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Summary

 In the case of preparing various dairy products, the exploitation of lactic acid bacteria 
has been essential in the course of past millennia in all known nations. Numerous compara-
tive analyses of gene and genome sequences reveal that the exchange of genetic material 
within and between bacterial species is far more general and frequent than has previously 
been thought. Consequently, the horizontal gene transfer between distant species or within 
the same species is an important factor in the Lactobacillales evolution. Knowledge about 
the exchange of lactobacillus genetic information through horizontal gene transfer, mobile 
genetic elements, and its evolution is very important due to characterizations and stabil-
ity maintenance of autochthonous as well as industrial lactic acid bacteria strains in dairy 
products that benefit human health.
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Introduction

 The lactic acid bacteria (LAB) are probably the 
most numerous group of bacteria linked to humans. 
They include extremely beneficial nonpathogenic 
species that are used for industrial fermentation of 
dairy products, bread, meats, vegetables and cere-
als, as well as for preparing lots of traditional dairy 
products. The definition of the LAB is biological 
rather than taxonomical, i. e. the LAB do not com-
prise a monophyletic group of bacteria. Most of the 
LAB pertain to the order Lactobacillales, a group 
of non-sporulating Gram-positive bacteria, howev-
er a few LAB species belong to the Actinobacteria 
(Schleifer and Ludwig, 1995). The Lactobacil-
lales have relatively small genomes which charac-
terize the genome size around 2 mega bases with 
the number of genes in different species within the 
range from around 1,600 to 3,000 genes (Makarova 
and Koonin, 2007). This variation in the number of 

genes and high number of pseudogenes in the dairy 
LAB (O’Sullivan et al., 2009) suggests that the 
evolution of the LAB involved processes of gene loss 
or decay, duplication, and acquisition (Callanan et 
al., 2008; Nicolas et al., 2007). Furthermore, the 
mosaic structures of genetic material in bacterial ge-
nomes imply a constant flow of genetic information. 
Although they do not undergo sexual reproduction, 
bacterial cells perform processes in which genetic 
material from one cell or environment can be in-
corporated into another cell forming recombinants. 
This horizontal gene transfer (HGT) includes: con-
jugation, which requires cell to cell contact, trans-
duction - bacteriophage - facilitated transfer of ge-
netic information, and transformation, which is the 
uptake of free DNA from the environment. Usually 
the genes to be transferred are part of mobile ge-
netic elements, pieces of DNA that encode proteins 
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important to facilitate movement of DNA within 
or between genomes. In this review the role of mo-
bile genetic elements and horizontal gene transfer in 
Lactobacillales and new aspects of adaptation and 
diversification based on gene acquisition will be dis-
cussed.

Genome of lactic acid bacteria 

 Like in other bacteria, numerous complete ge-
nome sequencing data of LAB indicate that their 
genomes consist of a core genome and an auxiliary 
genome (Rasmussen et al., 2008). The essence of 
a species is core genome which encodes all house-
keeping genes necessary for basic cellular functions 
that are essential for a given species and responsi-
ble for maintaining a species identity. The diversity 
of a species is represented by auxiliary region that 
encodes functions not strictly required for growth 
or replication but that add competitive advantage 
in certain ecological niches (Ochman et al., 2000). 
Auxiliary genes typically encode accessory functions 
such as the transport and use of certain non-essen-
tial nutrients, or encode supplementary biochemical 
pathways, are associated with bacteriophage or oth-
er mobile elements, and certain cell-surface modi-
fications that probably relate to phage or predator 
resistance, but many have no known function. Their 
roles are to encode novel metabolic function, anti-
biotic resistance, bacteriocin production, and other 
adaptation to an ever-changing environment (Fuhr-
man, 2009). These genes are transferred, yielded or 
lost much often than the core genes. Furthermore, 
there is an opinion that the average rate of evolu-
tion for auxiliary genes should be extreme, while 
on average, the core genes will manifest a neutral 
rate of evolution (Riley and Lizotte-Waniewski, 
2009). The genetic maps obtained for the LAB have 
provided an impressive demonstration of their ge-
nome plasticity (Lerat et al., 2005; Gogarten and 
Townsend, 2005; Claesson et al., 2007). The 
genome sequence of Lactobacillus delbrueckii ssp. 
bulgaricus has been showing the signs of ongoing 
specialization, with a substantial number of pseudo-
genes incomplete for metabolic pathways and rapid 
genome evolution (van de Guchte et al., 2006.) In 
the LAB, the adaptive evolution occurs mostly by 
HGT and by intracellular activity of mobilome (La-
pierre et al., 2002; Teuber et al., 2003).

Mobilome of lactic acid bacteria 

 Mobilome, namely mobile genetic elements are 
major contributing factors to the generation of ge-
netic diversity in prokaryotic organisms. They play 
an essential role in the evolution of bacterial ge-
nomes (Fraser et al., 2007), and are the framework 
of horizontal gene transfer (Siefert, 2009.). These 
mobile genetic elements include bacteriophages, 
plasmids, integrons, genomic islands, transposons 
and insertion sequences (Berg and Kurland, 2002; 
Haig and Kazazian, 2004; Siefert, 2009). Nu-
merous transposable elements, plasmids, and phages 
were found in the LAB. The functions of these LAB 
mobile genetic elements include metabolism of car-
bohydrates, amino acids and citrate, hydrolysis of 
proteins, production of exopolysaccharides and bac-
teriocins, resistance to antibiotics and heavy metals, 
phage resistance and DNA restriction and modifi-
cation systems (Gasson and Shearman, 2003; 
O’Driscoll et al., 2006).

 Integron is a unique type of mobilome that uti-
lizes site-specific recombination system capable of 
integrating and expressing modular structure named 
mobile gene cassettes. These cassettes are the small-
est known mobilizable elements that possess a 
unique integrase sequence (Labbate et al., 2009). 
Integrons were found in association with a variety 
of antibiotic resistance genes (Stokes and Hall, 
1989) and can be located on other mobile genetic el-
ements such as plasmids or transposons (Nesvera et 
al., 1998). Besides, group II introns are self-splicing 
mobile retroelements (Siefert, 2009). Belhocine 
et al. (2004) have shown that the Ll.LtrB group II 
intron, originally discovered on an Lactococcus lactis 
conjugative plasmid (pRS01) and within a chromo-
somally located sex factor in Lc. lactis 712 invaded 
new sites using both retrohoming and retrotranspo-
sition pathways after its transfer by conjugation.

 Insertion sequences (ISs) are the simplest type 
of mobile genetic elements that encode transposase, 
protein important for the mediation of movement 
of IS within or between bacterial genomes, and pro-
teins for its regulation. ISs characteristically termi-
nate a small flanking inverted repeat sequences for 
the establishment of site-specific recombination at 
the transposition site. They are a significant source 
of new mutations due to their variable number and 
different locations in bacterial genomes (Cooper et 
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al., 2001; Schneider et al., 2002; de Visser et al., 
2004; Schneider and Lenski, 2004). Mutations 
mediated by ISs can cause genomic rearrangements 
and/or diverse effects on gene expression (Hall, 
1999; Bongers et al., 2003). Some authors have 
reported that IS transposition may occur at higher 
rates in bacteria under various stressful conditions 
(de Visser et al., 2004; Ohtsubo et al., 2005; 
Twiss et al., 2005), but also in no stressful environ-
ments (Papadopoulos et al., 1999).

 They form an integral part of LAB chromosome 
and their extrachromosomal elements such as plas-
mids and bacteriophages. ISs have been shown to 
specifically contribute to niche adaptation by pro-
moting a variety of genetic rearrangements (Gasson 
and Shearman, 2003).

