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Abstract

Lactic acid bacteria (LAB) are a heterogeneous group of bacteria which are Gram-positive, facultative anaerobes and non-
motile, non-spore forming, with varied shapes from cocci to coccobacilli and bacilli. Lactobacillus is the largest and most
widely used bacterial species amongst LAB in fermented foods and beverages. The genus is a common member of human
gut microbiome. Several species are known to provide benefits to the human gut via synergistic interactions with the gut
microbiome and their ability to survive the gut environment. This ability to confer positive health effects provide them a
status of generally recognized as safe (GRAS) microorganisms. Due to their various beneficial characteristics, other factors
such as their resistance acquisition were overlooked. Overuse of antibiotics has made certain bacteria develop resistance
against these drugs. Antibiotic resistance was found to be acquired mainly through conjugation which is a type of lateral
gene transfer. Several in vitro methods of conjugation have been discussed previously depending on their success to transfer
resistance. In this review, we have addressed methods that are employed to study the transfer of resistance genes using the

conjugation phenomenon in lactobacilli.

Introduction

Being the largest genus amongst the lactic acid bacteria
(LAB) group, Lactobacillus is extensively used in many fer-
mented foods such as fermented meats and fermented dairy
products. These bacteria are Gram-positive, varying from
long to short rods, sometimes curved appearance, sometimes
coryneform coco-bacilli arranged in chains commonly with-
out any endospore forming ability [1]. Till now about 237
species and 29 subspecies of this genus have been identified
(http://www.bacterio.net/lactobacillus.html). Lactobacillus
and other genera are also known to be a part of human gut
microbiome [2]. As per culture independent DNA sequence
analysis of distal gut, autochthonous Lactobacillus is con-
sidered to be at most 1% of the total bacterial population
[3]. Various strains of Lactobacillus are used for improv-
ing digestion, and absorption of nutrients in humans and
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livestock [4, 5]. Members of the group have been given the
generally recognized as safe (GRAS) status by the American
FDA (Food and Drug Administration) due to frequent occur-
rence in fermented food [6].

Over the years the focus has been on the beneficial
aspects of the probiotics due to their abundance in fer-
mented foods, but the transmission of antibiotic resistance
has been less considered [7]. Researchers have now shed
light on the potential risks associated with antibiotic resist-
ance gene transfer during continuous consumption of pro-
biotics [8—10]. In recent times lactobacilli have been suc-
cessfully used as probiotics and starters in industrial and
agricultural applications. Probiotics are live microorgan-
isms when consumed in a definite concentration confer a
health benefit [11-14]. For any organism to be considered
as probiotic certain in vitro and in vivo studies need to be
undertaken [15, 16]. Each probiotic organism also needs to
fulfill biosafety criteria including the absence of transferable
antibiotic resistance elements due to their close proximity
with other organisms in food chain as well as gastrointesti-
nal tract where horizontal gene transfer can occur [17-21].
Therefore, the European Food Safety Authority (EFSA) has
framed certain criteria with regards to the safety assess-
ment of microbes used in fermented food. These are also
known as qualified presumption of safety (QPS) where these
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microorganisms must meet all the condition to be considered
safe for consumption [22-24].

Studies have revealed that the threat of resistance genes
transfer by probiotics largely occur in countries with lenient
guidelines and regulations [25]. According to EFSA, bac-
terial strains which have the ability to transfer the antibi-
otic resistance genes should be restricted for use in animal
feeds and fermented foods. Thus non judicious use in animal
feeds and veterinary applications could be hazardous [26,
27]. Antibiotic resistance in bacterial pathogens has been
very well-studied and reported [28—30]. In the past decade
researchers have started to focus on characterizing resistance
mechanism employed by Lactobacillus [31-35]. Dissemi-
nation of intrinsic resistance and resistance through muta-
tional gene variation are rarely seen but risk associated with
horizontally transferred genes (acquired resistance) which
are present in mobile genetic elements can bring about the
acquisition of resistance genes by bacterial conjugation [36].
Therefore, antibiotic resistance acquired due to horizontal
gene transfer in lactobacilli from food sources has become
a matter of concern [37].

