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BALB/c mice were infected with two Salmonella enterica serovar Typhimurium strains, one of which lacked
the virulence plasmid. Transconjugants were found at high frequencies in the mouse feces and at low
frequencies in the liver and the spleen, suggesting that mating occurred in the gut. Laboratory conditions that
mimic those of the small intestine (microaerophilic growth in the presence of 0.3 M NaCl) increased the
frequency of virulence plasmid transfer. Sodium deoxycholate, which is found at high concentrations in the
duodenum, and sodium propionate, which is abundant in the large intestine, reduced the conjugation fre-
quency. Feces inhibited conjugation. Altogether, these observations suggested that transfer of the virulence
plasmid occurred in the distal portion of the small intestine. Conjugation trials in ileal loops provided direct
evidence that conjugal transfer of the Salmonella virulence plasmid occurs in the ileum in mice.

Six decades after the discovery of bacterial conjugation, the
underlying genetic and biochemical mechanisms are known in
great detail, especially in model plasmids like the F sex factor
and its relatives (15, 16), the Ti plasmid of Agrobacterium
tumefaciens (47), the IncP-1 group of broad-host-range plas-
mids (2), R388 (19), R1162 (30), and pIP501 (1). In contrast,
we have a more limited understanding of the environmental
and physiological factors that affect conjugal transfer and of
the natural habitats where conjugation occurs. Exceptions are
transfer of A. tumefaciens Ti plasmids to plant cells in response
to compounds present in the rhizosphere (47), pheromone-
triggered mating in Enterococcus faecalis (20), and transfer of
Yersinia plasmids in response to quorum sensing (4).

Animals harbor numerous bacterial species, which can es-
tablish a wide and complex range of interactions with their
hosts. The possibility that plasmid transfer can occur inside
animals has been considered since the 1960s, usually as a
potential scenario for antibiotic resistance dissemination. Pio-
neering studies showed that transfer of drug resistance deter-
minants in Escherichia, Shigella, and Klebsiella could be de-
tected in the mouse intestine (26). A later, relevant
observation was that drug resistance plasmids of Neisseria pro-
moted conjugal transfer in mice even in the absence of antibi-
otic selection, suggesting that conjugation inside animals is not
a rare or exceptional event (33). A study on conjugal transfer
of plasmid R1drd19 in mice provided evidence that Escherichia
coli matings took place mainly in the mucus layer that covers
the intestinal epithelium (27). In turn, another study showed
that bacterial mating promoted by RP4 and F could take place
inside eukaryotic cells (14). These few examples illustrate that
animal organs can provide the appropriate environment for
bacterial conjugation.

Salmonella enterica is an enteric bacterium that causes gas-

troenteritis and systemic infections in humans and other ani-
mals (29). In S. enterica subspecies I, a subset of virulence
genes are located in an F-like plasmid, the so-called “Salmo-
nella virulence plasmid” (34). All Salmonella virulence plas-
mids share a 7.8-kb region, spv, required for bacterial prolif-
eration in the reticuloendothelial system (22). Other loci of the
plasmid, such as the fimbrial operon pef, the conjugal transfer
gene traT, and the rck and rsk genes, may play roles in other
stages of infection but do not contribute to virulence in the
standard mouse infection model (34).

The virulence plasmid of S. enterica serovar Typhimurium
(usually known as pSLT) is self-transmissible (3, 7). As in other
F-like plasmids, the pSLT genes necessary for conjugal transfer
are clustered in an �34-kb region (28). A single transcriptional
unit (the tra operon) includes homologs of the F factor genes
involved in pilus synthesis and assembly, surface exclusion,
stabilization of mating aggregates, DNA nicking, DNA strand
displacement, and DNA transport and the regulatory gene
finO (28). As in F, transcription of the pSLT tra operon re-
quires activation by the TraJ transcription factor, encoded by a
nearby gene (7). In turn, traJ expression is under the control of
the FinOP system of fertility inhibition, which in pSLT is fully
functional and keeps conjugation tightly repressed (7, 37, 43).
The finP gene is located in the antisense DNA strand of traJ
and overlaps the 5� region of traJ (10). The product of finP is
an antisense RNA that acts together with the RNA chaperone
FinO to prevent traJ mRNA translation and to promote traJ
mRNA degradation (25, 45, 46).

