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The influence of vancomycin and flavophospholipol (FPL) on the transfer rate of conjugative plasmids
harboring the vancomycin resistance operon vanA was determined in several clinical and animal isolates of
Enterococcus faecium. FPL significantly inhibited the frequency of transfer of conjugative VanA plasmids up to
70-fold. Vancomycin had no significant effect on the transfer rate of VanA plasmids.

The emergence and spread of glycopeptide resistance
among enterococci have caused great concern (12, 22, 30).
Acquired glycopeptide resistance among enterococci is most
commonly associated with the vanA determinant. This gene
cluster is frequently located on conjugative plasmids (7, 17, 18;
G. Werner, I. Klare, and W. Witte, Letter, J. Clin. Microbiol.
37:2383–2384, 1999). VanA resistance has been detected in
strains of human, animal, and environmental origin (1, 6, 13,
26). Based on these observations, it has been proposed that in
addition to imprudent use of glycopeptides in human medi-
cine, the feeding of the glycopeptide antibiotic avoparcin in
animal husbandry has contributed to the emergence and
spread of vancomycin-resistant enterococci, especially in Eu-
rope (26, 29).

Besides the direct selective pressure of glycopeptides ex-
erted on bacteria in different habitats, less is known about
additional factors contributing to the spread of VanA plasmids
in humans and animals. Therefore, in this study, we investi-
gated the impact of vancomycin and flavophospholipol (FPL)
on the gene transfer of VanA plasmids in Enterococcus fae-
cium. FPL (synonymous with flavomycin, bambermycin, and
moenomycin) is a phosphoglycolipid antibiotic used as a
growth promoter in animal husbandry. We chose vancomycin
and FPL because both antibiotics induce the vanA resistance
operon (3, 9, 10, 15). Moreover, there is some evidence that
FPL can decrease the frequency of transfer of certain resis-
tance plasmids in gram-negative organisms (8, 16). Here we
examined whether there is a link between the induction of
vancomycin resistance genes and the transfer rate of conjuga-
tive VanA plasmids.

The E. faecium donor strains used in this study carry the
VanA resistance determinant on large plasmids of 50 to 175
kbp (28; Werner et al., Letter; data not shown) and are resis-
tant to vancomycin (MIC, .1024 mg/liter) and erythromycin
(MIC, .8 mg/liter). The strains were not clonally related as
determined by pulsed-field gel electrophoresis (PFGE) analy-
sis (data not shown). The strains were obtained from sewage
(AW2), pigs (2E121198, 2121198, and 9191198), and a hospital
(7090 and 6011). E. faecium 64/3 was used as the recipient
strain (28), which is resistant to rifampin and fusidic acid. All
donors are rifampin and fusidic acid sensitive. The MIC of FPL
for strains AW2, 7090, and 6011 was 16 mg/liter, and that for

strains 2E121198, 2121198, 9191198, and 64/3 was .128 mg/
liter. The genetic transfer of VanA plasmids was studied in
vitro by filter mating as described elsewhere (5). The donor/
recipient ratio used was 1:1, and the filters were placed on
brain heart infusion (BHI) agar containing different concen-
trations of FPL (0.05, 0.25, 1, 8, and 16 mg/liter) and vanco-
mycin (0.05, 0.25, 1, 4, and 8 mg/liter). One filter each was
incubated on BHI agar plates without antibiotics. Transconju-
gants were selected on BHI agar containing rifampin (30 mg/
liter), fusidic acid (20 mg/liter), and vancomycin (50 mg/liter).
The frequency of transfer was determined by calculation of the
quotient of the number of transconjugant colonies/the number
of recipient colonies. The genomic structure of representa-
tively chosen transconjugants was verified by macrorestriction
analysis. In addition, the transfer of the vanA gene was verified
by Southern hybridization as described elsewhere (23). The
transfer frequencies were determined in six independent test
series and statistically analyzed by the Mann-Whitney U test.