 Large transposable elements, DNA transposons 
(Tn) in addition to the gene for transposase and re-
peat sequences carry genes for one or more proteins 
imparting resistance to antibiotics. These elements 
can move and rearrange chromosomal DNA in the 
cell, either by move from cell to cell through plas-
mids, phages, or their derivatives called integrative 
conjugative elements (Frost et al., 2005). Integra-
tive conjugative transposons bear genes allowing 
them to transfer themselves from one bacterium 
to another by excising themselves to form a cova-
lently closed circular intermediate. In the state of 
intracellular transposition this circular intermediate 
is reintegrated in the same cell or in another cell by 
intercellular transposition. It is transferred by con-
jugation to a recipient by integration into the recipi-
ent’s genome (Salyers et al., 1995). Conjugative 
transposons have a broad host range, and they con-
tribute to the spread of antibiotic resistance genes. 
This term was first used to describe tetracicycline 
resistance Tn 916 from Enterococcus faecalis, and its 
transfer requires a series of genes located at the right 
end of the transposon (Flannagan et al., 1994). Fur-
thermore, unrelated conjugative transposon Tn5276 
from Lactococcus lactis integrates into at least five 
chromosomal sites in Lc. lactis MG1614, and en-
codes the production of and immunity to nisin, a 
lanthionine-containing peptide with antimicrobial 
activity, and the capacity to utilize sucrose (Rauch 
and de Vos, 1992). Integrative conjugative trans-
posons were first found in Gram-positive cocci but 
are now known to be present in a variety of Gram-
positive bacteria.

 Plasmids are self-replicating DNA molecules 
existing in cells as extrachromosomal replicons. Sim-
ilarly to prokaryotic chromosomes, plasmids carry 
origin of replication (unique core genes), and encode 
at least some of the proteins involved in the plas-
mid replication and partitioning. Its auxial genes en-
gage homologous or non-homologous recombination 
with the chromosome (Frost et al., 2005). They are 
found in bacteria from different environments such 
as soil, sea, fresh water and hot spring. The pres-
ence of plasmids in lactococci was first reported by 
McKay at al. (1972). Presence of plasmids is com-
mon in enterococci, lactococci, leuconostocs, pedio-
cocci and rarely in some strains of lactobacilli and 
bifidobacteria (Mathur and Singh, 2005). The 
LAB often contain different numbers (from 1 to 
16) of plasmids in a single strain. Although plasmids 
are usually not vital elements of the cell, some carry 
genes that are essential for survival of the host under 
particular environmental conditions. For instance, 
plasmids in the LAB have been associated with lac-
tose fermentation (Cords et al., 1974; Siezen et 
al., 2005), citrate permease activity (Kempler and 
McKay, 1981), proteolytic activity (Otto et al., 
1982), phage resistance based on restriction/modi-
fication (Sanders and Klaenhammer, 1981) or 
by antisense RNA inhibition (Sturino and Klaen-
hammer, 2002), production of bacteriocins (Fuchs 
et al., 1975; Akcelik, 1999; Corr et al., 2007), 
and conjugative transfer (Gasson and Shearman, 
2003). Nevertheless, most plasmids in the genus 
Lactobacillus and Bifidobacterium remain cryp-
tic (Gasson and Shearman, 2003). In addition, 
Wang and Lee (1997) reported that about 38 % 
of Lactobacillus species contain plasmids of differ-
ent sizes (from 1.2 to 150 kb) and variable numbers 
(1 or more). Furthermore, genome analysis of pro-
biotic Lactobacillus salivarius subspecies salivarius 
UCC118 showed 242 kb megaplasmid, pMP118 
(Claesson et al., 2006).

 Conjugative plasmids have evolved optimizing 
regulatory system for self-transmission by a conjuga-
tive transfer apparatus (Grohmann et al., 2003). 
They are commonly found in starter cultures of lac-
tococci and can be transferred to recipient strains at 
frequencies as high as 10-2 (Coakley et al., 1997). 
Furthermore, streptococcal conjugative plasmid 
pIP501 has capacity to be transmitted among nu-
merous Gram-positive strains (Langella et al., 
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1993), while the broad-host-range plasmid pAM 
beta 1 (encoding erythromycin resistance) can be 
transferred by conjugation from Streptococcus lactis 
to Lactobacillus reuteri, Lactobacillus murinus and 
Lactobacillus fermentum (Tannock, 1987). 

 Phages from lactococci have been extensively 
studied due to their importance in the dairy indus-
try. Lactococcal phages are found in raw milk and 
can survive pasteurization (Sanders, 1988; Mad-
era et al., 2004). Numerous lactococcal phages have 
been isolated and characterized due to their nega-
tive effects on fermentation as well as their biodi-
versity within this ecological niche (Stanley et al., 
2003). Till today all known Lc. lactis phages have a 
double-stranded genetic (DNA) material and a no 
contractile tail. Lc. lactis phages are members of the 
Caudovirales order according to the International 
Committee on Taxonomy of Viruses. This bacte-
riophage order is extremely large, morphologically 
and genetically diverse group that includes over 95 
% of all known viruses (Maniloff and Ackermann, 
1998). 

Horizontal gene transfer in lactic acid bacteria 

 Horizontal or lateral gene transfer is the flow 
of genetic information between bacterial cells and 
it differs from the transfer of DNA from mother to 
daughter cell (Madigan et al., 1997). It is an in-
tegral factor in the generation of genetic variability 
and genome evolution in bacteria, enabling species 
to quickly adapt to environmental variations (Gog-
arten et al., 2002.) and an active mechanisms to 
modulate acquisition of new DNA (Fall et al., 
2007). HGT has been identified in many bacterial 
species, by phylogenetic or compositional method, 
in a variety of bacterial habitats ranging from soils to 
biofilms to the gastrointestinal tract (Zaneveld et 
al., 2008). The LAB typically obtain new DNA se-
quences by three methods which play a part in HGT 
events in bacteria, namely, transformation, transduc-
tion, and conjugation (Kurland et al., 2003; Tho-
mas and Nielsen, 2005). 

 Firstly, transformation is the stable uptake, in-
tegration and expression of extracellular DNA that 
occurs in nature when bacterial species are in a  

Figure 1: Schematic display of lactic acid bacteria transformation. After autolysis of a donor bacterium, na-
ked circular or/and linear DNA molecules remain in environment. The transfer of DNA molecule 
to a recipient cell could result in recipient bacterium with plasmid or follow by recombination 
of linear DNA in the recipient chromosome. Scheme is modified from Tamarin (2002.) and 
Zaneveld et al. (2008)

Slika 1: Shematski prikaz transformacije u bakterija mliječne kiseline. Samorazgradnjom bakterije dava-
telja u okolišu ostaje nezaštićena kružna ili/i linearna molekula DNA. Prijenosom molekule DNA u 
stanicu primatelja može se dobiti bakterija primatelj s plazmidom ili doći do rekombinacije linearne 
DNA u kromosom primatelja. Prilagođeno prema Tamarin (2002.) i Zaneveld et al. (2008.)
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physiological state known as competence (de la 
Cruz and Davies, 2000). In this process exogenous 
DNA which is taken up by a recipient cell and may 
be incorporated into the chromosome or into a plas-
mid by homologous or illegitimate recombination 
(figure 1). Transforming DNA may be a fragment of 
chromosomal DNA from a related strain, a plasmid, 
or a viral genome. Furthermore, the size of the trans-
ferred region depends on the intact DNA size during 
transformation. Natural transformation has been also 
shown in many bacteria and archaea. Trieu-Cuot et 
al. (1987) for the first time reported in vitro trans-
fer of the plasmid pAT187 from Gram-negative E. 
coli to the Gram-positive strains: Enteroccoccus fae-
calis, Streptococcus lactis, Streptococcus agalactiae, 
Bacillus thuringiensis, Listeria monocytogenes and 
Staphylococcus aureus. The LAB can be transformed 
purposely with any foreign gene or DNA fragment 
which codes for the expression and secretion of an 
enzyme of interest (Toomey et al., 2009).

