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Tetracycline-resistant Lactococcus lactis strains originally isolated from Polish raw milk were analyzed for the
ability to transfer their antibiotic resistance genes in vitro, using filter mating experiments, and in vivo, using
germfree rats. Four of six analyzed L. lactis isolates were able to transfer tetracycline resistance determinants in
vitro to L. lactis Bu2-60, at frequencies ranging from 10�5 to 10�7 transconjugants per recipient. Three of these four
strains could also transfer resistance in vitro to Enterococcus faecalis JH2-2, whereas no transfer to Bacillus subtilis
YBE01, Pseudomonas putida KT2442, Agrobacterium tumefaciens UBAPF2, or Escherichia coli JE2571 was observed.
Rats were initially inoculated with the recipient E. faecalis strain JH2-2, and after a week, the L. lactis IBB477 and
IBB487 donor strains were introduced. The first transconjugants were detected in fecal samples 3 days after
introduction of the donors. A subtherapeutic concentration of tetracycline did not have any significant effect on the
number of transconjugants, but transconjugants were observed earlier in animals dosed with this antibiotic.
Molecular analysis of in vivo transconjugants containing the tet(M) gene showed that this gene was identical to
tet(M) localized on the conjugative transposon Tn916. Primer-specific PCR confirmed that the Tn916 transposon
was complete in all analyzed transconjugants and donors. This is the first study showing in vivo transfer of a
Tn916-like antibiotic resistance transposon from L. lactis to E. faecalis. These data suggest that in certain cases food
lactococci might be involved in the spread of antibiotic resistance genes to other lactic acid bacteria.

The abuse of antibiotic use is regarded as the major cause of
the accumulation and dissemination of antibiotic resistance
genes in the environment (33). For several decades, studies on
selection and spread of antibiotic resistance genes have fo-
cused mainly on clinically relevant microbial species. Never-
theless, many investigators have recently speculated that com-
mensal bacteria, including lactic acid bacteria (LAB), may act
as reservoirs of antibiotic resistance determinants (40). Genes
conferring acquired resistance to tetracycline, erythromycin,
and vancomycin have been detected and characterized for Lac-
tococcus, Enterococcus, and Lactobacillus species isolated from
fermented meat and milk products (13, 18, 23, 49, 50, 56).
Introduction of such bacteria into humans through ingestion of
commercial food products may have negative consequences by
dissemination of antibiotic resistance genes via the food chain
to the resident microbiota of the human gastrointestinal tract
and, in the worst case, to pathogenic bacteria (4, 17, 55).
Therefore, it seems important to assess the risk of antibiotic
resistance gene transmission in the environment and in the
guts of animals and humans and to establish the genetic basis
of the detected resistance and transmission mechanisms.

Dissemination of genetic information by horizontal gene trans-
fer is common in the microbial world and is accomplished mainly

by the following three mechanisms: natural transformation, con-
jugation, and transduction (14). Many antibiotic resistance genes
have been detected on mobile genetic elements, such as plasmids
and conjugative transposons, and it is believed that conjugation is
the main mode of horizontal dissemination of antibiotic resis-
tance determinants between bacterial species.

Conjugative transposons mediate their own transfer from a
donor DNA molecule in one bacterial cell to a target molecule
in another cell. Tn916, which spans about 18 kb and confers
resistance to tetracycline via tet(M), belongs to the Tn916-
Tn1545 family of conjugative transposons and was first identi-
fied in Enterococcus faecalis DS16 (20). It is able to be main-
tained in a wide range of clinically important gram-positive and
gram-negative species (12, 44).

Excision of Tn916 from the donor molecule is required for
conjugative transposition and results in a covalently closed circu-
lar transposon molecule that is an intermediate in conjugal trans-
fer (10). A single strand of the covalently closed circular transpo-
son is transferred to the recipient cell, where the complementary
strand is synthesized to recreate a double-stranded circular trans-
poson, which inserts into a target site (48).

Lactococcus lactis strains are used worldwide as starter or-
ganisms in the dairy industry and for the manufacturing of
many fermented products. Conjugation has been described
widely for lactococci, although mainly for exploitation of this
process for development of improved starter strains (22, 38, 39,
51, 53).

The objective of the present study was to establish the ability
of wild-type L. lactis isolates to transfer tetracycline resistance
determinants to gram-positive bacteria, namely, L. lactis Bu2-
60, E. faecalis JH2-2, and Bacillus subtilis YBE01, and to gram-
negative bacteria, namely, Pseudomonas putida KT2442, Agro-
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bacterium tumefaciens UBAPF2, and Escherichia coli JE2571,
by using the filter mating approach. In order to confirm
whether these donor strains were able to transfer the tetracy-
cline resistance genes to E. faecalis JH2-2 in vivo in the gas-
trointestinal tract, we also used germfree rats.