Many species of Lactobacillus are intrinsically resistant
to aminoglycosides (gentamicin, kanamycin streptomycin
and neomycin), quinolones (ciprofloxacin, norfloxacin and
nalidixic acid) and nucleic acid inhibitor (trimethoprim)
[21, 38]. Some are also naturally resistant to other antibi-
otics like vancomycin, bacitracin, cefoxitin, metronidazole
and nitrofurantoin [39]. Acquired resistance to tetracycline,
erythromycin, clindamycin and chloramphenicol has been
associated with resistance through conjugative transfer
mechanisms [40]. Since resistance through conjugative gene
transfer is rarely reported in lactobacilli harbouring intrinsic
gene of antibiotic drug resistance. But, resistant lactobacilli
with acquired resistance genes may pose risk of transfer
through conjugative means.

Conjugation is one of the prevalent and most significant
methods of horizontal gene transfer adopted by species of
Lactobacillus. Here the transfer of a resistance gene occurs
through physical mating between two bacteria with the help
of a conjugation pilus [41, 42].These genes could exist on
mobile genetic elements like plasmids, transposons, inser-
tion sequences and introns [43]. Species of Lactobacillus
were found to be harboring the genes encoding antibiotic
resistance against tetracycline: tet(M), tet(K) and tet(W) and
erythromycin erm(B), erm(C) and erm(G) [21]. Since lacto-
bacilli are potential reservoirs of antibiotic resistance genes,
transfer to bacterial pathogens dwelling in food matrices or
in GI environment is worrisome [44, 45].

Thus to study this (conjugation) method of transfer,
in vitro studies have been carried out extensively by sev-
eral group of investigators due to animal ethics associated
with in vivoevaluation. However, in order to understand the
resistance gene transfer conjugally in natural conditions
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many researchers have observed the role of Lactobacillus
in transferring genes responsible for resistance to tetracy-
cline, erythromycin, chloramphenicol and vancomycin [32,
33, 46-49]. Study of transfer of plasmid encoded vanco-
mycin resistance gene between strains of a LAB group of
Enterococcus faecium and Lactobacillus acidophilus in mice
was performed successfully in in vivo conditions [50]. The
transfer of resistance genes by some strains of Lactobacil-
lus to pathogenic bacteria in the food or GI environment is
alarming to food industries which incites them to ensure the
safe use of these bacteria.

An unambiguous review is needed to club all experimen-
tal methods employed to observe the conjugal gene transfer
from lactobacilli to other group of bacteria. In this review,
different approaches (in vitro, in vivo, and in situ) under-
taken by researchers to study conjugal transfer of antibiotic
resistance genes in food organism, Lactobacillus are dis-
cussed. This review focuses not only the various methods
used to study conjugal gene transfer in lactobacilli but also
provides an insight into factors responsible for the success
rate of transfer in species of lactobacilli. To best of our
knowledge, none of the available literatures had discussed
all these three methods of conjugal transfer e.g., in vitro,
in vivo and in situ in lactobacilli.

Mechanisms of Antibiotic Resistance in Lactobacillus

Lactobacillus adopts very sophisticated mechanisms to
develop resistance against antibiotics. They can evade the
effect of antibiotics by modifying their receptors without
altering the antibiotic compound (passive effect) or modifi-
cation of the compound by enzymes (active effect) [40, 41].
Lactobacillus group has transferrable antibiotic resistance
genes against certain antibiotics which behave as carriers
of such genes and confer these resistances to others which
are not resistant. When these groups are exposed to anti-
biotics, they are compelled to develop mechanisms which
make them resistant to these antimicrobial compounds. The
mechanisms involved in antibiotic resistance development
in bacteria have been discussed earlier [51]. The three main
mechanisms involved are: (1) modification of the antibiotic
by enzymatic complexes that prevent the antibiotic-target
interaction, (2) degradation of intra or extracellular antibiot-
ics by enzymatic action, and (3) the activation of flow pumps
(such as efflux pumps) or change in the cell wall perme-
ability leading to reduction in the antibiotic concentration
inside the cell (Fig. 1).