 Secondly, transduction is the transfer of chro-
mosomal or plasmid genetic information from donor 
to recipient bacteria by a bacteriophage (figure 2). It 
is a specific gene transfer event as bacteriophages are 
specialized viruses that infect certain bacteria (Law-
rence, 2002). During a lytic cycle, the enzyme re-
sponsible for packaging phage DNA into the viral 
capsid sometimes accidentally packages fragment 
of host genome. In transduction the quantity of the 
transferred genetic material is limited by the phage 
capsid size. In the LAB phage-mediated gene ex-
change was for the first time reported by Sandine 
et al. (1962) who noticed transduction of triptophan 
biosynthesis and streptomycin resistance markers by 
a virulent Lc. lactis bacteriophage. The transduction 
in the LAB represented the first gene transfer tech-
nique used and developed for the transfer of tech-
nologically important traits between different LAB 
strains (Gasson and Shearman, 2003).

Figure 2: Schematic display of lactic acid bacteria transduction. Transduction is process in which bacterial 
genomic DNA is moved from donor bacterium to recipient by the certain bacteriophage. Lysis of 
donor bacterium is continued after bacteriophage infection. In the cell lysate, numerous normal 
and rare abnormal phages which contain the genome fragment of bacterium donor can be found. 
Continued infection of recipient bacterium by abnormal phage and after homologous recombina-
tion or after integration by bacteriophage integrase, could result in the recombinant cell. Scheme 
is modified from Tamarin (2002) and Zaneveld et al. (2008)

Slika 2: Shematski prikaz transdukcije u bakterija mliječne kiseline. Transdukcija je proces u kojem se 
pomoću određenih bakteriofaga prenese bakterijska genomska DNA molekula iz stanice davatelja 
u stanicu primatelja. Nakon infekcije bakteriofagom dolazi do lize bakterije davatelja. U lizatu 
stanice mogu se naći brojni normalni i rijetki neobični fagi koji sadržavaju dijelove genoma bakterije 
davatelja. Daljnjom infekcijom bakterije primatelja s neobičnim fagom te nakon homologne rekom-
binacije ili posredstvom integraze bakteriofaga može nastati rekombinantna stanica. Prilagođeno 
prema Tamarin (2002.) i Zaneveld et al. (2008.)
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 Thirdly, conjugative transfer is mediated by cer-
tain plasmids or integrative conjugative genetic el-
ements with specific transfer genes from donor to 
recipient bacterium (figure 3.). Plasmids, conjuga-
tive transposons, regions of bacterial chromosomes, 
and integrative and conjugative elements all transfer 
DNA in this kind of HGT (Burrus et al., 2002). 
The recipient cell that has received a DNA from a 
donor bacterium is called a transconjugant. In LAB, 
conjugation is mediated by pheromone-induced cell 
aggregation. Stable mating formation in Enterococ-
cus faecalis cells requires containing of conjugative 
plasmid pAD1 or pCF10 for pheromone induction 
(Trieu-Cuot et al., 1988). Many plasmids are not 
self-transmissible, but can be mobilized from one 
bacterium to another in the presence of additional 
self-transmissible plasmid, using its mobilization 
proteins (Haig and Kazazian, 2004). The maximal 
size of the transferred region depends on the pro-
cess of the transfer. It is the highest for conjugation, 
which can support the transfer of chromosome-size 
segments. All products of conjugation can be identi-
fied by molecular, phenotypic or microscopic analy-
sis. It is assumed that the majority of bacterial gene 
transfer events in the nature occur by conjugation. 
Numerous conjugative plasmids and transposons 
have been shown to have a broad host range includ-
ing Gram-negative and Gram-positive bacteria. 
HGT via conjugative pathways has been extensively 
documented in Lactobacillales and appears to be im-

portant for niche-specific adaptation (Teuber et al., 
2003). Signs of HGT are particularly notable in Lc. 
lactis subsp. cremoris SK11 that harbours a conju-
gative plasmid pSK11A, and several additional plas-
mids carrying genes related to the growth in milk 
(Siezen et al., 2005).

Evolution of lactic acid bacteria 

 Evolution of prokaryotes occurs constantly in 
nature through the selection of the most fitted pop-
ulation to its environment. Like all prokaryotes, the 
LAB are prone to gene exchange to increase the sur-
vival rate in harsh environment. As LAB are present 
in various biotopes, such as human and animal in-
testines or bovine rumen and udder, they are regu-
larly exposed to different kinds of stress. Numerous 
phylogenetic analyses, comparison of gene content 
across the group and reconstruction of ancestral 
gene sets, evidence a combination of extensive gene 
loss and key gene acquisitions via HGT during co-
evolution of LAB within their habitats. 

 HGT via bacteriophage-mediated or conjuga-
tive pathways has been extensively documented in 
order Lactobacillales and appears to be important for 
niche-specific adaptation in the LAB (O’Sullivan 
et al., 2009). Consequently, in certain LAB biotopes 
there is no barrier to gene exchange between com-
mensal, pathogenic and potentially pathogenic bac-
teria (Treuber et al., 2003). Conjugative transfer 

Figure 3: Schematic display of lactic acid bacteria conjugation. Conjugation is a process in which a part of 
genome (plasmid or part of chromosome) is transferred by a direct cytoplasmic contact of donor 
and recipient cells by direct cell-to-cell contact in pheromone-induced cell aggregation. Recombi-
nant cell could result after homologous recombination. Scheme is modified from Tamarin (2002) 
and Zaneveld et al. (2008)

Slika 3: Shematski prikaz konjugacije u bakterija mliječne kiseline. Tijekom gomilanja stanica pod utjecajem 
feromona dolazi do neposrednog citoplazmatskog kontakta stanice davatelja koja predaje dio ge-
noma (plazmid ili dio kromosoma) stanici primatelja. Homolognom rekombinacijom može nastati 
rekombinantna stanica. Prilagođeno prema Tamarin (2002.) i Zaneveld et al. (2008.)
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of a self-transmissible plasmid from an engineered 
strain of Lc. lactis subspecies lactis IL 1403 to wild-
type strains of Lc. lactis subspecies lactis and sub-
species cremoris of technological interest occurred 
on solid surface mating that is, however, about 3 to 
4 orders of magnitude lower during cheese manufac-
turing (Gabingauthier et al., 1991). An ecological 
niche suitable for the transfer between lactococci 

and enteric bacteria is the human and animal di-
gestive tract. Gruzza et al., (1994) reported that 
conjugational gene transfer from Lc. lactis passed 
through the mouse digestive tract to the resident 
bacteria. Moreover, Bolotin et al. (2004) conclud-
ed that the genome sequence of Lc. lactis revealed 
that the ycdB gene was recently exchanged between 
lactococci and enterobacteria.

 The genome sequences of Lactobacillus john-
sonii, Lactobacillus acidophilus and Lactobacillus 
delbrueckii have recently become available (Prid-
more et al., 2004; Altermann et al., 2005; van 
de Guchte et al., 2006) along with the genome 
sequences of Lactobacillus plantarum and Lactoba-
cillus sakei (Kleerebezem et al., 2003; Chaillou 
et al., 2005), two more distantly related lactobacilli 
that do not belong to the acidophilus complex. These 
data have allowed a better understanding of the evo-
lutionary relationship between the lactobacilli of the 
acidophilus complex. The results of van de Guchte 
et al., (2006) have shown that the similarly sized 
genomes in this group share a conserved structural 
backbone, evidenced by a clear global synteny (the 
two genes which occur on the same chromosome) 
and indicative of their close relatedness. Analysis 
of Nicolas et al. (2007), based on the rRNA and 
protein sequences based phylogeny methods, have 
revealed that extensive HGT takes place between 
the L. acidophilus and L. johnsonii species lineages, 
possibly in the gastrointestinal tract. Organisms that 
share ecological niches are more prone to exchange 
genes than organisms which do not share them 
(Kunin and Ouzounis, 2003). 