MATERIALS AND METHODS

Bacterial strains and growth conditions. The strains used in this study and
their growth conditions are listed in Table 1. The L. lactis tetracycline-resistant
strains IBB28, IBB160, IBB161, IBB224, IBB477, and IBB487, used as donor
strains for mating experiments, were originally isolated from samples of Polish
artisanal dairy products or raw milk (J. Zycka-Krzesinska, J. Boguslawska, and J.
Bardowski, unpublished data) and were grown on GM17 plates containing tet-
racycline at 30°C for 24 to 48 h. The following strains were used as recipients in
conjugal transfer experiments: E. faecalis JH2-2, E. faecalis JH2-SS, L. lactis
subsp. lactis bv. diacetylactis Bu2-60, B. subtilis YBE01, P. putida KT2442, A.
tumefaciens UBAPF2, and E. coli JE257. Transconjugants were grown on recip-
ient-specific agar plates supplemented with tetracycline. Antibiotics (Sigma, St.
Louis, MO) were used at the following concentrations: rifampin (rifampicin), 50
�g ml�1; streptomycin, 500 �g ml�1; tetracycline, 10 �g ml�1; fusidic acid, 25 �g
ml�1; spectinomycin, 500 �g ml�1; chloramphenicol, 25 �g ml�1; and kanamy-
cin, 50 �g ml�1.

In vitro mating experiments. The ability of the lactococcal strains to transfer
the tetracycline resistance genes to E. faecalis JH2-2, E. faecalis JH2-SS, L. lactis
Bu2-60, and B. subtilis YBE01 was examined by the filter mating approach. The
mating procedure was performed as described earlier (32). In short, exponen-
tially growing donor and recipient strains were mixed in a total volume of 2 ml
and poured onto a sterile membrane filter (HAWP04700; Millipore, Bedford,
MA), which was incubated right side up for 18 to 20 h at 30°C, 37°C, or 42°C
(depending on the recipient) on nonselective recipient-specific agar plates. Con-
trol cultures of recipient and donor strains alone were treated in the same
manner. After incubation, the bacteria were washed from the filters by rigorous
shaking in 2 ml of PPS (8.5 g/l NaCl [Merck, Darmstadt, Germany] containing 1
g/liter neutralized bacteriological peptone [Oxoid, Hampshire, England]). Dilu-
tions were spread onto donor-, recipient-, and transconjugant-selective agar
plates. After growth at 30°C for 1 to 2 days, the numbers of transconjugant,
donor, and recipient colonies were determined.

Potential transfer of tetracycline resistance to P. putida KT2442, A. tumefaciens
UBAPF2, and E. coli JE2571 was examined by the filter mating approach de-
scribed above, with various modifications, as follows. Exponentially growing
donor and recipient strains were mixed at a 20:1 ratio (41). Aliquots of 2 ml of
mating mixture were filtered by sterile membrane filters, which were then placed
on brain heart infusion agar containing DNase I (100 U/ml) to hamper transfer

by transformation. After 18 h of incubation at 37°C, the cells were washed out of
the filters and plated on agar containing appropriate antibiotics to select for the
donor, recipient, and transconjugants.

To study whether subinhibitory (sub-MIC) concentrations of tetracycline (which
had no inhibitory effect on bacterial growth) would have any influence on conjugal
transfer frequency, conjugation experiments between donors L. lactis IBB477 and
IBB487 and recipients L. lactis Bu2-60 and E. faecalis JH2-2 were conducted as
described above, with the following modifications: sterile membrane filters were
incubated on nonselective recipient agar plates and on recipient agar plates contain-
ing tetracycline at the following concentrations: 0.1, 0.15, and 0.2 �g/ml.

Animal management and experimental design. Seventeen male germfree
Sprague-Dawley rats, originally supplied by Taconic (Germantown, NY), were
bred at the National Food Institute, Technical University of Denmark. The rats
were 3 months old at the beginning of the experiment and were housed and fed
as previously described (57). The germfree status of the animals was verified by
testing fecal samples for aerobic and anaerobic growth of bacteria and yeasts.
The rats were caged in two isolators and grouped in the following way: group A,
one rat receiving only the E. faecalis JH2-2 recipient strain, used as a control;
group B, four animals dosed with the donor strain L. lactis IBB477 and with E.
faecalis JH2-2; group C, four animals dosed with L. lactis IBB477, E. faecalis
JH2-2, and drinking water containing tetracycline at 50 �g/ml; group D, one rat
receiving only the E. faecalis JH2-2 recipient strain, used as a control; group E,
four animals dosed with the donor strain L. lactis IBB487 and with E. faecalis
JH2-2; and group F, three animals dosed with L. lactis IBB487, E. faecalis JH2-2,
and drinking water containing tetracycline at 50 �g/ml. Isolator 1 contained
groups A to C, whereas isolator 2 contained groups D to F.

At day 0, all rats received a 1-ml dose containing about 1010 CFU of the
recipient strain E. faecalis JH2-2. The recipient strain was allowed to establish
itself in the rats for 1 week, after which the donor strains were introduced. Each
day from days 8 to 10, all rats in isolator 1 (except the control rat) received a 1-ml
dose containing 108 CFU L. lactis IBB477 and all rats in isolator 2 (except the
control rat) were dosed with 1 ml containing 108 CFU L. lactis IBB487. Tetra-
cycline was added to the dosing cultures of donors and received by animals in
groups C and F during the same period. Overnight cultures of all strains were
washed and resuspended in phosphate-buffered saline (Oxoid), and 1 ml was
given to each rat by oral gavage.