Multidrug resistant (MDR) efflux pump has been identi-
fied as the major mechanism responsible for resistance in
lactobacilli [52, 53]. In certain strains of L. plantarum, the
ABC type transporter protein (ImrA gene) which is chro-
mosomally encoded is responsible for multi drug resistance
in these strains. Whereas, strains of L. pentosus possess
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Fig. 1 Antibiotic resistance mechanism in Lactobacillus

AcrAB-TolC like complex systems which causes resistance
to various antibiotics such as B-lactams, chloramphenicol,
tetracycline through efflux pump mechanisms [40].

Approaches of Resistance Gene Transfer

There are mainly three strategies which bacteria adopt to
transfer their resistance genes to other group of bacteria.,
e.g., transformation, transduction and conjugation [41, 54,
55].

In 1928, Fredrick Griffith, a British bacteriologist who
illustrated transformation in Streptococcus pneumonia for
the very first time [56]. Hotchkiss, in 1951 successfully
induced resistance to penicillin and streptomycin in strains
of S. pneumonia by exposing cells to DNA encoding
resistance [57]. Transformation has been a major mecha-
nism of resistance gene transfer [58]. For transformation
of bacteria cells must be exposed to extracellular DNA
(Fig. 2A). The recipient bacteria must attain the state of
competence to acquire the foreign DNA. Bacterial species
need environmental and cellular signals to induce compe-
tence except Neisseria spp. which are competent constitu-
tively e.g. they do not require any such environmental or
cellular signals to develop competence [59]. For transfor-
mation to occur, either the segments of genomic DNA or
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entire plasmid DNA uptake is required. In several human
pathogenic bacteria such as species of Campylobacter,
Haemophilus, Helicobacter, Neisseria, Pseudomonas,
Staphylococcus and Streptococcus, natural transformation
has been observed [60]. Efficient plasmid transformation
by artificial means (electroporation) have been successful
in species of Lactobacillus [61, 62].

In transduction, bacterial cell is invaded by bacterio-
phage where segment of bacterial DNA is removed by
phage and then the recombinant phage infects other bac-
terial cells (Fig. 2B). Transduction can be of two types
mainly: generalized transduction where phage DNA can
be incorporated with any segment of bacterial DNA, and
specialized transduction where only specific segment of
DNA is incorporated. Due to their abundant occurrence
in nature they can disseminate antibiotic resistance genes
horizontally to several bacterial communities in microbial
ecosystems [63]. Antimicrobial resistance gene transfer
through transduction has been reported in various spe-
cies of bacteria such as S. pyogenes, E. coli, Salmonella
and Enterococci [64-68]. Many lactic acid bacteria like
E. faecalis and species of Lactococcus have been found to
harbor bacteriophages [69].
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Fig.2 Horizontal gene transfer mechanisms

Conjugation Mechanisms of Resistance Gene
Transfer

Conjugation is a phenomenon of DNA translocation in
bacteria through physical cell to cell contact using surface
pilli protein (Fig. 2C). It is aided by conjugative machinery
encoded either by autonomously replicating plasmid genes
or by integrative conjugative elements in the chromosome
[70, 71]. It was first reported by Lederberg and Tatum in
1946 [72]. Conjugation usually occurs in bacterial species
acting as donor and recipient but as an exception in spe-
cies Agrobacterium. Horizontal gene transfer also occurs
in plant cells [73]. This method of gene transfer appears
to be more efficient than transformation and transduction.
The genetic material to be transferred is more secured
and protected from their surroundings during conjuga-
tion than other two means of transfer. Conjugation allows
the conjugally transferred elements such as plasmids or
conjugative transposons to remain in new hosts without
any large sequence similarity to integrate into the new
host’s genome. In species of lactobacilli, this type of gene
transfer mechanism has been reported explicitly [32, 33,
46, 49].

While conjugation occurs widely in nature where bacteria
remain in close proximity, in laboratory conditions, different
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approaches have been adopted to study the transfer of anti-
biotic resistance through conjugation.