 Although the LAB occupy a diverse set of eco-
logical niches such as fermenting milk, bread, plants, 
they are phylogenetically closely related by their 

small genomes and common metabolic pathways 
for sugar fermentation and lactic acid production 
(de Vos et al., 2005; Jamuna and Jeevaretnam, 
2004; Aymerich et al., 2000). This suggests that a 
considerable ecological selection has occurred dur-

ing their evolution (Kok et al., 2005). Pfeiler and 
Klaenhammer (2007) concluded that many of the 
LAB genomes have reduced biosynthetic capacities 
as a result of genome degradation events reflecting 
their adaptation to relatively nutrient-rich food en-
vironments, such as milk and the gastrointestinal 
tract. Finally, Makarova and Koonin (2007) have 
concluded that trends of gene loss are very similar 
in taxonomically distant LAB, particularly between 
Lactobacillales and Bifidobacterium longum, an ac-
tinomycete, conceivably due to similar environmen-
tal pressures.

 The LAB plasmid profiles also contribute to 
characteristic trait of autochthonic dairy products. 
Among nine LAB genome sequences and their 
phylogenetic and functional analysis Makarova et 
al. (2006) presented data for Lactobacillus brevis 
ATCC 367 which harbors two plasmids, pLVIS1 and 
pLVIS2, of 13.413 and 35.595 kb in size, receptive-
ly. Comparison of this strain with L. brevis L62 from 
Stock cultures collection of Faculty of Food Tech-
nology and Biotechnology, University of Zagreb, 
showed different plasmid profiles. L. brevis L62 has 
three plasmids P1, P2 and P3, approximately of 25, 
18 and 7 kb in size, receptively, with different re-
striction enzyme pattern than pLVIS1 and pLVIS2 
(Butorac et al., 2008).

Traditional dairy products

 Many reports of traditional dairy products have 
shown their characteristic and unique microflora 
dependence on the production technology as well 
as on the local ecological determinants. Some of 
reports are connected with LAB isolated from fol-
lowing dairy products: from the Camembert cheese 
(Corroler et al., 1998), from traditional Pecorino 
Sardo cheese (Mannu et al., 2000), from African 
traditional fermented milks (Beukes et al., 2001), 
from Kule naoto (Mathara et al., 2004), from Tetil-
la raw milk cheeses (Menéndez et al., 2004.), from 
fermented milk “laban” (Chammas et al., 2006), 
from Romanian dairy products (Zamfir et al., 
2006), from Caciocavallo Pugliese cheese (Morea 
et al., 2007) from the Himalayan ethnic fermented 
milk products (Dewan and Tamang, 2007), from 
Batzos, a Greek PDO raw goat milk cheese (Pson 
et al., 2007), from Italian artisanal Raschera PDO 
cheese (Dolci et al., 2007), and many others. The 
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characterization and isolation of autochthonic LAB 
from dairy products are essential for understanding 
of their biochemical and microbiological properties 
that lead to the development of specific flavor and 
textures of traditional dairy products. Taken togeth-
er, in the last two decades much effort has been put 
into the biochemical, genetic and technological char-
acterization of the “wild” LAB strains isolated from 
traditional dairy products recognized as Protected 
Designation of Origin (Corroler et al., 1998; Gaya 
et al., 1999; Mannu et al., 2000; Sanchez et al., 
2000; Mannu and Paba, 2002; Čanžek Majhenič 
et al., 2005; Psoni et al., 2007; Dolci et al., 2007), 
but also from others made with natural or no starter 
cultures (Cogan et al., 1997; Desmasures et al., 
1998; Delgado and Mayo, 2004). Finally, the mi-
crobial composition of traditional dairy products, at 
genus and species level, is believed to be of great im-
portance to the dairy industry (Fortina et al., 1998; 
Giraffa et al., 1998) as a source of genetic material, 
especially at present when expanding antibiotic re-
sistance of LAB species is evident due to extensive 
antibiotic treatment in human and veterinary medi-
cine as well as agriculture (Teuber, 2001; Mathur 
and Singh, 2005). Furthermore, new resistance can 
appear by at least three processes such as: mutation 
in targeting site, the advantaging of entire species, 
and by the escape of resistance genes to mobilome 
(Poole, 2002). There is now a concern that LAB 
in dairy products may act as reservoirs of antibiotic 
resistance genes (Mathur and Singh, 2005; Wang 
et al., 2006).

Conclusions

 Up to date studies have shown growing diver-
sity of the LAB in dairy products. The critical fac-
tors in the LAB evolution are the rearrangement of 
genetic material within the genome and the mobility 
of genes among strains and species in certain niche. 
As described in this review, the results of recent 
studies indicate a great possibility of gene acquisition 
due to horizontal gene transfer. To ensure the qual-
ity of industrial and autochthonous dairy products 
the microbiological, biochemical and chemical char-
acterization of the LAB cultures is very important. 
Taking into account that there are various autoch-
thonous dairy products coming from different coun-
ties in Croatia, it would be essential to describe and 
preserve autochthonous LAB strains, enabling more 

detailed studies of horizontal gene transfer, and mo-
bilome activity in these local LAB populations.

Utjecaj prijenosa gena na evoluciju 
bakterija mliječne kiseline

Sažetak

 Tijekom tisućljeća u cijelom su svijetu bakterije 
mliječne kiseline bile prijeko potrebne za pripremu 
raznovrsnih mliječnih proizvoda. Brojne usporedne 
analize sekvencija gena i genoma prokariota poka-
zuju da su izmjene genetičkoga materijala unutar i 
između bakterijskih vrsta mnogo uobičajenije i češće 
nego se prije mislilo. Stoga je horizontalni prijenos 
gena između udaljenih vrsta i unutar iste vrste oso-
bito važan za evoluciju bakterija reda Lactobacillales. 
Radi dobrobiti za ljudsko zdravlje, izmjena genetičkih 
informacija tijekom horizontalnog prijenosa gena, 
pokretni genetički elementi i evolucija laktobacila 
vrlo su značajni zbog karakterizacije i očuvanja sta-
bilnosti autohtonih, a i industrijskih sojeva bakterija 
mliječne kiseline u mliječnim proizvodima.

 Ključne riječi: bakterije mliječne kiseline, hori-
zontalni prijenos gena, pokretni genetički elementi, 
evolucija

References

1. Akcelik, M. (1999): The conjugal plasmid pLL10236 
encodes lactose fermentation ability, restriction/modifi-
cation activity, bacteriocin production and immunity in 
Lactococcus lactis subsp. lactis LL102, Food Microbiol-
ogy 16 (5), 487-494.

2. Altermann, E., Russell, W.M., Azcarate-Peril, M.A., 
Barrangou, R., Buck, B.L., Mcauliffe, O., Souther, N., 
Dobson, A., Duong, T., Callanan, M., Lick, S., Hamrick, 
A., Cano, R., Klaenhammer, T.R. (2005): Complete ge-
nome sequence of the probiotic lactic acid bacterium 
Lactobacillus acidophilus NCFM, The Proceedings of 
the National Academy of Sciences of the United States of 
America 102 (11), 3906-3912.

3. Aymerich, M.T., Garriga, M., Monfort, J.M., Nes, I., 
Hugas, M. (2000): Bacteriocin-producing lactobacilli in 
Spanish-style fermented sausages: Characterization of 
bacteriocins, Food Microbiology 17 (1), 33-45.

