
APPLIED AND ENVIRONMENTAL MICROBIOLOGY, Feb. 2004, p. 758–764 Vol. 70, No. 2
0099-2240/04/$08.00�0 DOI: 10.1128/AEM.70.2.758–764.2004
Copyright © 2004, American Society for Microbiology. All Rights Reserved.

Effect of Tetracycline on Transfer and Establishment of the
Tetracycline-Inducible Conjugative Transposon Tn916 in

the Guts of Gnotobiotic Rats
Martin Iain Bahl,1,2 Søren J. Sørensen,1 Lars Hestbjerg Hansen,1

and Tine Rask Licht2*
Department of General Microbiology, University of Copenhagen, 1307 Copenhagen K,1 and Institute of

Food Safety and Nutrition, Danish Veterinary and Food Administration, 2860 Søborg,2 Denmark

Received 25 July 2003/Accepted 23 October 2003

We have investigated the transfer of Tn916 among strains of Enterococcus faecalis OG1 colonizing in the
intestines of gnotobiotic rats. This animal model allows a low limit of detection and efficient colonization of the
chosen bacteria. The animals continuously received tetracycline in drinking water. A tetracycline-sensitive
recipient strain was allowed to colonize the animals before the resistant donor was introduced. The numbers
of donors, recipients, and transconjugants in fecal samples and intestinal segments were estimated. The
bioavailable amounts of tetracycline in fecal samples and intestinal segments were monitored by using
bacterial biosensors carrying a transcriptional fusion of a tetracycline-regulated promoter and a lacZ reporter
gene. Chromosomal locations of Tn916 in transconjugants isolated either from the same animal or from
different animals were compared by Southern blot analysis. Our results indicated that selection for the
resistant phenotype was the major factor causing higher numbers of transconjugants in the presence of
tetracycline. Tetracycline-sensitive E. faecalis cells colonized the intestine even when the concentrations of
tetracycline in feces and intestinal luminal contents exceeded growth-inhibitory concentrations. This suggests
the existence of tetracycline-depleted microhabitats in the intestinal environment.

Horizontal transfer of antibiotic resistance genes between
bacteria has attracted much attention, and numerous investi-
gations of gene transfer in environmental settings have been
reported (18, 26, 36, 39). One concern is the dissemination and
accumulation of resistance genes in the environment, which
might be enhanced by use of antimicrobial agents and consti-
tutes a risk for spread of resistance to pathogenic bacteria (41).
Since the first report of conjugative transposons in 1981 (10),
increasing attention has been given to these self-transmissible
discrete DNA elements and their role in spreading antibiotic
resistance between bacteria (34). Tn916, which confers resis-
tance to tetracycline, belongs to the Tn916-Tn1545 family of
conjugative transposons and was first identified in Enterococ-
cus faecalis (formerly Streptococcus faecalis) DS16 (10), but it is
known to replicate in a wide range of clinically important
gram-positive and gram-negative species (4).

Transposition of Tn916 and other conjugative transposons is
a three-step process involving (i) excision from the donor chro-
mosome and formation of a covalently closed circular inter-
mediate (33), (ii) conjugation by way of single-stranded trans-
fer to the recipient cell (32), and (iii) nonspecific integration
into the recipient chromosome (32). Multiple copies of Tn916
can exist on the same chromosome (25). Tetracycline in sub-
inhibitory concentrations has been shown to have a positive
effect on the regulation of Tn916 family transposition (7, 35);
however, the rate of transfer is low compared to that of con-
jugative transfer of plasmids (2). One investigation found 7.5 �

10�6 transconjugants per initial donor cell after overnight in
vitro mating on membrane filters, increasing to 1.1 � 10�5

when the donor strain was pregrown in medium containing
tetracycline (35). Other experiments involving transfer of
Tn916 family transposons from E. faecalis hosts on agar plates
showed a slightly lower transconjugant-to-donor ratio (7, 38).
The low transfer rate necessitates a high colonization of the
donor and recipient strains in animal models in order for
transfer events to occur and subsequently be detected. This can
be achieved by using gnotobiotic animals (24) that also have
the advantage of a well-defined microbial flora, which eases
selection of specific strains and thus lowers the detection limit.
The interpretation of results obtained in studies of gene trans-
fer in the intestinal tract is complicated by the fact that the gut
represents a dynamic ecosystem, where nutrients and bacteria
are continuously produced and continuously removed from the
system with feces (11, 12, 18).