Below, we describe surveys of pSLT transfer in the common
house mouse, Mus musculus L., the natural host of S. enterica
serovar Typhimurium. We show that pSLT is transferred at
high frequencies during animal infection and present evidence
that pSLT-promoted mating occurs in the distal portion of the
small intestine (the ileum). Virulence plasmid transfer in the
ileum might compensate for plasmid loss during intestinal pas-
sage. This view is consistent with the fact that bile salts, which
have plasmid-curing capacity (18), are found at high concen-
trations in the mammalian small intestine, especially in the
duodenum (24).
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MATERIALS AND METHODS

Bacterial strains. The strains of S. enterica used in this study {SV5534
[trg::MudQ(Cmr) pSLT�], SV5535 [�dam-230/pSLT finO::Kmr], SV5536 [�finO
spvA::Tn5(Kmr)], and SV5556 [spvA::Tn5(Kmr)]} belong to serovar Typhi-
murium and derive from the mouse-virulent strain ATCC 14028. The �dam-230
allele was constructed by in-frame deletion of the S. enterica dam gene encoding
DNA adenine methylase (31). The �finO and finO::Kmr alleles have been de-
scribed elsewhere (7, 18). The trg::MudQ allele is neutral for Salmonella viru-
lence and provides a marker for strain discrimination in experimental infections
of mice (35). The spvA::Tn5 allele was described by Hensel et al. (23).

Media and chemicals. Luria-Bertani (LB) broth was used as rich medium.
Solid LB medium contained agar at a 1.5% final concentration. Microaerophilic
growth was achieved in GasPak incubation jars (Becton Dickinson Biosciences,
San Agustı́n de Guadalix, Spain). Deoxycholic acid (sodium salt) and sodium
propionate were both from Sigma Chemical Co., St. Louis, MO. Antibiotics were
used at final concentrations described previously (42).

Bacterial matings in LB plates. Cultures of the donor and the recipient were
grown overnight in LB broth. Cells were harvested by centrifugation and washed
with LB broth (supplemented with 4% sodium deoxycholate [DOC] or 2%
sodium propionate when necessary). Aliquots of both strains (500 �l each) were
sucked onto a 0.45-�m-pore-size membrane filter. The donor/recipient ratio was
1:1. The filters were placed on LB plates and incubated at 37°C for 4 h. In certain
experiments, LB plates contained 4% DOC or 2% sodium propionate (see
below). After mating took place, the mixtures were diluted in 10 mM MgSO4 and
spread on selective plates. As controls, 0.1 ml of the donor and the recipient
cultures was also spread on selective plates. Conjugation frequencies were cal-
culated per donor bacterium. Matings under the so-called “Salmonella pathoge-
nicity island 1 (SPI-1)-inducing conditions” involved slightly different conditions.
Donor and recipient strains were grown overnight in LB broth without shaking.
The LB plates contained 0.3 M NaCl, and the membrane-bound mating mixtures
were incubated for 4 h at 37°C in GasPak microaerophilic jars.

Bacterial matings in LB broth. Overnight cultures of the donor and the
recipient were prepared in LB broth. Aliquots of 500 �l were mixed to obtain a
donor/recipient ratio of 1:1. Each mixture was centrifuged for 2 min at 13,000
rpm, and the supernatant was discarded. The pellet was resuspended in 50 �l of
either LB broth or LB broth supplemented with feces, which had been previously
homogenized in LB broth to obtain a final concentration of 1 g/liter. Mating
mixtures were incubated at 37°C for 4 h. Diluted and undiluted aliquots were
then spread on selective plates.

Bacterial matings in mice. Feeding of mice was suspended 1 day before
inoculation. The donor and recipient strains were grown overnight in LB broth
at 37°C without shaking. Under these conditions, the cultures reached saturation
in the morning and contained around 3 � 108 bacterial cells/ml. The cultures
were pelleted and resuspended in an aqueous solution containing 0.4% lactose
and 0.9% NaCl. Each mouse was orally inoculated with 25 �l of donor bacterial
suspension and with the same amount of recipient suspension. Each suspension
contained 1 � 109 CFU. Inoculation of the second suspension (usually the
donor) was performed 30 min after inoculation of the first (usually the recipient).
Mouse sacrifice, extraction of liver and spleen, harvest and lysis of eukaryotic
cells, and recovery of bacterial cells followed the procedures described by Shea
et al. (36).