Fresh fecal samples (100 to 300 mg) were obtained directly from the rats each
working day by gently pressing the abdomens of the animals. Intestinal samples
from the duodenum, ileum, cecum, and colon were taken at sacrifice. The
samples were initially diluted 10-fold (wt/vol) in phosphate-buffered saline, thor-
oughly homogenized, further diluted, and plated on the appropriate selective
agar plates for enumeration of donors, recipients, and transconjugants.

DNA preparation and manipulations. Total DNA was isolated from L. lactis
cells by the following method. Cells from 2 ml of overnight culture were harvested,

TABLE 1. Bacterial strains used in this study and their cultivation conditionsa

Strain Relevant properties Cultivation
conditions Reference or origin

Gram-positive bacteria
E. faecalis strains BHI, 42°C

JH2-2 Rifr Fusr 27
JH2-SS StrrSpr 51

L. lactis strains
IBB28 Tetr �tet(S) gene� GM17, 30°C Zycka-Krzesinska et al.,

unpublished dataIBB160 Tetr �tet(S) gene�
IBB161 Tetr �tet(M) gene�
IBB224 Tetr �tet(S) and tet(M) genes�
IBB477 Tetr �tet(S) and tet(M) genes�
IBB487 Tetr �tet(M) gene� 35
Bu2-60 Strr Rifr

B. subtilis YBE01 Cmr LB, 37°C 20

Gram-negative bacteria
P. putida KT2442 Cmr Kmr Rifr LB, 37°C 10
A. tumefaciens UBAPF2 Strr Kmr Rifr LB, 30°C 25
E. coli JE2571 Rifr LB, 37°C 7

a Abbreviations: Rifr, rifampin resistance; Fusr, fusidic acid resistance; Strr, streptomycin resistance; Spr, spectinomycin resistance; Tetr, tetracycline resistance; Cmr,
chloramphenicol resistance; Kmr, kanamycin resistance; BHI, brain heart infusion medium (Oxoid); GM17, M17 medium supplemented with 0.5% glucose (Difco); LB,
Luria-Bertani medium (Difco).
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washed, and suspended in 0.2 ml of TES-lysozyme solution (25 mM Tris-HCl, 0.1 M
EDTA, 25% [wt/vol] saccharose, pH 8, lysozyme at 8 mg/ml). After 15 min of
incubation at 37°C, 15 �l of 20% sodium dodecyl sulfate solution was added, and
samples were incubated for 5 min at 75°C. Cell lysates were extracted with 0.5 ml of
phenol-chloroform solution (1:1 [vol/vol]). After centrifugation (15 min, 21,000
rpm), the water phase was recovered. Phenol-chloroform extraction was repeated
twice. Finally, total DNA was precipitated with 3 M sodium acetate (1:10 [vol/vol];
pH 4.8) and ice-cold 96% ethanol (1:2 [vol/vol]). After centrifugation (15 min, 21,000
rpm), the pellet was washed with 70% ethanol, dried, and dissolved in 50 �l of
demineralized water with RNase (100 �g/ml).

Isolation of plasmid DNA was based on the alkaline lysis method of Anderson
and McKay (3).

Verification of transconjugants by PCR. Transconjugants obtained from in
vivo and in vitro conjugation assays were selected on the basis of their phenotypic
resistance profile by testing their capability of growth on recipient-specific agar
plates supplemented with tetracycline. In order to verify that these isolates were
true transconjugants and not mutants, PCR assays with primers specific for the
recipients (E. faecalis and L. lactis) and the tet(M) and tet(S) resistance genes
were performed [the donor strains contain tet(S), tet(M), or both genes (Table
1)]. The PCR mixture was composed of 5 �l of total DNA template, 1 �l of Taq
polymerase (Fermentas, Lithuania), and 10 pmol of each primer in a total
volume of 25 �l. PCR assays were conducted in a Peltier PTC-200 thermal cycler
(MJ Research, Cambridge, MA) using the following PCR conditions: initial
denaturation at 94°C for 5 min; 25 cycles of 94°C for 1 min, 55°C for 1 min, and
72°C for 2 min; and a final extension step at 72°C for 10 min. Primers used for
the detection of the tet(M) gene were DI (5�-GAYACNCCNGGNCAYRTNG
AYTT-3�) and tetM-R (5�CACCGAGCAGGGATTTCTCCAC-3�) (24), and
those for the tet(S) gene were tetS-F (5�GGAGTACAGTCACAAACTCG-3�)
and tetS-R (5�-GGATATAAGGAGCAACTTTG-3�) (37). E. faecalis species-
specific primers were ddl E. faecalis E1 and E. faecalis E2 (16), and L. lactis
species-specific primers were 212 Fla and 1406R (46). The PCR products were
run in a 0.8% agarose gel and visualized by ethidium bromide staining.

RAPD amplification. Oligonucleotide primer M13 (45) (5�-GAGGGTGGCG
GTTCT-3�) was used for amplification of randomly amplified polymorphic DNA
(RAPD amplification). PCRs were performed in 20-�l reaction mixtures con-
taining 2 �l of 10� PCR buffer (Fermentas, Lithuania), 0.5 U of Taq DNA
polymerase (Fermentas), 4 mM MgCl2, each deoxynucleoside triphosphate at a
concentration of 100 �M, 4 �M primer M13, and about 10 ng of template DNA.
Reactions were performed under the following conditions: 40 cycles consisting of
94°C for 1 min, 45°C for 20 s, and 72°C for 2 min and a final extension at 72°C
for 5 min. The amplification products were run in a 0.8% agarose gel and
visualized by ethidium bromide staining.