The use of bacterial whole-cell biosensors, carrying fusions
of a selected promoter and a reporter gene, to estimate con-
centrations of various compounds, such as antibiotics (14) and
heavy metals (29), has proved to be a useful alternative to
conventional chromatographic methods. One of the major ad-
vantages is that biosensors detect only the bioavailable fraction
of the compound. This is especially relevant in the complex
intestinal system, where many factors can mask the presence of
a specific compound and thereby reduce the ambient concen-
tration, which affects the microbial community.

In the present study, transfer of Tn916 from a donor E.
faecalis strain to an isogenic resident recipient strain (carrying
different resistance markers) was examined in the gastrointes-
tinal environment of gnotobiotic rats treated with tetracycline.
The bioavailable tetracycline concentrations present in the in-
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testinal contents as well as in feces were estimated by use of a
bacterial biosensor strain. The results presented here shed new
light on the kinetics of transfer and establishment of Tn916 in
the intestinal environment.

MATERIALS AND METHODS

Bacterial strains and growth media. The rifampin- and fusidic acid-resistant
strain E. faecalis OG1RF (8) was used as the recipient strain. The donor strain
(a gift from S. Donabedian) was the streptomycin- and spectinomycin-resistant
E. faecalis OG1SS::Tn916 (37), which also carries a chromosomal insertion of the
conjugative transposon Tn916, containing the tet(M) gene encoding resistance to
tetracycline (9). A kanamycin-resistant Escherichia coli MC4100::tetlac strain,
carrying a chromosomally inserted fusion between a tetracycline-inducible pro-
moter and the �-galactosidase gene (16), was used as a whole-cell biosensor to
estimate the bioavailable tetracycline concentrations in fecal samples and in
contents extracted from the gastrointestinal tract.

Brain heart infusion broth (Oxoid, Hampshire, England) was used for all broth
cultures of the strains, except in �-galactosidase assays, where Luria-Bertani
(LB) broth was used (30). The following solid media were used for selective
plating: Slanetz and Bartley medium (Oxoid) for selection of E. faecalis and
MacConkey agar no. 3 (Oxoid) for selection of E. coli. Recipients plus transcon-
jugants, donors, and transconjugant bacteria were selected on Slanetz and Bart-
ley plates containing either (i) rifampin and fusidic acid, (ii) spectinomycin and
streptomycin, or (iii) rifampin, fusidic acid, and tetracycline. All plates were
incubated aerobically at 37°C for either 1 day (E. coli) or 2 days (E. faecalis).
Antibiotics (Sigma) were used at the following concentrations: fusidic acid, 25
�g/ml; kanamycin, 50 �g/ml; rifampin, 25 �g/ml; spectinomycin, 500 �g/ml;
streptomycin, 1,000 �g/ml; and tetracycline hydrochloride, (Sigma catalog no.
T3383), 10 �g/ml.

Grouping of animals and dosing with tetracycline. Twelve female germfree
Sprague-Dawley rats, approximately 2 months old and bred at the Institute of
Food Safety and Nutrition were originally obtained from IFFA Credo,
L’Arbresle, France. Housing, feed, temperature, and light conditions were as
previously described (17). The germfree state of the animals was verified by
testing fecal samples for aerobic and anaerobic growth of bacteria and yeasts.
The 12 rats were caged individually and placed in four groups with three animals
in each group. Starting from day 6, each group received drinking water contain-
ing tetracycline at various concentrations as follows: group A, 0.0 �g/ml; group
B, 5 �g/ml; group C, 10 �g/ml; and group D, 50 �g/ml. Fresh drinking water was
prepared every 2 or 3 days and kept dark at all times. The tetracycline concen-
tration in the drinking water was tested with a bacterial biosensor (15) and
confirmed on days 11, 20, and 27 of the experiment (data not shown).

Colonization of animals. An overnight culture of the desired strain was washed
twice in autoclaved 0.9% (wt/vol) saline water containing peptone, and 1 ml was
given to each rat by oral gavage. On day 0, all animals were dosed with 7.7 � 108

CFU of the recipient strain, E. faecalis OG1RF. On day 7, all animals were dosed
with 1.8 � 109 CFU of the donor strain, E. faecalis OG1SS::Tn916. In addition,
on day �1 and the day before euthanatization, all animal were dosed with
approximately 109 CFU of E. coli MC4100/pTGFP2 (15). Results related to the
use of this strain are not reported here.