4. Belhocine, K., Plante, I., Cousineau, B. (2004): Conju-
gation mediates transfer of the Ll.LtrB group II intron 
between different bacterial species, Molecular Microbi-
ology 51 (5), 1459-1469.

5. Berg, O.G., Kurland, C.G. (2002): Evolution of micro-
bial genomes: sequence acquisition and loss, Molecular 
Biology and Evolution 19 (12), 2265-2276. 



V. BAČUN-DRUŽINA et al.: The influence of gene transfer, Mljekarstvo 59 (3), 181-192 (2009) 189

6. Beukes, E.M., Bester, B.H., Mostert, J.F. (2001): The 
microbiology of South African traditional fermented 
milks, International Journal of Food Microbiology 63 
(3), 189-197.

7. Bolotin, A., Quinquis, B., Sorokin, A., Ehrlich, D.S. 
(2004): Recent genetic transfer between Lactococcus 
lactis and Enterobacteria, Journal of Bacteriology 186 
(19), 6671-6677.

8. Bongers, R.S., Hoefnagel, M.H.N., Starrenburg, M.J.C., 
Siemerink, M.A.J., Arends, J.G.A., Hugenholtz, J., 
Kleerebezem, M. (2003): IS981-mediated adaptive 
evolution recovers lactate production by ldhB transcrip-
tion activation in a lactate dehydrogenase-deficient 
strain of Lactococcus lactis, Journal of Bacteriology 185 
(15), 4499-4507. 

9. Burrus, V., Pavlovic, G., Decaris, B., Guedon, G. 
(2002): Conjugative transposons: the tip of the iceberg, 
Molecular Microbiology 46 (3), 601-610.

10. Butorac, A., Mrvčić, J., Stehlik-Thomas, V., Gjuračić, 
K., Bačun-Družina, V. (2008): The various coexistence 
of enterobacteria with Lactobacillus brevis L62 in 
mixed cultures, 4th Croatian Congress of Microbiology 
with International Participation, 24-27 September, Za-
dar, Book of abstract, 75.

11. Callanan, M., Kaleta, P., O’Callaghan, J., O’sullivan, O., 
Jordan, K., Mcauliffe, O., Sangrador-Vegas, A., Slattery, 
L., Fitzgerald, G.F., Beresford, T., Ross, R.P. (2008): 
Genome sequence of Lactobacillus helveticus, an organ-
ism distinguished by selective gene loss and insertion se-
quence element expansion, Journal of  Bacteriology 190 
(2), 727-735.

12. Chaillou, S., Champomier-Verges, M.C., Cornet, M., 
Crutz-Le Coq, A.M., Dudez, A,M., Martin, V., Beaufils, 
S., Darbon-Rongere, E., Bossy, R., Loux, V., Zagorec, M. 
(2005): The complete genome sequence of the meat-
borne lactic acid bacterium Lactobacillus sakei 23K, 
Nature Biotechnology 23 (12), 1527-1533. 

13. Chammas, I.R., Corrieu, S.G., Beal, C. (2006): Charac-
terisation of lactic acid bacteria isolated from fermented 
milk “laban”, International Journal of Food Microbiology 
110 (1), 52-61.

14. Claesson, M.J., Li, Y., Leahy, S. (2006): Multireplicon 
genome architecture of Lactobacillus salivarius, Pro-
ceedings of National Academy of Sciencees of the USA 
103 (17), 6718–6723.

15. Claesson, M.J., Van Sinderen, D., O’toole, P.W. (2007): 
The genus Lactobacillus - a genomic basis for under-
standing its diversity, FEMS Microbiology Letters 269 
(1), 22-28.

16. Coakley, M., Fitzgerald, G., Ross, R.P. (1997): Applica-
tion and evaluation of the phage resistance- and bacte-
riocin-encoding plasmid pMRC01 for the improvement 
of dairy starter cultures, Applied and Environmental Mi-
crobiology 63 (4), 1434-1440.

17. Cogan, T.M., Barbosa, M., Beuvier, E., Bianchi-Salvado-
ri, B., Cocconcelli, P.S., Fernadez, I., Gomez, J., Gomez, 
R., Kalantzopoulos, G., Ledda, A., Medina, M., Rea, M., 
Rodriquez, E. (1997): Characterization of the lactic acid 
bacteria in artisanal dairy products, Journal of Dairy Re-
search 64 (3), 409-421.

18. Cords, B.R., Mckay, L.L., Guerr,Y.P. (1974): Extrachro-
mosomal elements in group N streptococci, Journal of 
Bacteriology 117 (3), 1149-1152.

19. Cooper, V.S., Schneider, D., Blot, M. Lenski, R.E. 
(2001): Mechanisms causing rapid and parallel losses of 
ribose catabolism in evolving populations of Escherichia 
coli, Journal of Bacteriology 183 (9), 2834-2841.

20. Corr, S.C., Li, Y., Riedel, C.U., O’Toole, P.W., Hill, 
C., Gahan, C.G.M. (2007): Bacteriocin production as 
a mechanism for the antiinfective activity of Lactoba-
cillus salivarius UCC118, Proceedings of the National 
Academy of Sciences of the United States of America 104 
(18), 7617-7621.

21. Corroler, D., Mangin, I., Desmasures, N., Gueguen, M. 
(1998): An ecological study of lactococci isolated from 
raw milk in the Camembert cheese Registered Designa-
tion of Origin area, Applied and Environmental Microbi-
ology 64 (12), 4729-4735.

22. Čanžek Majhenič, A., Rogelj, I., Perko, D.B. (2005): 
Enterococci from Tolminc cheese: Population structure, 
antibiotic susceptibility and incidence of virulence de-
terminants, International Journal of Food Microbiology 
102 (2), 239-244.

23. de la Cruz, F., Davies, J. (2000): Horizontal gene trans-
fer and the origin of species: lessons from bacteria, 
Trends in Microbiology 8 (3), 128-133. 

24. de Vos, W.M., Kleerebezem, M., Kuipers, O.P. (2005): 
Lactic acid bacteria-genetics, metabolism and applica-
tion, FEMS Microbiology Reviews 29 (3), 391-396. 

25. de Visser, J.A., Akkermans, A.D., Hoekstra R.F., De 
Vos, W.M. (2004): Insertion-sequence-mediated muta-
tions isolated during adaptation to growth and starvation 
in Lactococcus lactis, Genetics 168 (1), 1145-1157.

26. Desmasures, N., Mangin, I., Corroler, D., Guéguen, 
M. (1998): Characterization of lactococci isolated from 
milk produced in the Camembert region of Normandy, 
Journal of Applied Microbiology 85 (6), 999-1005.

27. Dewan, S., Tamang, J.P. (2007): Dominant lactic acid 
bacteria and their technological properties isolated from 
the Himalayan ethnic fermented milk products, Antonie 
van Leeuwenhoek 92 (3), 343-352. 

28. Delgado, S., Mayo, D.B. (2004): Phenotypic and genet-
ic diversity of Lactococcus lactis and Enterococcus spp. 
strains isolated from Northern Spain starter-free farm-
house cheeses, International Journal of Food Microbiol-
ogy 90 (3), 309-319.

29. Dolci, V., Alessandria, G., Zeppa, K., Cocolin, L. 
(2008): Microbiological characterization of artisanal Ra-
schera PDO cheese: analysis of its indigenous lactic acid 
bacteria, Food Microbiology 25 (2), 392-399.

30. Fall, S., Mercier, A., Bertolla, F., Calteau, A., Gueguen, 
L., Perriere, G., Vogel, T.M., Simonet, P. (2007): Hori-
zontal Gene Transfer Regulation in Bacteria as a “Span-
drel” of DNA Repair Mechanisms, PLoS ONE 2 (10), 
1055.