Bacterial matings in ileal loops. BALB/c mice were starved for 24 h and
anesthetized before surgery by intraperitoneal injection of 300 �l of 2.5% aver-
tin. A stock of 100% avertin was prepared by mixing 10 g of 2,2,2-tribromoethyl
alcohol with 10 ml of tert-amyl alcohol (Sigma-Aldrich Quı́mica SA, Tres Cantos,
Spain). Before use, this 100% stock was diluted to 2.5% in isotonic saline with
vigorous stirring until it was dissolved. Mouse surgery was performed as follows.
After a small incision was made, the small bowel was exposed and a loop was
formed by ligating the intestine with silk thread at the ileocecal junction and at
a site 5 cm proximal to the cecum. Bacterial suspensions in phosphate-buffered
saline were then injected through a 25-gauge needle. The bowel was returned to
the abdomen, and the incision was stapled. The mice were kept alive for 3 h and
then sacrificed. Bacteria were recovered from the ileal loops by washing and
homogenizing the loops in 0.5 ml of saline. Viable bacterial CFU were enumer-
ated by plating aliquots of a dilution series of the homogenate onto LB agar.
Donor and transconjugant colonies were distinguished by plating a dilution series
onto LB agar with the appropriate combination of antibiotics.

Statistical analysis. Student’s t test was used to compare conjugation frequen-
cies. P values of �0.05 were considered significant.

RESULTS

Experimental conditions for the detection of conjugation in
mice. Initial trials for the detection of S. enterica transconju-
gants after infection of mice were carried out using strain
SV5535 (�dam-230/pSLT finO::Kmr) as the donor and SV5534
(trg::MudQ pSLT�) as the recipient. Both strains are attenu-
ated (by a dam mutation and by lack of the virulence plasmid,
respectively), while transconjugants can be expected to be vir-
ulent. Use of a FinO� pSLT derivative was intended to in-
crease the chances of detecting conjugation. The mice were
sacrificed 6 days after infection. Kmr Cmr transconjugants were
recovered from the liver and the spleen, indicating that conju-
gation inside mice had indeed occurred. However, we observed
that donor cells (Kmr Cms) were rare or absent in organs,
suggesting that conjugation had occurred at an infection stage
prior to organ colonization. Detection of transconjugants in
feces provided additional evidence that conjugation occurs in
the gut (see below). Albeit informative, the above-mentioned
experiments presented a caveat: because transconjugants are
more virulent than donors, transconjugants might have a
growth advantage inside the animal; as a consequence, conju-
gation frequencies could be overestimated. To sort out this
potential flaw, we devised crosses in which the donor, the
recipient, and the transconjugants were equally virulent. Also,
because the transconjugants were more abundant in the mouse
feces than in deep organs, we chose the feces as the standard
material for the calculation of conjugation frequencies. Hence,
in subsequent experiments, we employed the following mate-
rials and conditions. (i) We used a donor strain whose viru-
lence plasmid carried a Tn5 insertion in spvA (23). The plas-
midless recipient carried a chromosomal trg::MudQ marker,
which is neutral for virulence (35). Lack of spv attenuates the
virulence of donors, recipients, and transconjugants 100- to
1,000-fold (data not shown). As mentioned above, each geno-
type could be easily identified on plates: donors were Kmr,
recipients were Cmr, and transconjugants were Kmr Cmr. (ii)
Oral inoculation with a mixture of the donor and the recipient
was avoided, since control experiments indicated that conjugal
transfer readily occurred in the mixture: if aliquots from the
mixture were spread on selective plates, Cmr Kmr transconju-
gants were detected. Hence, the two strains were inoculated
separately (30-min difference) by the oral route.