Sampling and enumeration of bacteria in samples. Fresh fecal samples (100 to
300 mg) were obtained directly from the rats every 2 to 3 days by gently pressing
the abdomens of the animals. After euthanatization of the animals (six on day 40
and six on day 41), samples were immediately taken from the contents of the
stomach, jejunum, ileum, cecum, and colon. All samples were initially diluted
10-fold (wt/vol) in saline water containing peptone, thoroughly homogenized,
further diluted, and plated on appropriate selective agar plates for CFU count-
ing.

Verification of transconjugants by PCR. Eight colonies were isolated from
fecal samples between days 13 and 22 on agar plates selective for the transcon-
jugant resistance phenotype. Two putative transconjugant colonies from each
group, all originating from different animals, were randomly picked. Extraction
and purification of genomic DNA were carried out on these isolates, followed by
PCRs with primers Tn916-2 and ReverseTet(M)-2, which were designed to verify
the presence of tet(M) in connection with Tn916 as previously described (1).
DNAs from the donor and recipient strains were included in the PCR as positive
and negative controls, respectively.

Southern blot analysis. Two separate Southern blots were prepared, using (i)
the eight PCR-verified transconjugants originating from different rats as de-
scribed above and (ii) a different set of eight transconjugants all isolated from the
same animal (group B) on day 20. Chromosomal DNAs from all isolates and

from the donor and recipient strains were prepared by using the Wizard genomic
DNA purification kit (catalog no. A1120; Promega, Madison, Wis.), and then 2
�g of DNA was HindIII restricted and Southern blot analysis was performed with
a digoxigenin-labeled tet(M) probe as described by the manufacturer (catalog no.
1093657; Roche Applied Science, Indianapolis, Ind.). The 700-bp DNA probe
was the amplification product obtained from a PCR with primers: tet(M)-1 and
tet(M)-2, which have been described previously (1).

Growth of E. faecalis OG1RF at various tetracycline concentrations. In vitro
growth rates of the tetracycline-sensitive E. faecalis OG1RF recipient strain at six
different tetracycline concentrations were estimated by measuring the optical
density at 600 nm at various times during balanced growth (approximately 15
generations) in brain heart infusion medium at 37°C. Three replicas were per-
formed for each concentration.

Determination of bioavailable tetracycline. Measurements of bioavailable tet-
racycline were performed with fecal samples from days 7, 15, 20, 25, and 29 and
with samples obtained from five segments of the gastrointestinal tract as de-
scribed above. The homogenized 10-fold dilutions of the samples were centri-
fuged (15,000 � g, 5 min), and the supernatant containing tetracycline was
filtered through a 0.22-�m-pore-size filter (MILLEX-GV; Millipore, Carrigt-
wohill, Ireland). The tetracycline concentrations in the samples were estimated
by using the E. coli MC4100::tetlac biosensor strain as previously described (16).
Briefly, the samples were appropriately diluted and mixed with LB broth (1:10).
The biosensor was then inoculated, and samples were incubated on a shaker (200
rpm) for 3 h at 37°C. After this period, the cells were disrupted by toluene
treatment and �-galactosidase assays (23) were performed; the results were
compared to a standard curve, based on measurements of known tetracycline
concentrations.

Statistics. In all graphs error bars indicate the standard errors of the means,
calculated by dividing the standard deviation by the square root of the number of
measurements. In order to be able to log transform the data shown in Fig. 1,
measurements of no CFU on a plate were set to 1 CFU/g of feces (corresponding
to detection of 0.04 colonies instead of zero). Transconjugant numbers observed
within the four treatment groups were compared by using the Wilcoxon test.

RESULTS

Colonization experiments. The recipient strain as well as the
donor strain readily colonized the guts of the germfree ani-
mals, and total E. faecalis CFU counts were between 109 and
1011 CFU/g (wet weight) of feces throughout the experiment
(Fig. 1). In groups A (0 �g of tetracycline per ml) and B (5 �g
of tetracycline per ml), the number of donor bacteria remained
between 1 and 2 orders of magnitude lower than the number of
recipients. In group C (10 �g of tetracycline per ml), the
numbers of donor and recipient bacteria were almost identical.
In group D (50 �g of tetracycline per ml), a significant de-
crease in the number of recipients was observed after intro-
duction of the donor strain (Fig. 1). Transconjugant bacteria
(E. faecalis OG1RF::Tn916) were first detected in group D (50
�g of tetracycline per ml), appearing 4 days after donor inoc-
ulation. In the other three groups, transconjugant bacteria
were detected 8 days after introduction of the donor strain.
The numbers of transconjugant cells in all four groups reached
stable levels after a few days, and no major changes in CFU per
gram occurred during the rest of the experiment. The lowest
levels of transconjugants were observed in group A, where
approximately 10 CFU/g of feces was detected. In the other
three groups, the numbers of transconjugants remained signif-
icantly higher (P � 0.002) throughout the experiment, reaching
300 CFU/g of feces. However, transconjugant numbers were
not higher in group D than in group B (P � 0.1). No colonies
were detected on the donor or transconjugant selective plates
prior to introduction of the donor (the limit of detection was 8
CFU/g of feces).

