 68, 46-52 (2002) 
85. Mason, C. K., M. A. Collins & K. Thompson: Modified electroporation protocol for lactobacilli isolated from the chicken 
crop facilitates transformation and the use of a genetic tool. J Microbiol Methods, 60, 353-363 (2005) 
86. An, H. Y. & T. Miyamoto: Cloning and sequencing of plasmid pLC494 isolated from human intestinal Lactobacillus casei: 
construction of an Escherichia coli-Lactobacillus shuttle vector. Plasmid, 55, 128-134 (2006) 
87. Alpert, C. A., A. M. Crutz-Le Coq, C. Malleret & M. Zagorec: Characterization of a theta-type plasmid from Lactobacillus 
sakei: a potential basis for low-copy-number vectors in lactobacilli. Appl Environ Microbiol, 69, 5574-5584 (2003) 
88. Kaneko, Y., H. Kobayashi, P. Kiatpapan, T. Nishimoto, R. Napitupulu, H. Ono & Y. Murooka: Development of a host-vector 
system for Lactobacillus plantarum L137 isolated from a traditional fermented food produced in the Philippines. J Biosci Bioeng, 
89, 62-67 (2000) 
89. Ahn, C., D. Collins-Thompson, C. Duncan & M. E. Stiles: Mobilization and location of the genetic determinant of 
chloramphenicol resistance from Lactobacillus plantarum caTC2R. Plasmid, 27, 169-176 (1992) 
90. Thompson, K. & M. Collins: Molecular cloning in Lactobacillus helveticus by plasmid pSA3::pVA797 co-integrate formation 
and conjugal transfer. Appl Microbiol Biotechnol, 35, 334-338 (1991) 
91. Ravin, V., T. Sasaki, L. Raisanen, K. A. Riipinen & T. Alatossava: Effective plasmid pX3 transduction in Lactobacillus 
delbrueckii by bacteriophage LL-H. Plasmid, 55, 184-93 (2006) 
92. Raya, R. R. & T. R. Klaenhammer: High-frequency plasmid transduction by Lactobacillus gasseri bacteriophage (phi adh). 
Appl Environ Microbiol, 58, 187-193 (1992) 
93. Raya, R. R., E. G. Kleeman, J. B. Luchansky & T. R. Klaenhammer: Characterization of the temperate bacteriophage phi adh 
and plasmid transduction in Lactobacillus acidophilus ADH. Appl Environ Microbiol, 55, 2206-2213 (1989) 
94. Toyama, K., T. Sakurai & H. Ari: Transduction by temperate phage PLS-1 in Lactobacillus salivarius. Jpn J Bacteriol, 26, 
482-487 (1971) 
95. Kullen, M. J. & T. R. Klaenhammer: Genetic modification of intestinal lactobacilli and bifidobacteria. Curr Issues Mol Biol, 
2, 41-50 (2000) 
96. Otto, R., W. M. De Vos & J. Gavrieli: Plasmid DNA in Streptococcus cremoris Wg2: influence of pH on selection in 
chemostats of a variant lacking a protease plasmid. Appl Environ Microbiol, 43, 1272-1277 (1982) 
97. Bruand, C., S. D. Ehrlich & L. Janniere: Unidirectional theta replication of the structurally stable Enterococcus faecalis 
plasmid pAM beta 1. EMBO J, 10, 2171-2177 (1991) 
98. David, S., G. Simons & W. M. De Vos: Plasmid transformation by electroporation of Leuconostoc paramesenteroides and its 
use in molecular cloning. Appl Environ Microbiol, 55, 1483-1489 (1989) 