31. Flannagan, S.E., Zitzow, L.A., Ya, S.U., Clewell, D.B. 
(1994): Nucleotide sequence of the 18-kb conjugative 
transposon Tn916 from Enterococcus faecalis, Plasmid 
32 (3), 350-354.



190 V. BAČUN-DRUŽINA et al.: The influence of gene transfer, Mljekarstvo 59 (3), 181-192 (2009)

32. Fortina, M.G., Nicastro, G., Carminati, D., Neviani, E., 
Manachini, P.L. (1998): Lactobacillus helveticus hetero-
geneity in natural cheese starters: the diversity in phe-
notypic characteristics, Journal of Applied Microbiology 
84 (1), 72-80.

33. Fraser, C., Hanage, W.P., Spratt, B.G. (2007): Recom-
bination and the nature of bacterial speciation, Science 
315 (5811), 476-480.

34. Frost, L.S., Leplae, R., Summers, A.O., Toussaint, A. 
(2005): Mobile genetic elements: the agents of open 
source evolution, Nature Reviews Microbiology 3 (9), 
722-732.

35. Fuchs, P.G., Zajdel, J., Dobrzanski, W.T. (1975): Pos-
sible plasmid nature of the determinant for production 
of the antibiotic nisin in some strains of Streptococcus 
lactis, Journal of General Microbiology 88 (1), 189-192.

36. Fuhrman, J.A. (2009): Microbial community structure 
and its functional implications, Nature 459 (7244), 
193-199.

37. Gabingauthier, K., Gratadoux, J.J., Richard, J. (1991): 
Conjugal plasmid transfer between lactococci on solid-
surface matings and during cheese making, FEMS Mi-
crobiology Ecology 85 (2), 133-140.

38. Gasson, M.J., Shearman, C.A. (2003): Plasmid biology, 
conjugation and transposition, In: Genetics of Lactic 
Acid Bacteria, Eds. Wood, B.J.B. and Warner, P.J., Kluw-
er Academic/Plenum Publishers, New York, NY, 25-44.

39. Gaya, P., Babin, M., Medina, M., Nunez, M. (1999): Di-
versity among lactococci isolated from ewe’s raw milk 
cheese, Journal of Applied Microbiology 87 (6), 849-855.

40. Giraffa, G., De Vecchi, P., Rossi, P., Nicastro, G., For-
tina, M.G. (1998): Genotypic heterogeneity among 
Lactobacillus helveticus strains isolated from natural 
cheese starters, Journal of Applied Microbiology 85 (3), 
411-416.

41. Gogarten, J.P., Doolittle, W.F., Lawrence, J.G. (2002): 
Prokaryotic evolution in light of gene transfer, Molecu-
lar Biology and Evolution 19 (12), 2226-2238.

42. Gogarten, J.P., Townsend, J.P. (2005): Horizontal gene 
transfer, genome innovation and evolution, Nature Re-
views Microbiology 3 (9), 679-87

43. Grohmann, E., Muth, G., Espinosa, M. (2003): Conjuga-
tive Plasmid Transfer in Gram-Positive Bacteria, Micro-
biology and Molecular Biology Reviews 67 (2), 277-301.

44. Gruzza, M., Fons, M., Ouriet, M.F., Duval-Iflah, Y., Du-
cluzeau, R. (1994): Study of gene transfer in vitro and 
in the digestive tract of gnotobiotic mice from Lactococ-
cus lactis strains to various strains belonging to human 
intestinal flora, Microbiology Releases 2 (4), 183-189.

45. van de Guchte, M., Penaud, S., Grimaldi, C., Barbe, V., 
Bryson, K., Nicolas, P., Robert, C., Oztas, S., Mangenot, 
S., Couloux, A., Loux, V., Dervyn, R., Bossy, R., Bolotin, 
A., Batto, J.M., Walunas, T., Gibrat, J.F., Bessières, P., 
Weissenbach, J., Ehrlich, S.D., Maguin, E. (2006): The 
complete genome sequence of Lactobacillus bulgaricus 
reveals extensive and ongoing reductive evolution, Pro-
ceedings of the National Academy of Sciencess of the 
USA 103 (24), 9274-9279.

46. Haig, H., Kazazian, J.R. (2004): Mobile elements: driv-
ers of genome evolution, Science 303 (5664), 1626-
1632.

47. Hall, B.G. (1999): Spectra of spontaneous growth-
dependent and adaptive mutations at ebgR, Journal of 
Bacteriology 181 (4), 1149-1155.

48. Jamuna, M., Jeevaratnam, K. (2004): Isolation and 
characterization of lactobacilli from some traditional 
fermented foods and evaluation of the bacteriocins, The 
Journal of General and Applied Microbiology 50 (2), 79-
90. 

49. Kempler, G.M., McKay, L.L. (1981): Biochemistry and 
genetics of citrate utilisation in Streptococcus lactis sub-
sp. Diacetylactis, Journal of Dairy Science 64 (7), 1527-
1539.

50. Kleerebezem, M., Boekhorst, J., Van Kranenburg, R., 
Molenaar, D., Kuipers, O.P., Leer, R., Tarchini, R., Pe-
ters, S.A., Sandbrink, H.M., Fiers, M.W., Stiekema, 
W., Lankhorst, R.M., Bron, P.A., Hoffer, S.M., Groot, 
M.N., Kerkhoven, R., De Vries, M., Ursing, B., De Vos, 
W.M., Siezen, R.J. (2003): Complete genome sequence 
of Lactobacillus plantarum WCFS1, The Proceedings of 
the National Academy of Sciences of the United States of 
America 100 (4), 1990-1995.

51. Kok, J., Buist, G., Zomer, A.L., Van Hijum, S.A., Kui-
pers, O.P. (2005): Comparative and functional genomics 
of lactococci, FEMS Microbiology Reviews 29 (3), 411-
433. 

52. Kurland, C.G., Canback, B., Berg, O.G. (2003): Hori-
zontal gene transfer: A critical view, The Proceedings of 
the National Academy of Sciences of the United States of 
America 100 (17), 9658-9662.

53. Kunin, V., Ouzounis, C.A. (2003): The balance of driv-
ing forces during genome evolution in prokaryotes, Ge-
nome Research 13 (7), 1589-1594.

54. Labbate, M., Case R.J., Stokes, H.W. (2009): The in-
tegron/gene cassette system: an active player in bacte-
rial adaptation, In: Horizontal gene transfer: Genomes 
in flux (Methods in Molecular Biology), Eds. Gogarten, 
B.M., Gogarten, J.P., Olendzenski, L. Humana Press, 
103-125. 

55. Langella, P., Leloir, Y., Echlich, S.D., Gruss, A. (1993): 
Efficient plasmid mobilization by pIP501 in Lactococ-
cus lactis subsp. lactis, Journal of Bacteriology 18 (175), 
5806-5813.

56. Lapierre, L., Mollet, B., Germond. J. E. (2002): Regula-
tion and adaptive evolution of lactose operon expression 
in Lactobacillus delbrueckii, Journal of Bacteriology 184 
(4), 928-935.

57. Lawrence, J.G. (2002): Gene transfer in bacteria: spe-
ciation without species? Theoretical Population Biology 
61 (4), 449-460. 

58. Lerat, E., Daubin, V., Ochman, H., Moran, N.A. (2005): 
Evolutionary origins of genomic repertoires in bacteria, 
PLoS Biology 3 (5), 807-814.

59. Madera, C., Monjardin, C., Suarez, J.E. (2004): Milk 
contamination and resistance to processing conditions 
determine the fate of Lactococcus lactis bacteriophages 
in dairies. Applied and Environmental Microbiology 70 
(12), 7365-7371. 