Detection of transconjugants in mouse feces. BALB/c mice
were inoculated with strains SV5536 (�finO spvA::Tn5) and
SV5534 (trg::MudQ pSLT�). As a control, we confirmed that
Cmr, Kmr, and Cmr Kmr bacterial CFU were absent from
mouse feces prior to inoculation. Feces from infected mice
were collected at 24-h intervals, homogenized in saline, di-
luted, and spread on antibiotic agar plates for the detection of
Cmr Kmr transconjugants. Colonies formed by Kmr Cms do-
nors were also counted. Data from five matings are shown in
Fig. 1. The frequency of transconjugants increased from day 2
to day 4 and seemed to reach a plateau after that. The mice
were sacrificed at day 8.

The conjugation frequencies detected in these experiments
were surprisingly high, even for a FinO� pSLT derivative
(around 10�2). Note that under optimal laboratory conditions,
pSLT FinO� transfer occurs at frequencies between 10�4 and
10�3 (7). The donor and the recipient strains have similar
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growth rates under laboratory conditions, and they are equally
virulent; hence, they can be expected to grow at similar rates
inside the animal. It seems unlikely, therefore, that the fre-
quencies found could be skewed by a growth advantage of the
transconjugants. It is likely, however, that the frequencies
found on later days were higher because conjugal transfer had
increased the number of donors relative to the number of
recipients.

Matings with a FinO� pSLT plasmid (strain SV5556) caused
a delay in the detection of transconjugants, which started to
appear at day 5 after inoculation, and the frequencies of
transconjugants were lower than those obtained for pSLT
FinO�. Low frequencies made statistical analysis difficult, but
a rough estimation was that the frequency of pSLT transfer
decreased 100-fold in a FinO� background, a difference simi-
lar to that found between FinO� and FinO� pSLT under
laboratory conditions (7).

A caveat for the above-mentioned experiments was that
conjugation could occur not only inside the animal, but also in
the feces. In other words, the total number of transconjugants
might be the sum of those formed in the gut and those formed
in the feces. To investigate this possibility, two kinds of exper-
iments were carried out. (i) Feces collected on a given day were
divided into aliquots. One aliquot was homogenized and im-
mediately used to score transconjugants on selective plates.
The other aliquots were kept at room temperature and used to
score transconjugants after 24, 48, and 72 h. The numbers of
transconjugants per donor did not increase over time (data not
shown), suggesting that conjugation did not occur in the feces.
(ii) Feces of uninfected mice were homogenized and added to
LB broth at a final concentration of 1 g/liter. A 1:1 mixture of
the donor and the recipient (SV5536 and SV5534, respectively)
was added, and conjugation was allowed to proceed at 37°C for
4 h. Aliquots were spread on selective plates (LB broth sup-
plemented with kanamycin and chloramphenicol) for the de-
tection of transconjugants. Kmr Cms donors were enumerated
by plating them on LB-kanamycin and replica printing to LB-
chloramphenicol. Data from seven independent crosses are
summarized in Fig. 2 compared with their corresponding con-
trols (matings in LB broth). Lower frequencies of conjugal
transfer in liquid cultures are typical of pSLT; for this reason,
the standard protocol for pSLT transfer employs conjugation

on membrane filters (7). Conjugation frequencies decreased
50-fold in the presence of feces, suggesting an inhibitory effect
upon conjugation. Transfer of FinO� pSLT was likewise in-
hibited in the presence of feces: 5 � 10�7 in liquid LB broth
versus 10�8 or less in liquid LB broth plus feces. We thus ruled
out the possibility that conjugal transfer in feces might have
skewed the calculation of conjugation frequencies inside mice.
The evidence that feces strongly inhibit conjugation is dis-
cussed further below.