 10



Genetic tools for lactobacilli 

99. Sudhamani, M., E. Ismaiel, A. Geis, V. Batish & K. J. Heller: Characterisation of pSMA23, a 3.5kbp plasmid of 
Lactobacillus casei, and application for heterologous expression in Lactobacillus. Plasmid, 59, 11-19 (2008) 
100. Lee, J.-H., J. S. Halgerson, J.-H. Kim & D. J. O'Sullivan: Comparative sequence analysis of plasmids from Lactobacillus 
delbrueckii and construction of a shuttle coning vector. Appl Environ Microbiol, 73, 4417-4424 (2007) 
101. Pavlova, S. I., A. O. Kilic, L. Topisirovic, N. Miladinov, C. Hatzos & L. Tao: Characterization of a cryptic plasmid from 
Lactobacillus fermentum KC5b and its use for constructing a stable Lactobacillus cloning vector. Plasmid, 47, 182-192 (2002) 
102. Bringel, F., L. Frey & J. C. Hubert: Characterization, cloning, curing, and distribution in lactic acid bacteria of pLP1, a 
plasmid from Lactobacillus plantarum CCM 1904 and its use in shuttle vector construction. Plasmid, 22, 193-202 (1989) 
103. Pavan, S., P. Hols, J. Delcour, M. C. Geoffroy, C. Grangette, M. Kleerebezem & A. Mercenier: Adaptation of the nisin-
controlled expression system in Lactobacillus plantarum: a tool to study in vivo biological effects. Appl Environ Microbiol, 66, 
4427-4432 (2000) 
104. Kleerebezem, M., M. M. Beerthuyzen, E. E. Vaughan, W. M. de Vos & O. P. Kuipers: Controlled gene expression systems 
for lactic acid bacteria: transferable nisin-inducible expression cassettes for Lactococcus, Leuconostoc, and Lactobacillus spp. 
Appl Environ Microbiol, 63, 4581-4584 (1997) 
105. Wu, C. M., C. F. Lin, Y. C. Chang & T. C. Chung: Construction and characterization of nisin-controlled expression vectors 
for use in Lactobacillus reuteri. Biosci Biotechnol Biochem, 70, 757-767 (2006) 
106. Marcotte, H., P. Koll-Klais, A. Hultberg, Y. Zhao, R. Gmur, R. Mandar, M. Mikelsaar & L. Hammarstrom: Expression of 
single-chain antibody against RgpA protease of Porphyromonas gingivalis in Lactobacillus. J Appl Microbiol, 100, 256-263 
(2006) 
107. Yu, Q.-H., S.-M. Dong, W.-Y. Zhu & Q. Yang: Use of green fluorescent protein to monitor Lactobacillus in the gastro-
intestinal tract of chicken. FEMS Microbiol Lett, 275, 207-213 (2007) 
108. Gosalbes, M. J., C. D. Esteban, J. L. Galan & G. Perez-Martinez: Integrative food-grade expression system based on the 
lactose regulon of Lactobacillus casei. Appl Environ Microbiol, 66, 4822-4828 (2000) 
109. Sorvig, E., G. Mathiesen, K. Naterstad, V. G. H. Eijsink & L. Axelsson: High-level, inducible gene expression in 
Lactobacillus sakei and Lactobacillus plantarum using versatile expression vectors. Microbiology, 151, 2439-2449 (2005) 
110. Perez-Arellano, I. & G. Perez-Martinez: Optimization of the green fluorescent protein (GFP) expression from a lactose-
inducible promoter in Lactobacillus casei. FEMS Microbiol Lett, 222, 123-127 (2003) 
111. Sheehan, V. M., R. D. Sleator, G. F. Fitzgerald & C. Hill: Heterologous expression of betL, a betaine uptake system, 
enhances the stress tolerance of Lactobacillus salivarius UCC118. Appl Environ Microbiol, 72, 2170-2177 (2006) 