Enumeration of recipients, donors, and transconjugants in
all examined segments of the gastrointestinal system after eu-
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thanatization showed that the donor/recipient ratio increased
with increasing tetracycline concentration (data not shown), as
observed in the fecal samples. Transconjugants were observed
in the colon and the cecum in all four groups but were present
at lower concentrations than in the fecal samples. In some
instances transconjugant cells were found in the ileum, jeju-
num, and stomach segments.

Verification of transconjugants and Southern blot analysis.
DNAs from eight transconjugants randomly isolated from two
different animals in each group were shown by PCR analysis to
contain Tn916. The same eight transconjugants were sensitive
to a combination of streptomycin and spectinomycin. Southern
blot analysis revealed that the tet(M) gene was located on
HindIII-HindIII fragments of visibly different sizes for nearly
all of the eight examined transconjugants originating from
different animals (Fig. 2b). All fragments were different from
the corresponding fragment from the donor strain. In all
transconjugants as well as in the donor strain, only one band
was visible, indicating a single chromosomal Tn916 insertion.
The lengths of the bands were between 7 and 14 kb, consistent
with the expected minimum size of 5.8 kb for a fragment
containing the tet(M) gene. No band was detected by similar
analysis of DNA from the recipient strain.

Eight separate transconjugants isolated from the same ani-
mal (group B) on the same day revealed that the tet(M) gene
was located on fragments of the same size, different from that
of the donor strain, in the eight transconjugants (Fig. 2a),

indicating that Tn916 was located at the same position on the
chromosome for all of these isolates.

Growth of the recipient strain at various tetracycline con-
centrations. The doubling time of the tetracycline-sensitive
recipient strain increased with increasing tetracycline concen-
tration (Fig. 3). At 0.5 �g of tetracycline per ml the doubling
time was nearly 3.5 h, compared to 30 min for growth in
unsupplemented medium. The tetracycline concentration at
which the doubling time was twice that of the strain grown
without antibiotic was found to be approximately 0.16 �g of
tetracycline per ml.

Quantification of tetracycline concentrations in feces and in
contents of the intestinal tract. The tetracycline levels in the
feces of rats in groups B, C, and D estimated by using the
MC4100::tetlac biosensor followed by a �-galactosidase assay
showed that the average levels of bioavailable tetracycline in
feces were 0.65 �g/g, 2.85 �g/g, and 17.2 �g/g, respectively, for
groups B (5 �g of tetracycline per ml), C (10 �g of tetracycline
per ml), and D (50 �g of tetracycline per ml). Levels of tetra-
cycline were nearly constant or slightly decreasing throughout
the period. The background level of biosensor �-galactosidase
expression measured in pure water was equal to that measured
in fecal samples of animals belonging to group A, showing that
the biosensor was not affected by the presence of fecal com-
ponents. Concentrations of bioavailable tetracycline in various
segments of the gastrointestinal tract were generally lower than
those in fecal samples. A higher level of tetracycline than in

FIG. 1. CFU of recipient E. faecalis OG1RF (open squares), donor E. faecalis OG1SS::Tn916 (closed squares), and transconjugant E. faecalis
OG1RF::Tn916 (triangles) in fecal samples from rats receiving tetracycline at either 0.0 �g/ml (a), 5 �g/ml (b), 10 �g/ml (c), or 50 �g/ml (d) in
drinking water. At days 0 and 7, respectively, the recipient and the donor strains were introduced. Each point represents the geometric average
of values obtained from three animals. Error bars indicate standard errors of the means.
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other intestinal segments was observed in the jejunum segment
for all animals examined (Table 1).