PFGE. Genomic DNA was prepared in situ in agarose blocks as described pre-
viously (30) and was digested with 20 U of the restriction enzyme SmaI (Fermentas,
Vilnius, Lithuania) overnight. DNA fragments were resolved by electrophoresis in
1% pulsed-field gel electrophoresis (PFGE)-certified agarose (Bio-Rad) in 0.5�
TBE (45 mM Tris, 45 mM boric acid, and 1 mM EDTA) buffer by use of a CHEF
DR III (Bio-Rad, Munich, Germany) apparatus. Electrophoresis was carried out at
a constant voltage of 6 V/cm at 14°C for 23 h, with a 120° angle and a pulse time of
1 to 25 s. A lambda DNA ladder (New England BioLabs Inc., Medinova Scientific
A/S, Denmark) was used as a molecular size marker.

Amplification of Tn916-derived sequences. The presence of conjugative trans-
posons of the Tn916-Tn1545 family in transconjugants was investigated with
primers Int-FW and Int-FV, targeting the transposon integrase (int) gene, as
previously described (15). Primers Tn916-2 and ReverseTetM-2 were used to
verify the presence of tet(M) in connection with Tn916 as described by Agersø
and coworkers (1). We characterized the genetic organization of the Tn916-like
conjugative element harbored by transconjugants by using pairs of primers that
enable the amplification of DNA segments spanning the whole of the Tn916
molecule (41). The amplicons obtained were purified and sequenced by cycle
extension in an ABI 370 DNA sequencer (Applied Biosystems, Foster City, CA).
Sequences obtained were then compared to those in public databases by using
the BLAST program (2).

Susceptibility testing by the Etest method. Individual colonies from Mueller-
Hinton (Oxoid) plates were suspended in a sterile glass or plastic tube containing
2 to 5 ml of sterile saline (Oxoid) until a density corresponding to a McFarland
standard of 1 (�3 � 108 CFU/ml) was obtained. The suspension was used to
inoculate fresh plates of the same medium with a cotton swab. The agar surface
was then allowed to dry for approximately 15 min before application of tetracy-
cline Etest strips (AB Biodisk, Solna, Sweden). Results were recorded after
incubation at 28°C for 48 h, following the manufacturer’s recommendations.

Statistics. The reported values are means for 3 to 10 repetitions. Comparison
of in vivo transfer frequencies between animals dosed with tetracycline and those

without this antibiotic was performed using the Wilcoxon test. One-way analysis
of variance was used to examine the potential influence of subinhibitory tetra-
cycline concentrations on transfer frequencies.

RESULTS

In vitro transfer of tetracycline resistance. Six tetracycline-
resistant L. lactis isolates (Table 1) were tested for the ability
to transfer tetracycline resistance genes to L. lactis Bu2-60, E.
faecalis JH2-2, B. subtilis YBE01, P. putida KT2442, A. tume-
faciens UBAPF2, and E. coli JE2571 by the filter mating ap-
proach. Matings with L. lactis Bu2-60 as the recipient strain
were successful for four donor strains, IBB160, IBB224,
IBB477, and IBB487, at frequencies of about 10�5 transcon-
jugants per recipient, with the highest transfer frequencies
found for strains IBB477 and IBB487 (Table 2). Three L. lactis
donor strains, IBB224, IBB477, and IBB487, could also trans-
fer their tetracycline resistance determinants to E. faecalis
JH2-2, at frequencies of about 10�6 transconjugants per recip-
ient (Table 2). No transconjugants were observed after mating
of the L. lactis donor strains with the other recipients (limit of
detection, 	10�9 transconjugants per recipient). Subinhibitory
concentrations of tetracycline in the mating plates resulted in
significantly higher (P 	 0.05) transfer frequencies of the tet-
racycline resistance determinants from IBB477 and IBB487 to
L. lactis Bu2-60 and E. faecalis JH2-2 when the plates con-
tained 0.1 �g/ml tetracycline, but not when 0.15 or 0.2 �g/ml
tetracycline was used (Fig. 1A and B).

Verification and characterization of in vitro transconju-
gants. Potential transconjugant colonies (five per mating ex-
periment) were randomly selected from selective plates of in-
dependent mating experiments, and DNAs were extracted and
analyzed by PCR. They were demonstrated to be of the same
species as the recipient, since they were positive by PCR with
primers specific for either L. lactis or E. faecalis (see Fig. 4A
and B) and they also gave proper profiles (identical with re-
cipient profiles) in RAPD analysis with the M13 primer (Fig.
2). Furthermore, PFGE performed on donors, recipients, and
transconjugants revealed that the donors had different genetic
profiles, confirming that they were different strains, and the
transconjugants had similar profiles to those of the corre-
sponding recipients (Fig. 3). Thus, all of the isolated transcon-
jugants were confirmed to originate from the recipients used.