Conjugation Through In Vitro Filter Mating
Technique

Conjugal transfer of resistance genes in lactobacilli can
be observed in vitro through filter mating techniques[33,
46, 74]. Where in recipient (sensitive) and donor (resist-
ant) strains are allowed to mate on 0.45 um pore size sterile
filter paper membrane and then allowed to grow on Brain
Heart Infusion agar (BHI)/ Mueller Hinton Agar (MHA)
media (Fig. 3). Detachment of cells is performed in peptone
physiological saline (PPS) using a vortex and the suspension
is serially diluted. Suitable dilutions are plated in selective
media for donor, recipient and transconjugants (containing
the acquired gene of antibiotic resistance) before selecting
the probable transconjugants. This method of in vitro trans-
fer has been highly constructive over the other methods.
Using this filter mating technique, many investigators were
able to successfully achieve the gene transfer [32, 46, 49, 75,
76]. According to Sasaki & group, filter mating is found to
be the best method for conjugal transfer of pAMP1 from E.
faecalis to L. plantarum [77]. There were three different con-
jugation methods tested e.g., filter, solid and liquid mating
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Fig.3 In vitro filter mating experiment

and the results obtained were method dependent when late
exponentially grown 1:1donor/recipient ratio were used in
different sets of experiments [80]. The transfer frequencies
(Table 1) in filter mating were higher than both solid and
liquid mating which indicates that transfer frequency is dis-
tinctly dependent on the growth phase of donor/recipient,
their optimum ratio and the method of conjugative transfer.

Conjugation Through In Vitro Solid and Liquid
Mating

In 2008, Lampkowska and his team assessed conjugal trans-
fer of resistance genes in LAB by using solid and liquid
mating procedures. Briefly, equal ratio (1:1) of donor and
recipient of late log phase growth was used to inoculate the
solid agar media. Whereas in liquid mating, the mixture of
donor and recipient is used to inoculate a broth medium
[75]. In solid mating, 1 ml of physiological bacteriological
solution (PBS) is used to suspend the grown transconjugants
while in liquid mating, cells were collected through centrifu-
gation and then suspended in 1 ml PBS. A series of tenfold
dilution of both solid and liquid cells suspension is plated
on a respective agar medium supplemented with antibiotics
and incubated for 24-48 h at 30 °C. Other research groups
employed the same method [49, 76]. This in vitro method of
gene transfer has been quite facile to perform but this gives
a low transfer frequency as compared to other methods such

Incubate at 37°C

@ Development of
transconjugants
P~ N
: |
Transconjugants developed are
selected and subjected to further

confirmation using molecular
approach (PCR)

as filter mating and in vivo studies. Hence more research is
needed to explore various strategies in order to make these
methods effective and reproducible.

Conjugation Through In Vivo Mating

To find a real delineation of the transfer of resistance genes,
in vivo conjugal mating has been used by few researchers
[49, 78-80]. Investigation of in vivo transfer of plasmids
containing fef(M) and erm(B) resistance genes from food
strains of L. plantarum to E. faecalis in the GI tract of gno-
tobiotic rats was done previously [78]. Streptomycin treated
gnotobiotic mice model was used to study the transfer and
establishment of a L. plantarum resistance plasmid in con-
trolled GI environment [79]. Transferability of erythromy-
cin, tetracycline and vancomycin resistance genes in Ente-
rococcus and Lactobacillus spp. were studied by Preethi and
co-workers [80]. Further a group of researchers, using con-
jugal method also observed transfer of erm(B) and multiple
tet genes from Lactobacillus spp. to bacterial pathogens in
animal gut [49]. Briefly to perform the experiment of con-
jugation, the animal gut was allowed to colonize with the
recipient strain at a concentration of 10'® CFU/ml for a week
(1-7 days) and colonization was checked with the faecal
sample on a medium supplemented with antibiotics (selec-
tive to the recipient). After a week (8th day) of colonization
of the recipient, donor strains were administered through
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Table 1 Gene transfer using different conjugation-based methods in Lactobacillus and other LAB strains