DISCUSSION

Significantly higher (P � 0.002) numbers of transconjugant
cells per gram of feces were observed for animals dosed with
tetracycline (groups B, C, and D) than for those not dosed with
tetracycline (group A). However, higher tetracycline concen-
trations (above 5 �g/ml) did not result in higher numbers (P �

0.1) of transconjugant cells (Fig. 1). This finding is consistent
with a study demonstrating that tetracycline treatment resulted
in increased numbers of Listeria monocytogenes::Tn1545
transconjugants in the guts of gnotobiotic mice (7). Since the
numbers of donor and recipient cells were the same in group A
(0 �g of tetracycline per ml) and group B (5 �g of tetracycline
per ml), our data indicate that the altered transconjugant num-
bers observed are not the result of an altered donor/recipient
ratio. The observed higher transconjugant numbers caused by
tetracycline can be a result of either (i) increased horizontal

FIG. 2. Southern blots of HindIII-digested transconjugant DNAs isolated from the same animal (a) and from eight different animals (b). The
fragment lengths are between 7 and 14 kb in all lanes. Lanes 1 to 8, transconjugants isolated from the same animal in group B. Lanes 9 and 10,
transconjugants from group D. Lanes 11 and 12, transconjugants from group C. Lanes 13 and 14, transconjugants from group B. Lanes 15 and 16,
transconjugants from group A. Lane 17, DNA from recipient OG1RF. Lane 18, DNA from donor OG1SS::Tn916. The DNAs in lanes 7 and 14
originate from the same transconjugant.
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transfer, leading to more initial transfer events; (ii) increased
vertical spread due to increased selective pressure; or (iii) a
combination of these two factors. In many investigations of
gene transfer in environmental settings it is difficult to deter-
mine the contribution of each of these factors to an observed
increase in numbers of transconjugants. It is known that pre-
growth of a Tn916 donor strain with tetracycline increases the
transfer rate under laboratory conditions (35), and a proposed
molecular mechanism for this has been published (3). South-
ern blot analysis of transconjugants originating from the same
animal (group B, day 20) revealed that all of the examined
isolates had the same Tn916 insert fragment (Fig. 2a). How-
ever, in the Southern blot analysis of eight transconjugants
originating from eight different animals (Fig. 2b), nearly all
fragments were of different lengths, in accordance with the
partially random insertion properties of Tn916 (22). These
observations indicate that all transconjugants isolated from
one animal were formed by proliferation of one initial
transconjugant cell. Multitransposition of Tn916, as previously
described (25), was not seen in any of the 15 separately isolated
transconjugants, also indicating a low transfer frequency of the
conjugative transposon. Furthermore, the numbers of
transconjugants in feces after the initial formation remained
stable in all groups of animals (Fig. 1). Hence, we conclude

that ongoing transfer from transconjugant cells to new recipi-
ents occurred at negligible levels.

Increasing concentrations of tetracycline in drinking water
caused an increase in the donor/recipient ratio (Fig. 1), but the
total number of E. faecalis organisms remained at the same
constant level in all groups, reflecting the maximal bacterial
number which can be maintained in the gastrointestinal tract.
This finding demonstrates that the bacteriostatic antibiotic tet-
racycline provides a selective advantage to the tetracycline-
resistant donors. It seemed that the selective advantage was
most pronounced at the initial stage of colonization, as the
donor/recipient ratio remained constant. A continued selective
advantage would have caused complete replacement of the
tetracycline-sensitive recipient strain over time (11, 12, 18).

In all animals the donor and the recipient strains colonized
the intestine together throughout the experiment. Supported
by a few previous publications from our laboratories (18, 20),
this challenges the hypothesis that isogenic strains in the gut,
like in a chemostat, are not able to coexist due to the highly
competitive intestinal environment (11, 17, 19, 31). Chemostat
predictions show that the cells must grow fast enough to com-
pensate for the continuous washout of bacteria with feces and
faster than other bacterial species competing for the same
nutrients in order to persist in the dynamic system (12). In-
complete mixing of the bacterial population in the intestine
might be the reason why this environment appears to be less
competitive than a chemostat, and the kinetics observed in the
intestinal environment might be more similar to those ob-
served in a biofilm (18).

One feature of bacteria which would allow them to persist in
the intestine even in the presence of a competing strain is
attachment to the epithelial surface (11, 12). It is possible that
Tn916 conveys an advantage to the donor strain due to expres-
sion of an adhesive factor in the donor strain facilitating at-
tachment to recipients and perhaps also to the intestinal epi-
thelium. Colonization of the two strains in different segments
of the gastrointestinal tract would also explain their coexist-
ence; however, CFU counts in five segments showed no sign of
differences between the two strains. A final explanation, which
is supported by older literature (13), could be that the E.
faecalis strains do not remain isogenic in the gnotobiotic ani-
mals. In any case, one should bear in mind that germfree
animal models, as used in the present study, offer more avail-
able niches for the introduced bacteria and hence a less com-
petitive environment than is found in conventional animals.
We must conclude that our present understanding of the prin-
ciples decisive for the coexistence of isogenic strains in the

FIG. 3. Doubling times (generation times) of the tetracycline-sen-
sitive recipient E. faecalis OG1RF obtained with different tetracycline
concentrations during balanced growth in LB broth. Each point rep-
resents the average of three values. Error bars indicate standard errors
of the means.