112. de Ruyter, P. G., O. P. Kuipers & W. M. de Vos: Controlled gene expression systems for Lactococcus lactis with the food-
grade inducer nisin. Appl Environ Microbiol, 62, 3662-3667 (1996) 
113. Avall-Jaaskelainen, S., K. Kyla-Nikkila, M. Kahala, T. Miikkulainen-Lahti & A. Palva: Surface display of foreign epitopes 
on the Lactobacillus brevis S-layer. Appl Environ Microbiol, 68, 5943-5951 (2002) 
114. Martin, M. C., M. Fernandez, J. M. Martin-Alonso, F. Parra, J. A. Boga & M. A. Alvarez: Nisin-controlled expression of 
Norwalk virus VP60 protein in Lactobacillus casei. FEMS Microbiol. Lett., 237, 385-391 (2004) 
115. Neu, T. & B. Henrich: New thermosensitive delivery vector and its use to enable nisin-controlled gene expression in 
Lactobacillus gasseri. Appl Environ Microbiol, 69, 1377-1382 (2003) 
116. Desmond, C., G. F. Fitzgerald, C. Stanton & R. P. Ross: Improved stress tolerance of GroESL-overproducing Lactococcus 
lactis and probiotic Lactobacillus paracasei NFBC 338. Appl Environ Microbiol, 70, 5929-5936 (2004) 
117. Bron, P. A., M. G. Benchimol, J. Lambert, E. Palumbo, M. Deghorain, J. Delcour, W. M. De Vos, M. Kleerebezem & P. 
Hols: Use of the alr gene as a food-grade selection marker in lactic acid bacteria. Appl Environ Microbiol, 68, 5663-5670 (2002) 
118. De Keersmaecker, S. C., K. Braeken, T. L. Verhoeven, M. Perea Velez, S. Lebeer, J. Vanderleyden & P. Hols: Flow 
cytometric testing of green fluorescent protein-tagged Lactobacillus rhamnosus GG for response to defensins. Appl Environ 
Microbiol, 72, 4923-4930 (2006) 
119. Sorvig, E., S. Gronqvist, K. Naterstad, G. Mathiesen, V. G. Eijsink & L. Axelsson: Construction of vectors for inducible 
gene expression in Lactobacillus sakei and L. plantarum. FEMS Microbiol Lett, 229, 119-126 (2003) 
120. Oozeer, R., J. P. Furet, N. Goupil-Feuillerat, J. Anba, J. Mengaud & G. Corthier: Differential activities of four Lactobacillus 
casei promoters during bacterial transit through the gastrointestinal tracts of human-microbiota-associated mice. Appl Environ 
Microbiol, 71, 1356-1363 (2005) 
121. Oozeer, R., N. Goupil-Feuillerat, C. A. Alpert, M. van de Guchte, J. Anba, J. Mengaud & G. Corthier: Lactobacillus casei is 
able to survive and initiate protein synthesis during its transit in the digestive tract of human flora-associated mice. Appl Environ 
Microbiol, 68, 3570-3574 (2002) 
122. Chang, T. L., C. H. Chang, D. A. Simpson, Q. Xu, P. K. Martin, L. A. Lagenaur, G. K. Schoolnik, D. D. Ho, S. L. Hillier, 
M. Holodniy, J. A. Lewicki & P. P. Lee: Inhibition of HIV infectivity by a natural human isolate of Lactobacillus jensenii 
engineered to express functional two-domain CD4. Proc Natl Acad Sci USA., 100, 11672-11677 (2003) 
123. Kahala, M. & A. Palva: The expression signals of the Lactobacillus brevis slpA gene direct efficient heterologous protein 
production in lactic acid bacteria. Appl Microbiol Biotechnol, 51, 71-78 (1999) 
124. Meighen, E. A.: Molecular biology of bacterial bioluminescence. Microbiol Rev, 55, 123-142 (1991) 
125. Gory, L., M. C. Montel & M. Zagorec: Use of green fluorescent protein to monitor Lactobacillus sakei in fermented meat 
products. FEMS Microbiol Lett, 194, 127-133 (2001) 