Furthermore, the presence of tetracycline resistance genes

TABLE 2. In vitro conjugal transfer of tetracycline resistance from
Lactococcus lactis strains

Donor Recipient Transfer frequency (no. of
transconjugants/recipient)a

Transferred
gene

IBB160 L. lactis Bu2-60 1.4 � 10�7 (1.43) tet(S)

IBB224 L. lactis Bu2-60 1.3 � 10�5 (0.42) tet(M)
E. faecalis JH2-2 1.0 � 10�6 (2.0) tet(M)

IBB477 L. lactis Bu2-60 5.73 � 10�5 (0.24) tet(M)
E. faecalis JH2-2 1.3 � 10�6 (0.98) tet(M)

IBB487 L. lactis Bu2-60 1.88 � 10�4 (1.16) tet(M)
E. faecalis JH2-2 6.47 � 10�6 (0.67) tet(M)

a Data are average values for 10 different trials, and standard deviations are
given in parentheses.
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in the isolated transconjugants was tested. In our recent study
(J. Zycka-Krzesinska, J. Boguslawska, and J. Bardowski, un-
published data), the presence of two tetracycline resistance
genes, tet(S) and tet(M), was revealed in donor strains IBB224

and IBB477, but in transconjugants Bu-224, Bu-477, JH2-224,
and JH2-477 (transconjugants of IBB224 and IBB477 with L.
lactis Bu2-60 and E. faecalis JH2-2, respectively), only the
tet(M) determinant was detected (Fig. 4C), suggesting that
only this gene could be transferred (Table 2). The Bu-160
transconjugant was shown to contain the tet(S) gene [IBB160
contains only tet(S) (Zycka-Krzesinska et al. unpublished
data)] by PCR analysis (Table 2). The tet(M) gene has fre-
quently been associated with the Tn916 transposon, and there-
fore the presence of this transposon in the obtained transcon-
jugants was analyzed. PCR analysis of the presence of the int
gene of Tn916-Tn1545 gave positive results (Fig. 4D), and the
presence of the tet(M) gene in connection with Tn916 was
confirmed by using primers Tn916-2 and ReverseTetM-2 (1)
(data not shown). The genetic organization of the Tn916-like
conjugative element harbored by the Bu-224, Bu-477, Bu-487,
JH2-224, JH2-477, and JH2-487 transconjugants as well as by
donor strains was characterized by using pairs of primers that
enable amplification of DNA segments spanning the whole
transposon (41). The corresponding PCR products obtained
were sequenced, and comparison of their nucleotide sequences
against those in databases showed them to be 99% identical to
Tn916 of E. faecalis DS16 (GenBank accession no. U09422).
This ultimately showed that the donor strains and obtained
transconjugants harbor a Tn916-like transposon.

Furthermore, the transconjugants were examined for plas-
mid content, and no plasmid DNA was detected (data not
shown) in transconjugants Bu-224, Bu-477, Bu-487, JH2-224,
JH2-477, and JH2-487, whereas in Bu-160 plasmid DNA was
detected.

Determination of MICs. Using Etest assay, susceptibilities to
tetracycline and streptomycin were compared between donors,
recipients, and all verified transconjugants. The MIC for tet-
racycline was 256 �g/ml for all examined donors and transcon-
jugants, with the exception of JH2-224 (transconjugant of

FIG. 2. RAPD analysis of donors, recipients, and transconjugant
strains obtained in conjugation experiments. Lane 1, GeneRuler ladder
mix size marker (Fermentas); lane 2, L. lactis IBB477; lane 3, Bu-477 (in
vitro transconjugant of the mating between L. lactis IBB477 and L. lactis
Bu2-60); lane 4, JH2-477; lane 5, L. lactis IBB487; lane 6, Bu-487; lane 7,
JH2-487; lane 8, E. faecalis JH2-2; lane 9, L. lactis Bu2-60.

FIG. 3. PFGE profiles of donors, recipients, and selected transconju-
gants. Lane 1, L. lactis IBB224; lane 2, L. lactis IBB477; lane 3, L. lactis
IBB487; lane 4, L. lactis Bu2-60; lane 5, E. faecalis JH2-2; lane 6, Bu-477;
lanes 7 to 12, in vivo transconjugants; lane 13, lambda DNA ladder (New
England BioLabs Inc., Medinova Scientific A/S, Denmark).

FIG. 1. (A) Influence of subinhibitory tetracycline concentrations
on in vitro conjugal transfer frequency between strains L. lactis IBB477
and L. lactis Bu2-60 (gray bars) as well as between L. lactis IBB487 and
L. lactis Bu2-60 (white bars). Each bar represents the average value for
five independent experiments. Error bars represent standard devia-
tions. (B) Influence of subinhibitory tetracycline concentrations on in
vitro conjugal transfer frequency between strains L. lactis IBB477 and
E. faecalis JH2-2 (gray bars) as well as between L. lactis IBB487 and E.
faecalis JH2-2 (white bars). Each bar represents the average value for
five independent experiments. Error bars represent standard devia-
tions.
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IBB224 and E. faecalis JH2-2), where the MIC was only 125
�g/ml. The MIC for streptomycin for the L. lactis Bu2-60
recipient strain and its transconjugants was 1,024 �g/ml. Both
recipient types, lactococcal and enterococcal, were susceptible
to tetracycline, and the MIC was 	1 �g/ml (18).