TABLE 1. Bioavailable tetracycline concentrations measured in intestinal contents from various segments of the gastrointestinal tract and in
fecal samples by use of biosensor E. coli MC4100::tetlac

Groupa (tetracycline
received, �g/ml)

Tetracycline concn (�g/g)b in:

Stomach Jejunum Ileum Cecum Colon Fecal samplec

B (5) 0.19 � 0.04 1.78 � 1.00 0.19 � 0.10 0.35 � 0.03 0.47 � 0.17 0.65 � 0.06
C (10) 0.19 � 0.15 2.10 � 0.17 0.73 � 0.40 0.57 � 0.07 0.83 � 0.08 2.85 � 0.38
D (50) 1.60 � 0.77 22.9 � 8.53 3.14 � 2.52 4.86 � 1.97 3.91 � 0.40 17.19 � 1.87

a No measurable induction of the biosensor was observed in fecal samples from animals belonging to group A.
b Values are means � standard errors of the means from the three animals in each group.
c The mean value � standard error of the mean obtained from measurements for three animals on days 7, 15, 20, 25, 29 is given.
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gastrointestinal tract is not complete. It is clear that the kinet-
ics in the gut are different and, not surprisingly, more compli-
cated to predict than the kinetics in a chemostat. This empha-
sizes the importance of in situ and in vivo model systems to
gain insight into transfer kinetics and establishment of mobile
genetic elements in natural systems.

In this study it was possible to use a lacZ biosensor strain to
estimate amounts of bioavailable tetracycline in fecal samples
and in five segments of the gastrointestinal tract (Table 1). This
is, to our knowledge, the first time that a whole-cell biosensor
has been used to estimate intraintestinal concentrations, and
we found that a change of tetracycline concentration in drink-
ing water causes a proportional change in bioavailable
amounts in the luminal contents of the intestine. The mea-
sured tetracycline concentrations in feces are comparable to
those found in an earlier investigation using an agar diffusion
method to estimate residual tetracycline in human-flora-asso-
ciated mice (27). The peak in tetracycline concentration ob-
served in the jejunums of all animals (Table 1) can be ex-
plained by the routes of secretion and absorption of this drug
in the animal body. The contents of the jejunum hold more
water than the contents of the large intestine, and it is likely
that a large part of the water-soluble tetracycline is absorbed
along with the water in the colonic section.

The bioavailable tetracycline concentrations measured in
intestinal contents from rats drinking the highest concentration
of tetracycline, group D (50 �g of tetracycline per ml), ranged
between 1.6 and 22.9 �g/g (Table 1). No growth of the sensitive
recipient strain is possible at these high tetracycline concen-
trations (Fig. 3), which thus would be expected to lead to
complete loss of the recipient strain. Nevertheless, at least 107

CFU/g of feces was isolated from group D throughout the
experiment. This is even more remarkable because the com-
peting tetracycline-resistant donor strain was also present in
the intestine. The ability of the recipient strain to proliferate in
the intestine could be caused by the existence of tetracycline-
depleted compartments in the gut. We propose that the mucus
layer, constituting the interface between the lumen and the
epithelial cells in the intestine, might represent such a com-
partment, since the physical and chemical properties of this
layer are markedly different from those of the luminal con-
tents. Supporting this hypothesis, previous studies of gram
negative strains colonizing the animal intestine have sug-
gested that the majority of bacterial growth occurs in the
mucus layer and not in the luminal contents (21, 28, 40).
However, it remains to be shown whether the structural
matrix constituted by the intestinal mucus might prevent
diffusion of tetracycline. A different possibility, which would
allow colonization of the sensitive bacteria, is that the col-
onizing bacteria express a phenotype rendering them resis-
tant to the drug, similar to what has been described for
biofilm communities (5, 6). The fact that growth of tetracy-
cline-sensitive bacteria occurs in the intestinal system when
inhibitory concentrations of the drug are present is poten-
tially of importance for antimicrobial therapy. Further work
involving biosensor technology is needed to fully understand
the interactions between antibiotics and bacteria in the gas-
trointestinal environment.
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