 11



Genetic tools for lactobacilli 

126. Dunne, C., L. Murphy, S. Flynn, L. O'Mahony, S. O'Halloran, M. Feeney, D. Morrissey, G. Thornton, G. Fitzgerald, C. 
Daly, B. Kiely, E. M. Quigley, G. C. O'Sullivan, F. Shanahan & J. K. Collins: Probiotics: from myth to reality. Demonstration of 
functionality in animal models of disease and in human clinical trials. Antonie Van Leeuwenhoek, 76, 279-292 (1999) 
127. Dunne, C., L. O'Mahony, L. Murphy, G. Thornton, D. Morrissey, S. O'Halloran, M. Feeney, S. Flynn, G. Fitzgerald, C. 
Daly, B. Kiely, G. C. O'Sullivan, F. Shanahan & J. K. Collins: In vitro selection criteria for probiotic bacteria of human origin: 
correlation with in vivo findings. Am J Clin Nutr, 73, 386S-392S (2001) 
128. McCarthy, J., L. O'Mahony, L. O'Callaghan, B. Sheil, E. E. Vaughan, N. Fitzsimons, J. Fitzgibbon, G. C. O'Sullivan, B. 
Kiely, J. K. Collins & F. Shanahan: Double blind, placebo controlled trial of two probiotic strains in interleukin 10 knockout mice 
and mechanistic link with cytokine balance. Gut, 52, 975-980 (2003) 
129. Sheil, B., J. McCarthy, L. O'Mahony, M. W. Bennett, P. Ryan, J. J. Fitzgibbon, B. Kiely, J. K. Collins & F. Shanahan: Is the 
mucosal route of administration essential for probiotic function? Subcutaneous administration is associated with attenuation of 
murine colitis and arthritis. Gut, 53, 694-700 (2004) 
130. Rud, I., P. R. Jensen, K. Naterstad & L. Axelsson: A synthetic promoter library for constitutive gene expression in 
Lactobacillus plantarum. Microbiology, 152, 1011-1019 (2006) 
131. Maguin, E., P. Duwat, T. Hege, D. Ehrlich & A. Gruss: New thermosensitive plasmid for gram-positive bacteria. J 
Bacteriol, 174, 5633-5638 (1992) 
132. Dao, M. L. & J. J. Ferretti: Streptococcus-Escherichia coli shuttle vector pSA3 and its use in the cloning of streptococcal 
genes. Appl Environ Microbiol, 49, 115-119 (1985) 
133. Hols, P., T. Ferain, D. Garmyn, N. Bernard & J. Delcour: Use of homologous expression-secretion signals and vector-free 
stable chromosomal integration in engineering of Lactobacillus plantarum for alpha-amylase and levanase expression. Appl 
Environ Microbiol, 60, 1401-1413 (1994) 
134. Groot, M. N. N., E. Klaassens, W. M. de Vos, J. Delcour, P. Hols & M. Kleerebezem: Genome-based in silico detection of 
putative manganese transport systems in Lactobacillus plantarum and their genetic analysis. Microbiology, 151, 1229-1238 
(2005) 
135. Leloup, L., S. D. Ehrlich, M. Zagorec & F. Morel-Deville: Single-crossover integration in the Lactobacillus sake 
chromosome and insertional inactivation of the ptsI and lacL genes. Appl Environ Microbiol, 63, 2117-2123 (1997) 
136. Leenhouts, K. J., J. Kok & G. Venema: Lactococcal plasmid pWV01 as an integration vector for lactococci. Appl Environ 
Microbiol, 57, 2562-2567 (1991) 
137. Leenhouts, K., G. Buist, A. Bolhuis, A. ten Berge, J. Kiel, I. Mierau, M. Dabrowska, G. Venema & J. Kok: A general system 
for generating unlabelled gene replacements in bacterial chromosomes. Mol Gen Genet, 253, 217-224 (1996) 
138. Law, J., G. Buist, A. Haandrikman, J. Kok, G. Venema & K. Leenhouts: A system to generate chromosomal mutations in 