In vivo conjugation experiments in germfree rats. Donor
strains L. lactis IBB477 and IBB487 were used to analyze the
ability to transfer tetracycline resistance to the recipient strain
E. faecalis JH2-2 in the gastrointestinal tract of gnotobiotic
rats. The recipient strain as well as the donor strains readily
colonized the guts of germfree rats, and total E. faecalis viable
cell counts were approximately 5 � 109 CFU/g (wet weight) of
feces and were stably maintained throughout the whole exper-
iment (Fig. 5 and 6). The donors were introduced 1 week after
the recipient and were administered to the animals each day
from day 8 to day 11. The numbers of donor bacteria of strains
IBB477 and IBB487 were between 105 and 107 CFU/g of feces
and remained 2 to 4 orders of magnitude lower than the num-
ber of recipients; additional doses of the donors (received by
animals on days 9 to 11) did not have any significant effect on
their counts. Subtherapeutic treatment (dose below clinical
treatment) with tetracycline did not have any detectable inhib-
itory effect on the number of recipients (Fig. 5 and 6).

Transconjugants were detected in fecal samples 3 days after
introduction of the donors. The numbers of transconjugant
cells for both analyzed mating pairs were comparable and
reached stable levels of approximately 102 to 104 CFU/g feces
after a few days, and no major changes in CFU per gram
occurred during the rest of the time of the experiment. Tetra-
cycline dosed concomitantly with the donor did not have any
significant effect on the number of transconjugants, but
transconjugants were observed earlier in animals dosed with
the antibiotic (Fig. 5 and 6).

Enumeration of recipients, donors, and transconjugants in
all examined segments of the gastrointestinal system after sac-
rifice showed that the intestinal distributions of recipients,

FIG. 4. PCR products of donors, recipients, and transconjugants.
(A) PCR with primers specific for L. lactis. Lanes 1 and 13, GeneRuler
ladder mix size marker (Fermentas); lane 2, E. faecalis JH2-2; lane 3,
JH2-477 (in vitro transconjugant of the mating between L. lactis
IBB477 and E. faecalis JH2-2); lane 4, JH2-487; lane 5, L. lactis Bu2-
60; lane 6, L. lactis IBB160; lane 7, L. lactis IBB224; lane 8, L. lactis
IBB477; lane 9, L. lactis IBB487; lane 10, Bu-224 (in vitro transconju-
gant of the mating between L. lactis IBB224 and L. lactis Bu2-60); lane
11, Bu-477; lane 12, Bu-487. (B) PCR with primers specific for E.
faecalis. Lanes 1 and 19, GeneRuler ladder mix size marker (Fermen-
tas); lane 2, L. lactis Bu2-60; lane 3, E. faecalis JH2-2; lane 4, L. lactis
IBB224; lane 5, JH2-224; lane 6, JH2-477; lane 7, JH2-487; lane 8, E.
faecalis JH2-SS; lane 9, JH2SS-JH2224 (in vitro transconjugant of the
mating between JH2-224 and E. faecalis JH2-SS); lane 10, JH2SS-477;
lane 11, JH2SS-487; lane 12, L. lactis IBB487; lanes 13 to 18, in vivo
transconjugants. (C) PCR with primers specific for tet(M). Lane 1,
GeneRuler ladder mix size marker (Fermentas); lane 2, L. lactis Bu2-
60; lane 3, E. faecalis JH2-2; lane 4, L. lactis IBB224; lane 5, L. lactis
IBB477; lane 6, L. lactis IBB487; lane 7, Bu-224; lane 8, Bu-477; lane
9, Bu-487; lane 10, JH2-224; lane 11, JH2-477; lane 12, JH2-487; lane
13, JH2SS-Bu224; lanes 14 to 19, in vivo transconjugants; lane 20, E.
faecalis JH2-SS. (D) PCR with primers specific for the int gene. Lane
1, GeneRuler ladder mix size marker (Fermentas); lane 2, L. lactis
Bu2-60; lane 3, L. lactis IBB224; lane 4, L. lactis IBB 477; lane 5, L.
lactis IBB487; lane 6, E. faecalis JH2-2; lane 7, Bu-224; lane 8, E.
faecalis JH2-SS; lane 9, Bu-477; lane 10, Bu-487; lane 11, JH2-224; lane
12, JH2-477; lane 13, JH2-487; lanes 14 to 20, in vivo transconjugants.

FIG. 5. Viable cell counts of recipient strain E. faecalis JH2-2
(closed diamonds), E. faecalis from rats dosed with tetracycline
(open triangles), donor strain IBB477 (open circles), IBB477 from
rats dosed with tetracycline (open squares), transconjugants iso-
lated for tetracycline resistance (closed triangles), and transconju-
gants isolated from animals dosed with tetracycline (open dia-
monds). The arrows indicate times of donor administration. Each
point represents the average for data from four animals dosed with
the donor or four rats dosed with the donor and tetracycline. Error
bars represent standard deviations.
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donors, and transconjugants were relatively similar between
the different rats, and also between those inoculated with dif-
ferent donor strains (Table 3). In all intestinal segments, the
numbers of recipients were higher than the numbers of donors,
which were again higher than the numbers of transconjugants,
while lower bacterial concentrations were found in the upper
(duodenum and ileum) than in the lower (cecum and colon)
intestinal segments (Table 3).