Conjugation Transfer method Donor organism Recipient organism Transfer frequency (TC/recipi- References
ent)
1. In vitro filter mating Streptococcus faecalis JH2- Lactobacillus plantarum 1.5%107%t0 8.6x 1077 [77]
2(pAMB1) JCM1149
Lactobacillus plantarum Enterococcus faecalis JH2-2 10~*to 107° [46]
L. alimentarius Enterococcus faecalis JH2-2 10~*to 107° [46]
L. sakei subsp. sakei Enterococcus faecalis JH2-2 10~*to 107° [46]
Lactococcus lactis SH4174 Lactococcus lactis Bu2-60 1.09% 1072 [75]
(pPAMBI)
Lactococcus lactis SH4174 Listeria monocytogenes (H7) 5.1x1074 [83]
Streptococcus thermophilus E2 L. monocytogenes (H7) 3.1x107° [83]
S. thermophilus E2 Listeria welshimeri 2.1x1078 [83]
Lactococcus lactis SH4174 Lactococcus lactis Bu2-60 1.1x1073 [83]
L. lactis 477 L. lactis Bu2—-60 4.1x107 [83]
L. lactis 477 Enterococcus faecalis 6.4x1077 [83]
L. fermentum NWL24 E. faecalis 181 2.62x107° [32]
L. salivarius NWL33 E. faecalis 181 29%x107° [32]
L. plantarum NWL22 E. faecalis 181 1.39%x 1073 [32]
L. brevis NWL59 E. faecalis 181 2.1%107° [32]
L. salivarius CHS-1E E. faecalis JH2-2 1x10™* [49]
L. salivarius CH7-1E E. faecalis JH2-2 3.8x1073 [49]
L. reuteri CH2-2 E. faecalis JH2-2 2.0x1073 [49]
2. In vitro solid mating Lactococcus lactis SH4174 Lactococcus lactis Bu2-60 1.35%1073 [75]
(pAMB1)
Lactococcus lactis SH4174 Listeria monocytogenes (HT) 6x1077 [83]
Streptococcus thermophilus E2 L. monocytogenes (HT) 4x1077 [83]
S. thermophilus E2 Listeria welshimeri 1.2x1077 [83]
Lactococcus lactis SH4174 Lactococcus lactis Bu2-60 9.1x107™* [83]
L. lactis 477 L. lactis Bu2-60 9.6x107* (83]
3. In vitro liquid mating Lactococcus lactis SH4174 Lactococcus lactis Bu2-60 2.3x1077 [75]
(pPAMB1)
L. lactis 477 L. lactis Bu2-60 2.6x1077 [83]
4. In vivo mating L. plantarum DG 522 (LMG E. faecalis JH2-2 NR [78]
21,687)
L. plantarum M345 E. faecalis JH2-2 107 [79]
E. faecium M3G E. faecalis JH2-2 1.70x107* [80]
L. plantarum S11T E. faecalis JH2-2 2.01x1073 [79]
L. salivarius CHS-7E E. faecalis JH2-2 NR [49]
L. reuteri CH2-2 E. faecalis JH2-2 NR [49]
5. In situ mating L. lactis 477 L. lactis Bu2-60 2.6x1077 [83]
L. salivarius CHS-1E Listeria monocytogenes Scott A 1.9% 107° [49]
L. salivarius CH7-1E Yersinia enterocolitica 0.8x1078 [49]
MTCC859
E. faecalis JH2-2 NR [49]
Listeria monocytogenes Scott A 4.1x 1078 [49]
Yersinia enterocolitica 1.9%x1077 [49]
MTCC859
E. faecalis JH2-2 NR [49]
L. reuteri CH2-2 Listeria monocytogenes Scott A 2.9 X 1077 [49]
Yersinia enterocolitica 0.8%x107° [49]
MTCC859
E. faecalis JH2-2 NR [49]

NR Not reported
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oral gavage in a concentration of 10° CFU/ml. Faecal sam-
ples were collected during the colonization of the recipient
and after the administration of donor strains (8—17 days).
The animals were sacrificed at the end of experiment (after
17 days) and faecal or intestinal samples were collected and
homogenized in normal saline water (0.85% NaCl). A suit-
able dilution series was made and ten-fold dilutions were
plated onto an appropriate antibiotic supplemented agar
medium in order to enumerate TCs, recipients and donors
(Fig. 4).