Lactococcus lactis which allows fast analysis of targeted genes. J Bacteriol, 177, 7011-7018 (1995) 
139. Russell, W. M. & T. R. Klaenhammer: Efficient system for directed integration into the Lactobacillus acidophilus and 
Lactobacillus gasseri chromosomes via homologous recombination. Appl Environ Microbiol, 67, 4361-4364 (2001) 
140. Buck, B. L., E. Altermann, T. Svingerud & T. R. Klaenhammer: Functional analysis of putative adhesion factors in 
Lactobacillus acidophilus NCFM. Appl Environ Microbiol, 71, 8344-8351 (2005) 
141. Bruno-Barcena, J. M., M. A. Azcarate-Peril, T. R. Klaenhammer & H. M. Hassan: Marker-free chromosomal integration of 
the manganese superoxide dismutase gene (sodA) from Streptococcus thermophilus into Lactobacillus gasseri. FEMS Microbiol 
Lett, 246, 91-101 (2005) 
142. Zhang, X. Z., X. Yan, Z. L. Cui, Q. Hong & S. P. Li: mazF, a novel counter-selectable marker for unmarked chromosomal 
manipulation in Bacillus subtilis. Nucleic Acids Res, 34, e71 (2006) 
143. Jang, S. J., M. S. Ham, J. M. Lee, S. K. Chung, H. J. Lee, J. H. Kim, H. C. Chang, J. H. Lee & D. K. Chung: New 
integration vector using a cellulase gene as a screening marker for Lactobacillus. FEMS Microbiol Lett, 224, 191-195 (2003) 
144. Lambert, J. M., R. S. Bongers & M. Kleerebezem: Cre-lox-based system for multiple gene deletions and selectable-marker 
removal in Lactobacillus plantarum. Appl Environ Microbiol, 73, 1126-1135 (2007) 
145. Auvray, F., M. Coddeville, P. Ritzenthaler & L. Dupont: Plasmid integration in a wide range of bacteria mediated by the 
integrase of Lactobacillus delbrueckii bacteriophage mv4. J Bacteriol, 179, 1837-1845 (1997) 
146. Dupont, L., B. Boizet-Bonhoure, M. Coddeville, F. Auvray & P. Ritzenthaler: Characterization of genetic elements required 
for site-specific integration of Lactobacillus delbrueckii subsp. bulgaricus bacteriophage mv4 and construction of an integration-
proficient vector for Lactobacillus plantarum. J Bacteriol, 177, 586-595 (1995) 
147. Raya, R. R., C. Fremaux, G. L. De Antoni & T. R. Klaenhammer: Site-specific integration of the temperate bacteriophage 
phi adh into the Lactobacillus gasseri chromosome and molecular characterization of the phage (attP) and bacterial (attB) 
attachment sites. J Bacteriol, 174, 5584-5592 (1992) 
148. Shimizu-Kadota, M.: A method to maintain introduced DNA sequences stably and safely on the bacterial chromosome: 
application of prophage integration and subsequent designed excision. J Biotechnol, 89, 73-79 (2001) 
149. Ventura, M., C. Canchaya, V. Bernini, E. Altermann, R. Barrangou, S. McGrath, M. J. Claesson, Y. Li, S. Leahy, C. D. 
Walker, R. Zink, E. Neviani, J. Steele, J. Broadbent, T. R. Klaenhammer, G. F. Fitzgerald, W. O'Toole P & D. van Sinderen: 
Comparative genomics and transcriptional analysis of prophages identified in the genomes of Lactobacillus gasseri, 
Lactobacillus salivarius, and Lactobacillus casei. Appl Environ Microbiol, 72, 3130-3146 (2006) 
150. Mahan, M. J., J. M. Slauch & J. J. Mekalanos: Selection of bacterial virulence genes that are specifically induced in host 
tissues. Science, 259, 686-688 (1993) 