Verification of in vivo transconjugants by PCR. DNAs from
five transconjugants from each of three animals were isolated
in order to verify the obtained transconjugants. All analyzed
isolates were confirmed to be true transconjugants in a similar
way to that for the transconjugants obtained from the in vitro
experiments. Specific PCRs also confirmed that all obtained in
vivo transconjugants contained complete copies of a Tn916-
like transposon (Fig. 4D).

Secondary transfer of tetracycline resistance from transcon-
jugants. In order to determine whether the tet(M) gene
present in the Tn916-like transposon in the Bu-224, Bu-477,
Bu-487, JH2-224, JH2-477, and JH2-487 transconjugants (in
vitro transconjugants), the TRC 1 and TRC 2 transconjugants
(in vivo transconjugants of IBB477 and E. faecalis JH2-2), and
the TRC 3 and TRC 4 transconjugants (in vivo transconjugants
of IBB487 and E. faecalis JH2-2) was able to be retransferred
to another recipient, a filter mating experiment was performed.
E. faecalis JH2-SS, which is resistant to streptomycin and spec-
tinomycin, was used as a recipient. Transfer was observed from
transconjugants Bu-224, Bu-477, Bu-487, and JH2-477 as well
as from transconjugants from the in vivo study. Transfer fre-
quencies ranged from 10�5 to 10�8 transconjugants per recip-
ient (Table 4).

DISCUSSION

Genetic studies have identified the presence of transposable
elements within L. lactis strains, which are often metabolic
plasmids that code for the ability to ferment carbohydrates,
production of proteinases, reduced sensitivity to bacterio-
phages, and production of resistance to bacteriocins (36, 39,
52, 53). Conjugative transposons such as Tn5276 (42) and
Tn5307 (9), coding for nisin biosynthesis and sucrose fermen-
tation, respectively, have also been described.

In this work, the capability of intra- and interspecies conju-
gal transfer of tetracycline resistance determinants from L.
lactis was analyzed. The filter mating experiments described in
this study demonstrated that transfer of antibiotic resistance
genes among LAB can occur at high frequencies under labo-
ratory conditions of intimate cell-to-cell contact.

Transfer of the tet(S) gene from L. lactis IBB160 and of
tet(M) from L. lactis IBB224, IBB477, and IBB487 donor
strains was observed. The tet(S) gene harbored by donor
strains IBB224 and IBB477 was neither transferred alone
nor cotransferred with tet(M) by the filter mating conjuga-
tion process to any of the analyzed recipient strains. How-
ever, this finding does not exclude the possibility that this

FIG. 6. Viable cell counts of recipient strain E. faecalis JH2-2
(closed diamonds), E. faecalis from rats dosed with tetracycline
(open triangles), donor strain IBB487 (open circles), IBB487 from
rats dosed with tetracycline (open squares), transconjugants iso-
lated for tetracycline resistance (closed triangles), and transconju-
gants isolated from animals dosed with tetracycline (open dia-
monds). The arrows indicate times of donor administration. Each
point represents the average for data from four animals dosed with
the donor or three rats dosed with the donor and tetracycline. Error
bars represent standard deviations.

TABLE 4. Secondary transfer of antibiotic resistance genes from
transconjugants to E. faecalis JH2-SS

Donor straina Frequency
(no. of transconjugants/recipient)b

Bu-224 ..................................................................2.4 � 10�5 (0.8)
Bu-477 ..................................................................7.8 � 10�7 (3.2)
Bu-487 ..................................................................6.4 � 10�6 (2.4)
JH2-224 ................................................................ ND
JH2-477 ................................................................7.5 � 10�8 (0.1)
JH2-487 ................................................................1.0 � 10�7 (0.66)
TRC 1 (IBB477) .................................................1.2 � 10�8 (1.5)
TRC 2 (IBB477) .................................................1.4 � 10�8 (0.9)
TRC 3 (IBB487) .................................................3.6 � 10�8 (4.2)
TRC 4 (IBB487) .................................................1.0 � 10�8 (0.4)

a TRC 1 and TRC 2 are in vivo transconjugants of IBB477 and E. faecalis
JH2-2; TRC 3 and TRC 4 are in vivo transconjugants of IBB487 and E. faecalis
JH2-2.

b ND, not detected (transfer frequency of 	10�9 per recipient cell). Average
values for five or three (in the case of secondary transfer from in vivo transcon-
jugants TRC 1, 2, 3, and 4) different trials are given, with standard deviations in
parentheses.

TABLE 3. Intestinal distributions of recipients, donors,
and transconjugants

Rat no.
(treatment) Bacteria

Bacterial concn
(log CFU/g)a

Duodenum Ileum Cecum

3 (IBB477) Donor 	LD 3.85 3.70
Recipient 	LD 7.46 9.38
Transconjugants 	LD 3.82 2.77

7 (IBB477 � Donor 	LD 4.62 4.42
tetracycline) Recipient 6.30 8.15 8.68

Transconjugants 	LD 3.48 2.30

13 (IBB487) Donor 	LD 4.36 4.07
Recipient 5.74 8.32 9.49
Transconjugants 	LD 3.53 3.64

17 (IBB487 � Donor 3.83 4.41 4.36
tetracycline) Recipient 7.24 8.44 9.46

Transconjugants 3.71 3.93 3.87

a 	LD, below the limit of detection.
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determinant is transferable to other recipients or under
different mating conditions.