Conjugation Through In Situ Mating

Conjugal mating in fermented chicken sausages was
described to study in situ mating of resistance gene transfer
[81]. Similar methods of conjugative transfer of resistance
genes were adopted [49, 76], using directly fermentable food
as a co-culturing medium for donor and recipient. Conjuga-
tion in food matrix was achieved in actual condition where
donor and recipient inoculum were prepared in the food to
be fermented. In case of fermented milk, 1 ml (10° CFU/ml)
of donor and recipient each were mixed together and then
centrifuged to pellet down the cells. These cell pellets were
dissolved in 1 ml of skim milk and whole suspension was
inoculated in bulk skim milk in order to allow the fermen-
tation of milk (42 °C) incubated at 42 °C. After the milk
was coagulated, it was cooled and stored at 4 °C for 2 days.

Tenfold serial dilutions of fermented milk were plated on
selective media supplemented with antibiotics to obtain the
growth of donor, recipient and transconjugants separately.
Similar procedures were followed to obtain conjugation in
other food matrices with some modifications [48, 83].

Factors Affecting Transfer Frequency

Several methods (in vitro, in vivo and in situ) have been
used by researchers the world over to study antibiotic resist-
ance in lactic acid bacteria including lactobacilli. There is
no comprehensive literature available to compare all meth-
ods in similar conditions but in vitro method of conjugal
gene transfer has been quite promising as far as the success
of transfer frequency is concerned. There are various fac-
tors which affect the transfer frequency rate in the in vitro
conjugation. Type of membrane filter and age of donor and
recipient used could be the important factors responsible for
success rate of transfer frequency [46]. Sasaki and co-work-
ers reported that highest transfer frequencies were observed
when a sponge membrane with a pore size 0.45 pm and front
side up was used [77]. This allowed the trapping of cells
more tightly in spongy network of membrane upon pass-
ing of sterile water or buffer through the filter membrane.
In 2008, Lampkowska and team assessed several factors
affecting conjugal gene transfer in lactococcal species [75].
They reported a significant effect of the factors like growth

IN VIVO CONJUGAL TRANSFER PROTOCOL
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injection injection
DAY 1-7 DAY 8-17

Mouse is sacrificed and
intestine is collected

DAY 18

l l

Colonization Faecal
check samples
collected
o and plated
on media
plate

Fig.4 In vivo conjugal transfer protocol
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phase, donor/recipient ratio and conjugal protocol. Effect
of erythromycin concentration on transfer frequency was
investigated where a highest transfer frequency (2.0 x 107
Transconjugant/Recipient) was reported at a concentration
of 0.50 mg/L, indicating that antibiotic concentration can
also show effect to the transconjugants formation during the
experiment [79]. Since transfer frequency is dependent on
the growth of transconjugants, hence use of optimal anti-
biotic concentration can also be a decisive factor affecting
transconjugant/recipient ratio. Transfer frequency was also
found to be dependent upon the growth kinetics of donor/
recipient strains which were influenced by pH and tempera-
ture of the food system used for the transfer [49, 81, 82].

Conclusions

Food safety has been of prime focus in fermented food
industry due to the natural ecological habitat for lactoba-
cilli which can inherently or non-inherently transfer resist-
ance genes. Conjugation is the most frequently employed
mechanism by lactobacilli to transfer the resistance genes
can be made to occur in lab conditions using modern micro-
biological and molecular methods. To study gene transfer in
bacteria, in vitro models of conjugation are frequently used
due to our limited understanding of the in vivo environment.
However, to determine the true transfer of resistance genes
in lactobacilli strains, natural condition-based studies are
needed to assess [83] the transfer frequency in a substantial
manner such as in vivo or in situ studies. Despite the chal-
lenge to achieve the formation of transconjugants, efforts
are being made to overcome the problems faced in conjugal
transfer under in vitro conditions. Factors responsible for
increment of transfer frequency must be taken into consider-
ation to optimize the in vitro transfer approaches. Still more
research data are required to fully understand conjugal gene
transfer in Lactobacillus, especially in food matrices where
there is a greater concern for human safety.
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