 12



Genetic tools for lactobacilli 

151. Walter, J., N. C. K. Heng, W. P. Hammes, D. M. Loach, G. W. Tannock & C. Hertel: Identification of Lactobacillus reuteri 
genes specifically induced in the mouse gastrointestinal tract. Appl Environ Microbiol, 69, 2044-2051 (2003) 
152. Bron, P. A., C. Grangette, A. Mercenier, W. M. de Vos & M. Kleerebezem: Identification of Lactobacillus plantarum genes 
that are induced in the gastrointestinal tract of mice. J Bacteriol, 186, 5721-5729 (2004) 
153. Zuniga, M., I. Pardo & S. Ferrer: Transposons Tn916 and Tn925 can transfer from Enterococcus faecalis to Leuconostoc 
oenos. FEMS Microbiol Lett, 135, 179-185 (1996) 
154. Fitzgerald, G. F. & M. J. Gasson: In vivo gene transfer systems and transposons. Biochimie, 70, 489-502 (1988) 
155. Israelsen, H. & E. B. Hansen: Insertion of transposon Tn917 derivatives into the Lactococcus lactis subsp. lactis 
chromosome. Appl Environ Microbiol, 59, 21-26 (1993) 
156. Cosby, W. M., L. T. Axelsson & W. J. Dobrogosz: Tn917 transposition in Lactobacillus plantarum using the highly 
temperature-sensitive plasmid pTV1Ts as a vector. Plasmid, 22, 236-243 (1989) 
157. Walker, D. C. & T. R. Klaenhammer: Isolation of a novel IS3 group insertion element and construction of an integration 
vector for Lactobacillus spp. J Bacteriol, 176, 5330-5340 (1994) 
158. Serror, P., G. Ilami, H. Chouayekh, S. D. Ehrlich & E. Maguin: Transposition in Lactobacillus delbrueckii subsp. 
bulgaricus: identification of two thermosensitive replicons and two functional insertion sequences. Microbiology, 149, 1503-1511 
(2003) 
159. Gury, J., L. Barthelmebs & J. F. Cavin: Random transposon mutagenesis of Lactobacillus plantarum by using the 
pGh9:ISS1 vector to clone genes involved in the regulation of phenolic acid metabolism. Arch Microbiol, 182, 337-345 (2004) 
160. Maguin, E., H. Prevost, S. D. Ehrlich & A. Gruss: Efficient insertional mutagenesis in lactococci and other gram-positive 
bacteria. J Bacteriol, 178, 931-935 (1996) 
161. Patnaik, R., S. Louie, V. Gavrilovic, K. Perry, W. P. Stemmer, C. M. Ryan & S. del Cardayre: Genome shuffling of 
Lactobacillus for improved acid tolerance. Nat Biotechnol, 20, 707-712 (2002) 
162. Li, Y., C. Canchaya, F. Fang, E. Raftis, K. A. Ryan, J.-P. van Pijkeren, D. van Sinderen & P. W. O'Toole: Distribution of 
megaplasmids in Lactobacillus salivarius and other lactobacilli. J Bacteriol, 189, 6128-6139 (2007) 
163. Gerdes, K., S. K. Christensen & A. Lobner-Olesen: Prokaryotic toxin-antitoxin stress response loci. Nat Rev Microbiol, 3, 
371-382 (2005) 
164. Sorvig, E., M. Skaugen, K. Naterstad, V. G. Eijsink & L. Axelsson: Plasmid p256 from Lactobacillus plantarum represents 
a new type of replicon in lactic acid bacteria, and contains a toxin-antitoxin-like plasmid maintenance system. Microbiology, 151, 
421-431 (2005) 
165. Cohen, D. P. A., J. Renes, F. G. Bouwman, E. G. Zoetendal, E. Mariman, W. M. de Vos & E. E. Vaughan: Proteomic 
analysis of log to stationary growth phase Lactobacillus plantarum cells and a 2-DE database. Proteomics, 6, 6485-6493 (2006) 
 
Abbreviations:ATCC: American type culture collection; AUTOGRAPH: automatic transfer by orthology of gene reaction 
associations for pathway heuristics; DPC: moorepark culture collection, dairy products research centre, Ireland; FMNH2: reduced 
riboflavin mononucleotide; GFP: green fluorescent protein; GI: gastrointestinal; GMOs: genetically modified organisms; GOLD: 
genomes online database; GPM: genome-probing microarrays; HMM: Hidden Markov models; IS: insertion sequence; IVET: in 
vivo expression technology; JCVICMR: J. Craig Venter Institute comprehensive microbial resource; JGI: Doe Joint Genome 
Institute; KEGG: kyoto encyclopedia of genes and genomes; LAB: lactic acid bacteria (LAB); NAD (P)H: reduced nicotinamide 
adenine dinucleotide (phosphate); NCBI: national centre for biotechnology information; NCC: nestlé culture collection, 
Switzerland; NCIMB: national collections of industrial food and marine bacteria, UK; R-IVET: resolvase-based in vivo 
expression technology; rRNA; TA: toxin-antitoxin; UCC: University College Cork, Ireland; WCFS: Wageningen centre for food 
sciences, The Netherlands 
 
Key Words: Lactobacillus, Probiotics, Genomics, Genetic Tools, Review 
 
Send correspondence to: Dr Paul W. O’Toole, Dept of Microbiology and Alimentary Pharmabiotic Centre, University College 
Cork, Cork, Ireland, Tel: 353-21-4903997, Fax: 353-21-4903101, E-mail: pwotoole@ucc.ie 

 
Table 1. Published Lactobacillus genomes with relevant properties (January 2008)1 