The tet(M) gene has often been associated with Tn916, a
highly transmissible transposon. Until recently, it was sug-
gested that L. lactis is unique among other hosts of Tn916
because the transposon can enter and insert into L. lactis
following conjugative transposition from another species but is
not able to mediate its own transfer from L. lactis to another
host (8). It was explained that this lack of conjugative trans-
position in L. lactis is due to the fact that Tn916 is unable to
excise from the donor DNA and is therefore unable to undergo
conjugative transposition. It was also postulated that L. lactis
strains are missing host factors directly involved in transcrip-
tion of genes required for conjugal transfer of the excised
transposon (35). In contrast, in this work the transfer of Tn916-
like elements to L. lactis Bu2-60 and E. faecalis JH2-2 from
several L. lactis donors, both in vitro and in vivo, was indisput-
ably observed, for the first time. Our work sheds new light on
Tn916 transposition, and further investigation of the transfer
of this transposon from donor strains L. lactis IBB224, IBB477,
and IBB487 may result in a better understanding of this pro-
cess. Although similar results were recently presented by Flo-
rez et al. (19), they demonstrated only in vitro transfer of
Tn916 from L. lactis strains isolated from a Spanish traditional
starter-free cheese. The gastrointestinal tract is a very hostile
environment, and in vitro transfer of antibiotic resistance de-
terminants cannot be extrapolated to the ability to transfer
these determinants in vivo. Thus, it was essential in our studies
to verify experimentally if the examined Tn916-like transposon
could be transferred in the gastrointestinal tract. To verify this
hypothesis, germfree rats were used. In this study, in vivo
transfer of the tet(M) gene from L. lactis IBB477 and IBB487
was observed. The numbers of transconjugants for both ana-
lyzed mating pairs reached stable levels of approximately 102

to 104 CFU g�1 feces and remained stable after initial forma-
tion in all groups of animals. The number of transconjugants
could be dependent on the following three events: primary
transfer of tet(M) determinants from donor strains to recipient
strains, secondary transfer from transconjugants to recipients,
and multiplication of transconjugants. It is difficult to assess
the potential contribution of each of these events, but it is
obvious that primary transfer of the tet(M) determinant from
donor strains to recipient strains is the main source of transcon-
jugants, especially because of high total donor counts (105 to 107

CFU/g of feces), which were quite stably maintained throughout
the whole experiment. However, it is also possible that transcon-
jugants could be donors in secondary transfers. These results were
also supported by in vitro retransfer experiments in which the
ability of the in vivo transconjugants to facilitate secondary trans-
fer of the tet(M) determinants to E. faecalis JH2-SS was demon-
strated. Thus, in our studies, in vivo conjugal transfer of the tet(M)
gene from L. lactis donor strains was also observed. In other
studies, no secondary conjugal transfer from transconjugants was
detected (5, 29).

The subtherapeutic administration of tetracycline to rats was
intended to promote the spread of antibiotic resistance genes, as
this effect has been reported earlier (5, 34, 47). However, tetra-
cycline stimulation of conjugal transfer was not observed in our
study. Nevertheless, transconjugants were observed earlier in an-
imals dosed with this antibiotic. Tetracycline did not have an

influence on the number of transconjugants or donors. It is pos-
sible that the subtherapeutic concentration of tetracycline was too
low. This assumption is supported by previous findings (5) show-
ing that the concentration of bioavailable tetracycline within the
bacterial growth habitat of the intestine represented only ca. 0.4%
of the intake concentration of the antibiotic.

An interesting observation was that the two donor strains
used in this study showed the ability to persist efficiently in
the gastrointestinal tract of the rat, and additional doses of
the donors did not have any significant effect on their
counts. In contrast, it has been shown previously that L.
lactis strains are quickly eliminated from the gastrointestinal
tract (25, 31).

To our knowledge, this is the first study showing in vivo
transfer of a Tn916-like transposon from L. lactis isolates to E.
faecalis. Only a limited number of studies have investigated in
vivo antibiotic resistance transfer of pAM
1 plasmid from L.
lactis donors to the human gastrointestinal microbiota (54) or
to mouse intestinal bacteria (27). In vivo transfer of the Tn916
transposon was observed previously in the intestinal tract, but
from E. faecalis donor strains (5).

Simultaneously, transfer of Tn916 to many gram-positive
and gram-negative bacteria, including Listeria monocyto-
genes and E. coli, was confirmed (6), but in our study no
conjugal transfer of the transposon to B. subtilis or gram-
negative recipients was observed. Discrepancies between
our work and previous studies could be associated with
many factors, such as improper recipient strains or inade-
quate mating techniques.

The ability to transfer tetracycline resistance from L. lactis
donor strains to E. faecalis in the gastrointestinal tract of rats
suggests that LAB might serve as a reservoir of resistance
genes for human digestive microbiota. However, one should
bear in mind that germfree animal models, like the one used in
the present study, offer a less competitive environment than
that found in conventional animals, and therefore the ability to
transfer tetracycline determinants from L. lactis isolates in vivo
cannot be conveyed to a normal intestine. To really assess the
ability of L. lactis wild-type strains to transfer antibiotic resis-
tance, further investigations should be performed, using ani-
mals with a normal microbiota.
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