Effects of bile and propionate on pSLT transfer. The evi-
dence that pSLT promoted Salmonella mating in the gut raised
the question of which was the section of the gut where mating
occurred. This issue was initially investigated using laboratory
conditions that are known to mimic (obviously only to a certain
extent) specific gut environments. (i) The proximal portion of
the small intestine, especially the duodenum, contains high
concentrations of bile (24). Previous studies in our laboratory
had shown that, besides their detergent activities, bile salts are
DNA-damaging agents that cause point mutations, gene rear-
rangements, and plasmid curing (18, 31, 32). To investigate
whether bile salts affected pSLT-mediated conjugation, crosses
were performed in the presence of DOC. The concentration
used (4%) was lower than the DOC MIC in vitro (7%) and
thus did not impair S. enterica viability. The donor strain was
either SV5536 (FinO�) or SV5556 (FinO�). The recipient was
SV5534 in all cases. Donor and recipient cultures were pre-
pared and mixed (1:1) using the standard protocol for conju-
gation on a solid support (a membrane filter on top of agar).
The presence of DOC caused an �10-fold decrease in the
frequency of pSLT transfer (Fig. 3), suggesting that conjuga-
tion is inhibited in the presence of bile. Despite the extreme
reductionism of these experiments, a tentative conclusion is
that conjugation is unlikely to occur in the duodenum. (ii) The
large intestines of mammals contain metabolites that are rare
or absent in the small intestine. For instance, high concentra-
tions of propionate and butyrate are produced as a conse-
quence of D-mannitol utilization by intestinal bacteria (50). We
investigated whether the presence of 2% sodium propionate (a
concentration that does not inhibit growth) affected the fre-
quency of pSLT transfer under laboratory conditions. An �10-
fold decrease in the frequency of transconjugants was found
for both wild-type pSLT and its FinO� derivative (Fig. 3).
Albeit cautiously, we propose that inhibition of conjugal trans-

FIG. 1. Frequencies of transconjugants in the feces of four mice,
measured at 24-h intervals, from day 2 to day 7 after inoculation. The
donor was SV5536, and the recipient was SV5534. The error bars
indicate standard deviations.

FIG. 2. Inhibition by feces of pSLT conjugal transfer. The conju-
gation frequencies in LB broth were compared with the corresponding
frequencies in LB broth supplemented with feces. The donor was
SV5536, and the recipient was SV5534. Shown are averages and stan-
dard deviations from seven independent matings.
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fer by propionate may indicate that mating inside mice does
not occur in the large intestine. Propionate, which is likewise
present in feces, may also contribute to inhibition of mating in
the presence of feces (Fig. 2).

Effects of SPI-1-inducing conditions on pSLT transfer. If
the results described above faithfully reproduce conditions
found in specific sections of the mouse intestine, the hypothet-
ical scene of conjugal transfer should be an intestinal section
where the concentrations of bile and propionate are low. These
conditions are met by the distal portion of the small intestine,
especially the ileum. Additional traits of the ileum are mi-
croaerophilia and relatively high osmolarity (29). In fact, mi-
croaerophilic incubation in LB broth containing 0.3 M NaCl is
a standard procedure to reproduce in vitro the conditions that
induce expression of SPI-1 in the ilea of infected animals (13).
On these grounds, we tested the effect of microaerophilic
growth in the presence of 0.3 M NaCl on pSLT transfer. Mat-
ings were performed as described above, with the difference
that the mating mixtures were incubated in a GasPak mi-
croaerophilic jar. An 8- to 10-fold increase in the number of
transconjugants was found (Fig. 3), indicating that ileum-like
laboratory conditions stimulate conjugal transfer. The high
conjugation rates found (between 10�3 and 10�2 per donor cell
for FinO� pSLT and nearly 10�5 for the wild-type virulence
plasmid) suggest that pSLT transfer may be stimulated under
the same conditions that trigger invasion of the intestinal ep-
ithelium by Salmonella. Interestingly, high rates of conjugal
transfer in anaerobiosis have also been described for the E. coli
F sex factor (38).

Conjugal transfer of pSLT in murine ileal loops. Because
several lines of evidence suggested that pSLT transfer inside
mice might occur in the distal portion of the small intestine, we
devised conjugation trials in the ilea of BALB/c mice. Donor
and recipient suspensions were prepared in phosphate-buff-
ered saline to avoid injection of LB medium (which obviously
supports conjugation) into the mouse intestine. Control mat-
ings indicated that both pSLT FinO� and pSLT FinO� were
transferred at very low frequencies in phosphate-buffered sa-