LB2 Size 3 pla4 IS5 Pph6 bsh7 srt8 R-M9 Resource Reference 
La 1.99 0 7 0 2 1 1/II Human source 29 
Lb 2.34 2 1 1 3 1 1/III Starter culture 30 
Lc 2.92 1 4 2 2 3 1/I Emmental cheese 30 
Ld1 1.86 0 5 0 0 1 1/I Bulgarian yogurt 31 
Ld2 1.86 0 2 0 0 1 1/II French starter 30 
Lg 1.89 0 3 1 2 1 1/I Human GI tract 30 
Lh 2.08 0 12 0 0 1 2/I, 1/III Cheese isolate 32 
Lj 1.99 0 3 2 3 1 0 Human isolate 33 
Lp 3.31 3 2 2 4 1 1/I Human saliva 34 
Lsk 1.88 0 4 0 1 2 0 French sausage 35 
Lsl 1.83 3 10 2 2 1 1/I Huamn ileum 36 
Pp 1.83 0 3 2 1 1 0 Plants 30 

1 Data are derived from published Lactobacillus genome information and EGROTM integrated genomics (Chicargo, USA) 2 
Lactobacillus strains: La, L. acidophilus NCFM; Lb, L. brevis ATCC367; Lc, L. casei ATCC334; Ld1, L. delbrueckii ssp 
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bulgaricus ATCC11842; Ld2, L. delbrueckii ssp bulgaricus ATCCBAA365; Lg, L. gasseri ATCC33323; Lh, L. helveticus 
DPC4571; Lj, L. johnsonii NCC533; Lp, L. plantarum WCFS1; Lsk, L. sakei 23K; Lsl, L. salivarius UCC118; Pp, P. pentosaceus 
ATCC25745 3 Genome (chromosome) size (Mb) 4 Number of plasmid in the genome 5 Number of IS family that IS elements from 
the relevant Lactobcillus genome belong to 6 Number of intact prophage in the corresponding Lactobacillus genome 7 Number of 
genes that encoding cholyglycine hydrolase (EC 3.5.1.24) 8 Number of genes that encoding sortase 9 Number/type of intact 
restiction-modification system in the relevant Lactobcillus genome 
 
Table 2. Approaches for the identification of lactobacilli 

Approach Principle  Discrimination level and application Reference 

API 50 CH strips Identify species based on their carbohydrates 
fermentation profiles 

Species level 59 

16S rRNA1 sequence Differentiate species based on their 16S phylogeny Species level 62 

16S-23S rRNA ISRs2 
Multiplex PCR assay based on strain 16S-23S rRNA 
intergenic spacer region and its 23S rRNA gene 
flanking region  

Can identify human stool samples and distinguish 
lactobacilli at species level 63, 64 

tDNA-PCR3 Identify species on their unique tDNA fingerprint 
patterns 

Species level 70 

hsp60 PCR-RFLP4 Differentiate strains from their groEL PCR-
restriction fragment length polymorphism patterns 

Can differentiate 110 Lactobacillus isolated from 
cheese and dry-fermented sausages 65 

RAPD5 Differentiate strains from the random amplified 
polymorphic DNA pattern 

Used for typing L. plantarum strains 66 

Multiplex RAPD-PCR 
Based on PCR generated unique DNA profiles Clustered lactobacilli gastrointestinal isolates. Can 

characterize and infer the relatedness of Lactobacillus 
isolates 

71 

RAPD-PCR and AFLP6 
Differentiate strains on the RAPD-PCR and AFLP 
generated genomic fingerprint patterns 

Can differentiate phenotypically highly similar species 
(eg., L. gasseri and L. johnsonni, L. amylovorus and L. 
gallinarum) 

74 

TTGE7 Differentiate variation in 16S rRNA sequence of 
lactobacilli by electrophoresis 

Can distinguish closely-related target species and 
reveal sequence heterogeneities in the 16S rRNA genes 75 

ARDRA8 Differentiate strains from their amplified ribosomal 
DNA restriction patterns 

Differentiated Lactobacillus from gastrointestinal, food 
and birds isolates at species level 67, 68 

Renaturing SDS-PAGE9 Identify Lactobacillus from their electrophoretic 
pattern of peptidoglycan hydrolases 

Distinguished phylogenetically close species from food 
isolates 72 

DGGE10 and specific primers 
Identify strains by the combination of gel 
electrophoresis of DNA PCR fragments and 16S-23S 
rRNA intergenic spacer region  

Can identify Lactobacillus from human and procine GI 
isolates at species level 69 

FAFLP11 PCR based whole genome DNA fingerprint with 
selective amplification of restriction fragments 

Can delineate L. rhamnosus strains from food and 
human isolates at intraspecific level 73 