60. Madigan, M.T., Martinko, J.M., Parker, J. (1997): Mi-
crobial genetics, In: Biology of microorganisms, Prentice-
Hall International Limited, London.



V. BAČUN-DRUŽINA et al.: The influence of gene transfer, Mljekarstvo 59 (3), 181-192 (2009) 191

61. Makarova, K., Slesarev, A., Wolf, Y., Sorokin, A., Mir-
kin, B., Koonin, E., Pavlov, A., Pavlova, N., Karamychev, 
V., Polouchine, N., Shakhova, V., Grigoriev, I., Lou, Y., 
Rohksar, D., Lucas, S., Huang, K., Goodstein, D.M., 
Hawkins, T., Plengvidhya, V., Welker, D., Hughes, J., 
Goh, Y., Benson, A., Baldwin, K., Lee, J.H., Diaz-Mu-
niz, I., Dosti, B., Smeianov, V., Wechter, W.,. Barabote, 
R., Lorca, G., Altermann, E., Barrangou, R., Ganesan, 
B., Xie, Y., Rawsthorne, H., Tamir, D., Parker, C., Bre-
idt, F., Broadbent, J., Hutkins, R., O’sullivan, D., Steele, 
J., Unlu, G., Saier, M., Klaenhammer, T., Richardson, P., 
Kozyavkin, S., Weimer, B., Mills, D. (2006): Compara-
tive genomics of the lactic acid bacteria, The Proceedings 
of the National Academy of Sciences of the United States 
of America 103 (42), 15611-15616.

62. Makarova, K.S., Koonin, E.V. (2007): Evolutionary Ge-
nomics of Lactic Acid Bacteria, Journal of Bacteriology 
189 (4), 1199-1208.

63. Maniloff, J., Ackermann, H.W. (1998): Taxonomy of 
bacterial viruses: establishment of tailed virus genera 
and the other Caudovirales, Archives of Virology 143 
(10), 2051-2063.

64. Mannu, L., Paba, A., Pes, M., Scintu, M.F. (2000): Ge-
notypic and phenotypic heterogeneity among lactococci 
isolated from traditional Pecorino Sardo cheese, Journal 
of Applied Microbiology 89 (2), 191-197.

65. Mannu, L., Paba, A. (2002): Genetic diversity of lacto-
cocci and enterococci isolated from home-made Pecori-
no Sardo ewe’s milk cheese, Journal of Applied Microbi-
ology 92 (1), 55-62.

66. Mathara, J.M., Schillinger, U., Kutima, P.M., Mbugua, 
S.K., Holzapfel, W.H. (2004): Isolation, identification and 
characterization of the dominant microorganisms of Kule 
naoto: the Maasai traditional fermented milk in Kenya, In-
ternational Journal of Food Microbiology 94 (3), 269-278. 

67. Mathur, S., Singh, R. (2005): Antibiotic resistance in 
food lactic acid bacteria - a review, International Journal 
of Food Microbiology 105 (3), 281-295.

68. McKay. L.L., Baldwin, K.A., Zottola, E.A. (1972): Loss 
of lactose metabolism in lactic streptococci, Applied Mi-
crobiology 23 (6), 1090-1096.

69. Menéndez, S., Godínez, R., Hermida, M., Centeno, 
J.A., Rodríguez-Otero, J.L. (2004): Characteristics of 
“Tetilla” pasteurized milk cheese manufactured with the 
addition of autochthonous cultures, Food Microbiology 
21 (1), 97-104.

70. Morea, M., Matarante, A., Di Cagno, R., Baruzzi F., Mi-
nervini F. (2007): Contribution of autochthonous non-
starter lactobacilli to proteolysis in Caciocavallo Pugliese 
cheese, International Dairy Journal 17 (5), 525-534.

71. Nesvera, J., Hochmannova, J., Patek, M. (1998): An in-
tegron of class 1 is present on the plasmid pCG4 from 
gram-positive bacterium Corynebacterium glutamicum, 
FEMS Microbiology Letters 169 (2), 391-395.

72. Nicolas, P., Bessières, P., Ehrlich, S.D., Maguin, E., Van 
De Guchte, M. (2007): Extensive horizontal transfer of 
core genome genes between two Lactobacillus species 
found in the gastrointestinal tract, BMC Evolutionary 
Biology 7 (8), 141-155. 

73. Ochman, H., Lawrence, J.G., Groisman, E.A. (2000): 
Lateral gene transfer and the nature of bacterial innova-
tion, Nature 405 (6784), 299-304.

74. O’Driscoll, J., Glynn, F., Fitzgerald, G.F., Sinderen, D. 
(2006): Sequence Analysis of the Lactococcal Plasmid 
pNP40: a Mobile Replicon for Coping with Environmen-
tal Hazards, Journal of Bacteriology 188 (18), 6629-6639.

75. Ohtsubo, Y., Genka, H., Komatsu, H., Nagata, Y., Tsuda, 
M. (2005): High-temperature-induced transposition of 
insertion elements in Burkholderia multivorans ATCC 
17616, Applied and Environmental Microbiology 71 (4), 
1822-1828.

76. O’sullivan, O., O’Callaghan, J., Sangrador-Vegas, A., 
Mcauliffe, O., Slatter, L., Kaleta, Y., P., Callanan, M., F 
Fitzgerald, G., Paul Ross, R., Beresford, T. (2009): Com-
parative genomics of lactic acid bacteria reveals a niche-
specific gene set, BMC Microbiology 9 (50).

77. Otto, R., De Vos, W.M., Gavrieli, J. (1982): Plasmid 
DNA in Streptococcus cremoris Wg2: influence of pH on 
selection in chemostats of a varient lacking a protease 
plasmid, Applied and Environmental Microbiology 43 
(6), 1272-1277.

78. Papadopoulos, D., Schneider, D., Meier-Eiss, J., Arber, 
W., Lenski, R.E. (1999): Genomic evolution during a 
10,000-generation experiment with bacteria, Proceed-
ingsof the National Academy of  Sciencess of the USA 96 
(7), 3807-3812.

79. Pfeiler, E. A., Klaenhamme, T.R. (2007): The genomics 
of lactic acid bacteria, Trends in Microbiology 15 (12), 
546-553.

80. Pridmore, R.D, Berger, B., Desiere, F., Vilanova, D., 
Barretto, C., Pittet, A.C., Zwahlen, M.C., Rouvet, M., 
Altermann, E., Barrangou, R., Mollet, B., Mercenier, A., 
Klaenhammer, T., Arigoni, F., Schell, M.A. (2004): The 
genome sequence of the probiotic intestinal bacterium 
Lactobacillus johnsonii NCC 533, The Proceedings of 
the National Academy of Sciences of the United States of 
America 101 (8), 2512-2517.

81. Poole, K. (2002): Mechanisms of bacterial biocide and 
antibiotic resistance, Journal of Applied Microbiology 92 
(1), 55-64.

82. Psoni, L., Kotzamanidis, C., Yiangou, M., Tzanetakis N.,  
Litopoulou-Tzanetaki, E. (2007): Genotypic and pheno-
typic diversity of Lactococcus lactis isolates from Batzos, 
a Greek PDO raw goat milk cheese, International Jour-
nal of Food Microbiology 114 (210), 211-220.

83. Rasmussen, T.B., Danielsen, M., Valina, O., Garrigues, 
C., Johansen, E., Bastian Pedersen, M. (2008): Strepto-
coccus thermophilus Core Genome: Comparative Ge-
nome Hybridization Study of 47 Strains, Applied and 
Environmental Microbiology 74 (15), 4703-4710.