line: 10�5 and �10�7 transconjugants per donor, respectively.
Ligated ileal loops of murine intestine were inoculated with
donor and recipient strains (108 CFU each). As described
above, the donor and recipient bacterial suspensions were in-
oculated separately. Three crosses were performed with
FinO� pSLT (strain SV5556) and another three with a FinO�

derivative (SV5536). The recipient was SV5534 in all cases.
Three hours after inoculation, the mice were sacrificed and
bacterial cells were recovered from the ileal loops. Transcon-
jugants and donors were enumerated on selective media.
Transfer of the FinO� virulence plasmid was detected at fre-
quencies around 10�3 (Fig. 4). As expected, the parental
FinO� plasmid was transferred at frequencies 100-fold lower
(Fig. 4). The fact that the conjugation frequencies in ileal loops
were lower than those found in mice may simply reflect the
shorter mating times allowed. Surgical manipulation and injec-
tion of the bacterial suspensions might also have perturbed the
microaerophilic environment and reduced osmolarity. What-
ever the case, these experiments provided direct evidence that
the Salmonella virulence plasmid can be conjugally transferred
in the ilea of infected mice.

DISCUSSION

Phylogenetic analysis suggests that S. enterica virulence plas-
mids are transferred at high rates in nature (6). However, the
model Salmonella virulence plasmid (the pSLT plasmid of S.
enterica serovar Typhimurium) carries a functional FinOP sys-
tem of fertility inhibition and promotes conjugation at very low
frequencies (3, 7, 37). This contradiction may have more than
one resolution. There is the possibility that pSLT is a rare
exception and that many natural Salmonella virulence plasmids
are derepressed for transfer, like the E. coli F episome (15).
However, it is also conceivable that transfer in nature may
follow rules different from those observed in the laboratory. In
support of the latter view, an intriguing feature of F-like plas-
mids is the fact that their transfer functions are under the
control of an ample variety of host-encoded regulators. The
current list includes the redox sensor ArcA (41), the global
transcriptional regulators Lrp (7, 9, 40) and CRP (39), the
nucleoid protein H-NS (10, 49), the RNA chaperone Hfq (48),
the GroEL heat shock chaperone (51, 52), DNA adenine
methylation (43), and the extracytoplasmic stress response
CpxAR system (21). Certain regulators have slightly different

FIG. 3. Effects of DOC, sodium propionate, and SPI-1-inducing
conditions on conjugal transfer of pSLT FinO� (black histograms) and
pSLT FinO� (gray histograms). Matings were carried out on mem-
brane filters. The donors were either SV5536 (FinO�) or SV5556
(FinO�), and the recipient was SV5534. The data are averages and
standard deviations from six independent matings. Statistical analysis
indicated that the conjugation frequencies in LB broth were signifi-
cantly different from those in LB broth plus DOC, LB broth plus
propionate, and LB broth plus 0.3 M NaCl. P values of 0.017, 0.022,
and �0.0001, respectively, were obtained for crosses involving a FinO�

donor. P values were all �0.0001 for crosses involving a FinO� donor.

FIG. 4. Transfer of FinO� and FinO� pSLT plasmids in ileal loops
of mice. The donors were SV5536 (FinO�) and SV5556 (FinO�), and
the recipient was SV5534. The data are averages and standard devia-
tions from three independent matings.
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functions depending on the plasmid, suggesting that each plas-
mid may have adapted to the particular lifestyle of its host (8,
9). Even under laboratory conditions, different F-like plasmids
seem to follow different transfer rules: for instance, F transfer
is inhibited in stationary-phase cultures (17) while pSLT trans-
fer is not (7). In turn, pSLT transfer occurs at lower frequen-
cies in LB broth than in minimal medium, a trait not found in
F (3). A tentative interpretation for the existence of so many
controls is that F-like plasmids may promote mating in re-
sponse to specific physiological and environmental signals and
increase their conjugation rates in appropriate environments.