PFGE12 Differentiate by electrophoresis patterns of restricted 
whole genome 

Can determine L. rhamnosus genotypic relatedness at 
strain level when combine with FAFLP 73 

GPM13 Based on whole genome sequence Species level; can quantitatively identify LAB14 
community from food 77 

Genome microarray Based on whole genome sequence Can distinguish to strain level and reveal the diversity 
of a species 78 

Abbreviations: 1 ribosomal RNA, 2 intergenic spacer regions, 3 tDNA intergenic spacer polymerase chain reaction, 4 PCR-
restriction fragment length polymorphism, 5 randomly amplified polymorphic DNA, 6 amplified fragment length polymorphism, 7 
temporal temperature gradient gel electrophoresis, 8 amplified ribosomal DNA restriction analysis, 9 sodium dodecyl sulfate 
polyacrylamide gel electrophoresis, 10 denaturing gradient gel electrophoresis, 11 fluorescent amplified fragment length 
polymorphism, 12 pulsed-field gel electrophoresis of macrorestriction fragments, 13 genome-probing microarray, 14 lactic acid 
bacteria 
 
Table 3. Replicons that may be transformed into Lactobacillus 

Replicon Type Ts1/µg DNA Host Reference 

pSH71 RC2 

105 
104 
105 
>102 

L. salivarius UCC118 
L. acidophilus 
L. helveticus KU107 
L. delbrueckii subsp. bulgaricus VI104 

82-84 

pWV01 RC 
104 
107 
>102 

L. salivarius UCC118 
L. salivarius Sn1 
L. delbrueckii subsp. bulgaricus VI104 

82, 84, 85 

pAMβ1 Theta 104 L. salivarius Sn1 85 

pLC494 theta 105 
103 

L. casei L-49-4 
L. acidophilus NIAIL-54 86 

pRV500 theta 101-106 L. sakei 87 
pLEM3 RC 103-104 L. delbrueckii subsp. bulgaricus VI104 84 
pBUL1 ND3 >103 L. delbrueckii subsp. bulgaricus VI104 84 
pWS58 ND >103 L. delbrueckii subsp. bulgaricus VI104 84 
pLTK2 RC 104 L. plantarum NCL21 88 
pFX1 RC 104 L. salivarius Sn1 85 

pLP825 ND 106-107 L. casei ATCC 393 
L. plantarum NCDO 1193 81 

pLP825 ND 102-103 
L. acidophilus NCK 89 
L. brevis VK3 
L. fermentum NCK127 

81 
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L. pentosus MD353 
L. plantarum ATCC 14917 

Abbreviations: 1 transformants, 2rolling cycle, 3 not determined 
 
Table 4. Bacteriocin-controlled gene expression accomplished in lactobacilli 

Strain Gene/Protein Inducer Reference 
L. brevis chimeric S-layer nisin 113 
L. casei ATCC393 virus VP60 nisin 114 
L. gasseri pepI nisin 115 
L. helveticus CNRZ32 gusA nisin 104 
L. paracasei NFBC 338 groEL nisin 116 
L. plantarum gusA, alr, TTFC1 nisin 103, 117 
L. rahmnosus GG GFP2 nisin 118 
L. reuteri amyL nisin 105 
L. sakei/plantarum gusA, pepN nisin, sakacin 109, 119 
L. salivarius UCC118 betL nisin 111 

Abbreviations: 1 the C subunit of the tetanus toxin, 2 green fluorescent protein 
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Figure 1. Available genetic tools for functional analysis of candidate probiotic genes in commensal lactobacilli 
Characterization of mannose-specific proteins in L. plantarum WCFS1 by biodiversity screen (21); 
Bioinformatics analysis of mucus-binding proteins in Lactobacilli (22); Functional analysis of in vivo L. salivarius 
UCC118 anti- Listeria monocytogenes activity by gene disruption (23); Functional analysis of sortase and sortase 
dependent proteins in the interaction with intestinal epithelial cells by gene deletion in L. salivarius UCC118 (24); 
Functional analysis of bsh by gene disruption in L. acidophilus NCFM (25); Horizontal gene transfer through 
conjugation in L. plantarum WCFS1 (26); Adaptation of endogenous plasmids for construction of gene cloning 
and expression vectors in L. salivarius UCC118 (28). 
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