84. Rauch, P.J.G., de Vos, W.M. (1992): Characterization of 
the novel nisin-sucrose conjugative transposon Tn5276 
and its insertion in Lactococcus lactis, Journal of Bacteri-
ology 174 (4), 1280-1287.

85. Riley, M.A., Lizotte-Waniewski, M. (2009): Population 
genomics and the bacterial species concept, In: Horizon-
tal gene transfer: Genomes in flux (Methods in Molecular 
Biology), (Eds. Gogarten, M.B., Gogarten, J.P., Olen-
dzenski, L.), Humana Press, 532.



192 V. BAČUN-DRUŽINA et al.: The influence of gene transfer, Mljekarstvo 59 (3), 181-192 (2009)

86. Sanchez, M.M., Delgado, T., Alonso L., Mayo, B. (2000): 
Phenotypic and genetic characterization of a selected set 
of Lactococcus lactis strains isolated from starter-free 
farmhouse cheese, Food Microbiology 17 (4), 449-460.

87. Salyers, A.A., Shoemaker, N.B., Stevens, A.M., Li, L.Y. 
(1995): Conjugative transposons: and unusual and di-
verse set of gene transfer elements, Microbiological Re-
views 4 (59), 579-590.

88. Sandine, W.E., Elliker, P.R., Hays, H. (1962): Cultural 
studies on Streptococcus diacetilactis and other members 
of the lactic Streptococcus group, Canadian Journal of 
Microbiology 8 (1), 161-174.

89. Sanders, M.E., Klaenhammer, T.R. (1981): Evidence for 
plasmid linkage of restriction and modification in Strep-
tococcus cremoris KH±, Applied and Environmental Mi-
crobiology 42 (6) 944-950.

90. Sanders, M.E. (1988): Phage resistance in lactic acid bac-
teria, Biochimie 70, 411-422.

91. Sandine, W.E., Elliker, P.R., Hays, H. (1962): Cultural 
studies on Streptococcus diacetilactis and other members 
of the lactic Streptococcus group, Canadian Journal of 
Microbiology 8 (1), 161-174.

92. Schleifer, K.H., Ludwig, W. (1995): Phylogenetic rele-
tionships of lactic acid bacteria In: The genera of lactic 
acid bacteria, Eds: Wood, B.J.B., Holzapfel, W.H., Blackie 
Academic and Professional, Glasgow, United Kingdom. 

93. Schneider, D., Duperchy, E., Depeyrot, J., Coursange, 
E., Lenski, R.E., Blot, M. (2002): Genomic comparisons 
among Escherichia coli strains B, K-12, and O157:H7 us-
ing IS elements as molecular markers, BMC Microbiol-
ogy 2 (18).

94. Schneider, D., Lenski, R.E. (2004): Dynamics of inser-
tion sequence elements during experimental evolution of 
bacteria, Research in Microbiology 155 (5), 319-327.

95. Siefert, J.L. (2009): Defining the mobilome, In: Hori-
zontal Gene Transfer: Genome in Flux, Eds. Gogarten, 
M.B., Gogarten, J.P., Olendzenski, L.C., Human Press, 
LLC, 13-27.

96. Siezen, R.J., Renckens, B., Van Swam, I., Peters, S., Van 
Kranenburg, R., Kleerebezem, M., De Vos, W.M. (2005): 
Complete sequences of four plasmids of Lactococcus lac-
tis subsp. cremoris SK11 reveal extensive adaptation to 
the dairy environment, Applied and Environmental Mi-
crobiology 71 (12), 8371-8382.

97. Stanley, E., Mc Grath, S., Fitzgerald, G.F., Van Sinderen 
D. (2003): Comparative genomics of bacteriophage in-
fecting lactic acid bacteria, In: Genetics of Lactic Acid 
Bacteria, Eds. Wood, B.J.B. and Warner, P.J. Kluwer Aca-
demic/Plenum Publishers, New York, NY, 45-94.

98. Stokes, H.W., Hall, R.M. (1989): A novel family of po-
tentially mobile DNA elements encoding site-specific 
gene-integration functions: integrons. Molecular Micro-
biology 3 (12), 1669-1683.

99. Sturino, J.M., Klaenhammer, T.R. (2002): Expression of 
antisense RNA targeted against Streptococcus thermophi-
lus bacteriophages, Applied and Environmental Microbi-
ology 68 (2), 588-596.

100. Tamarin, R.H. (2002): Linkage and mapping in prokary-
otes and bacterial viruses, In: Principles of genetics, The 
McGraw-Hill Companies, Boston, USA.

101. Tannock, G.W. (1987): Conjugal transfer of plasmid 
pAM beta1 in Lactobacillus reuteri and between lactoba-
cilli and Enterococcus faecalis, Applied and Environmen-
tal Microbiology 53 (11), 2693-2695.

102. Teuber, M. (2001): Veterinary use and antibiotic resis-
tance, Current Opinion in Microbiology 4 (5), 493-499.

103. Teuber, M., Scwarz F., Meile L. (2003): Antibiotic re-
sistance and transfer in lactic acid bacteria, In: Genetics 
of Lactic Acid Bacteria, Eds. Wood, B.J.B., Warner, P.J. 
Kluwer Academic/Plenum Publishers, New York, 317-
354.

104. Thomas, C.M., Nielsen K.M. (2005): Mechanisms of, 
and barriers to, horizontal gene transfer between bacte-
ria, Nature Reviews Microbiology 3 (9), 711-721.

105. Trieu-Cuot, P., Carlier, C., Martin P., Courvalin, P. 
(1987): Plasmid transfer by conjugation from Escherich-
ia coli to Gram-positive bacteria, FEMS Microbiology 
Letters 48 (1-2), 289-294.

106. Trieu-Cuot, P., Carlier, C., Courvalin, P. (1988): Con-
jugative plasmid transfer from Enterococcus faecalis to 
Escherichia coli, Journal of Bacteriology 170 (9), 4388-
4391.

107. Toomey, N., Monaghan, A., Fanning, S., Bolton D.J. 
(2009) Assessment of horizontal gene transfer in Lactic 
acid bacteria - A comparison of mating techniques with 
a view to optimising conjugation conditions, Journal of 
Microbiological Methods 77 (1), 23-28.

108. Twiss, E., Coros, A.M., Tavakoli N.P., Derbyshire, K.M. 
(2005): Transposition is modulated by a diverse set of 
host factors in Escherichia coli and is stimulated by nutri-
tional stress, Molecular Microbiology 57 (6), 1593-1607.

109. Wang, T.T., Lee, B.H. (1997): Plasmids in Lactobacillus, 
Critical reviews in biotechnology 17 (3), 227-272.

110. Wang, H.H., Manuzon, M., Lehman, M., Wan, K., Luo, 
H., Wittum, T.E., Yousef, A., Bakaletz, L.O. (2006): 
Food commensal microbes as a potentially important av-
enue in transmitting antibiotic resistance genes, FEMS 
Microbiology Letters 254 (2), 226-231.

111. Zamfir, M., Vancanneyt, M., Makras, L., Vaningelgem, F., 
Lefebvre, K., Pot, B., Swings, J., De Vuyst, D.L. (2006): 
Biodiversity of lactic acid bacteria in Romanian dairy prod-
ucts, Systematic and Applied Microbiology 29 (6), 487-495. 

112. Zaneveld, J.R., Nemergut, D.R.., Knight, R. (2008): Are 
all horizontal gene transfers created equal? Prospects for 
mechanism-based studies of HGT patterns, Microbiol-
ogy 154 (1), 1-15.

Acknowledgement

 We would like to thank Jasenka Pigac for many 
helpful discussions and critical reading of the manu-
script. This study was supported by a grant from the 
Ministry of Science, Education and Sport, Republic 
of Croatia, No.0583444-3446