Conjugal transfer in the mouse intestine may be an example
of activation of conjugal transfer under convenient circum-
stances. The gut provides a rich supply of nutrients, which
permit rapid multiplication of Salmonella cells. However, cer-
tain sections of the gut may not be suitable for conjugation. For
instance, conditions that mimic the duodenum (LB broth plus
DOC) inhibit mating. Although synthesis of pSLT Tra pili does
not cause bile sensitivity as it does in F (18), it is conceivable
that cell-to-cell interactions can be disturbed by the presence
of bile salts. Transfer of pSLT is also inhibited in LB broth plus
propionate, suggesting that the large intestine may likewise be
inappropriate to support conjugation. In fact, Salmonella is
known to be at a disadvantage when it competes with the
bacterial flora of the large intestine, apparently as a conse-
quence of inefficient nutrient uptake (44). Because conjugation
is an energetically expensive process (11), its inhibition may
make full sense under such conditions.

Can our laboratory observations be extrapolated to na-
ture? In principle, the BALB/c mouse can be expected to be
a reliable model for the study of conjugation in the intes-
tines of animals. Lack of the macrophage-associated protein
N-RAMP renders BALB/c mice especially sensitive to bac-
terial infections; however, the effects of N-RAMP loss are
much less pronounced at the intestinal stage of infection
than during systemic infection (12). On the other hand,
Salmonella colonization of animals requires competition
with the established intestinal flora. For this reason, treat-
ment of mice with antibiotics prior to Salmonella adminis-
tration is an old practice used to boost experimental Salmo-
nella infections (5). However, we detected high frequencies
of conjugal transfer without antibiotic pretreatment of mice
(in other words, under circumstances that do not especially
favor Salmonella proliferation). Altogether, these consider-
ations suggest that intestinal transfer of virulence plasmids
may indeed occur in house mice, and perhaps in other an-
imals, during Salmonella infection.

The detection of Salmonella conjugation in the mouse intes-
tine does not exclude the possibility that other environments
may also provide suitable conditions for virulence plasmid
transfer. In fact, transfer of a close relative of pSLT, the F sex
factor, has been detected inside cultured epithelial cells (14).
However, the population sizes and cell densities attained by
Salmonella in the small intestine (29) are unlikely to be found
in other environments, either inside animals or outside. Trans-
fer of the virulence plasmid in the intestines of animals might
thus account for the high conjugation rates predicted by phy-
logenetic analysis (6).

ACKNOWLEDGMENTS

This work was supported by grant BIO2004-3455-CO2-02 from the
Spanish Ministry of Education and Science and the European Re-
gional Fund. M.G.-Q. was supported by an FPU predoctoral fellowship
from the Spanish Ministry of Education and Science.

We are grateful to Angel M. Pastor for advice on mouse surgical
procedures and to Ignacio Cota for critical reading of the manuscript.

REFERENCES

1. Abajy, M. Y., J. Kopec, K. Schiwon, M. Burzynski, M. Doring, C. Bohn, and
E. Grohmann. 2007. A type IV-secretion-like system is required for conju-
gative DNA transport of broad-host-range plasmid pIP501 in gram-positive
bacteria. J. Bacteriol. 189:2487–2496.

2. Adamczyk, M., and G. Jagura-Burdzy. 2003. Spread and survival of promis-
cuous IncP-1 plasmids. Acta Biochim. Pol. 50:425–453.

3. Ahmer, B. M. M., M. Tran, and F. Heffron. 1999. The virulence plasmid of
Salmonella typhimurium is self-transmissible. J. Bacteriol. 181:1364–1368.

4. Atkinson, S., R. E. Sockett, M. Camara, and P. Williams. 2006. Quorum
sensing and the lifestyle of Yersinia. Curr. Issues Mol. Biol. 8:1–10.

5. Bohnhoff, M., C. P. Miller, and W. R. Martin. 1964. Resistance of the
mouse’s intestinal tract to experimental Salmonella infection. I. Factors
which interfere with the initiation of infection by oral inoculation. J. Exp.
Med. 120:805–816.

6. Boyd, E. F., and D. L. Hartl. 1998. Salmonella virulence plasmid: modular
acquisition of the spv virulence region by a plasmid in Salmonella enterica
subspecies I and insertion into the chromosome of subspecies II, IIA, IV and
VII isolates. Genetics 149:1183–1190.
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34. Rotger, R., and J. Casadesús. 1999. The virulence plasmids of Salmonella.
Int. Microbiol. 2:177–184.
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