The effect of FPL on the frequency of transfer of the VanA
plasmids was determined by using the FPL concentrations for
which an induction of the vanA operon was observed (10, 15),
and the frequency of transfer of certain resistance plasmids in
gram-negative strains was decreased (8). In our study, FPL at
concentrations in excess of 1 mg/liter significantly reduced the
transfer rate of all six donor strains tested (Fig. 1). While the
animal isolates showed a marked inhibition of the transfer rate
at 1 mg/liter, concentrations of 8 and 16 mg of FPL per liter
were needed to achieve a six- to ninefold reduction of vanA
transfer of the clinical isolates (Fig. 1). Concentrations of less
than 1 mg/liter significantly inhibited the transfer of the VanA
determinant in strains AW2, 2E121198, and 2121198 (Fig. 1A).
The strongest inhibition of the conjugative transfer was ob-
served at concentrations of 8 and 16 mg/liter (Fig. 1). The
genetic transfer in strain 2E121198, for example, was inhibited
up to 70-fold, that in strain 9191198 was inhibited up to 60-
fold, and that in strain 2121198 was inhibited up to 52-fold in
the presence of FPL during the conjugation process. In con-
trast, the transfer of the VanA determinant was inhibited in
the clinical isolates 7090 and 6011 only at high FPL concen-
trations up to ninefold in strain 7090 and up to eightfold in
strain 6011. The results show that VanA gene transfer is clearly
inhibited in the presence of FPL, and furthermore, this effect
seems to be more pronounced in animal isolates than in clin-
ical isolates of E. faecium.

Furthermore, the effect of vancomycin on the frequency of
transfer of VanA plasmids was determined by conjugation of
the strains in the presence of vancomycin at concentrations for
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which an induction of the vanA operon was observed previ-
ously (3, 9). In our study, vancomycin had no significant effect
on the transfer rate of VanA plasmids (Fig. 2). Even at high
concentrations of the antibiotic above the MIC for the recip-
ient strain, the frequency of transfer was not significantly al-
tered (Fig. 2). At these concentrations, a decline in the number
of recipient cells was observed; however, this was accompanied
by a decline in the number of transconjugants. This suggests
that mating occurs with relative high frequencies also at van-
comycin concentrations above the MIC of the recipient. In
strains 7090 and 2121198, a marginal, though not significant,

increase in the transfer rate was detected under the influence
of vancomycin (Fig. 2).

The mechanism for the inhibition of the genetic transfer by
FPL is not known yet. One possible explanation is that FPL
inhibits lytic transglycosylases encoded by conjugative plas-
mids. Lytic transglycosylases catalyze the cleavage of the b-1,4-
glycosidic bond between N-acetylmuramic acid and N-acetyl-
glucosamine of bacterial peptidoglycan and have been
proposed to facilitate the passage of plasmid DNA through the
peptidoglycan layer during conjugation (4, 14). Since the mode
of action of FPL is the inhibition of bacterial transglycosylases

FIG. 1. Effect of different concentrations of FPL on the transfer frequency of the VanA plasmids in donor strains AW2, 2E121198, and 2121198 (A) and 7090, 6011,
and 9191198 (B).

FIG. 2. Effect of different concentrations of vancomycin (VAN) on the transfer frequency of the VanA plasmid in the donor strains AW2, 2E121198, and 2121198
(A) and 9191198, 6011, and 7090 (B).
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which catalyze the incorporation of disaccharide pentapeptide
subunits into nascent peptidoglycan during cell wall synthesis,
it would be interesting to investigate whether FPL also inter-
acts with lytic transglycosylases encoded on conjugative plas-
mids (11, 21). FPL is a phosphoglycolipid antibiotic that acts
primarily against gram-positive bacteria, whereas gram-nega-
tive bacteria are considered to be inherently resistant due to
the permeability barrier of the outer membrane. But, interest-
ingly, FPL also strongly inhibited transglycosylases of gram-
negative bacteria, as was shown in a cell-free in vitro system
(27). Our observation that FPL inhibits plasmid transfer in
FPL-resistant E. faecium as strongly as in FPL-sensitive strains
and also in naturally FPL-resistant gram-negative strains sup-
ports the speculation that FPL does not simply destabilize the
conjugation apparatus by interfering with cell wall synthesis,
but specifically interacts with a component of the conjugation
system. Further evidence for this assumption comes from our
observations that vancomycin did not suppress VanA plasmid
transfer. Vancomycin blocks, just like FPL, the transglycosyla-
tion step during cell wall synthesis; however, it does so by a
specific binding of the antibiotic to the carboxy-terminal D-
alanine residues of peptidoglycan precursors and not by direct
interaction with transglycosylases (2). Moreover, lytic trans-
glycosylases were found on conjugative plasmids of Escherichia
coli for which an inhibition of transfer by FPL was described (8,
19). However, the interaction of FPL with lytic transglycosy-
lases has not been investigated yet; moreover, the functional
structure of the transfer apparatus encoded by VanA plasmids
of E. faecium remains to be elucidated.

Another possible mechanism for the inhibition of gene
transfer by FPL could be due to the membrane activity of the
compound. To investigate this further, we tested whether a
membrane active cationic peptide (nisin) and a nonionic de-
tergent (Nonidet P-40) below the MIC also influence the con-
jugational transfer of the VanA plasmids. While nisin had no
effect on the transfer efficiency of these plasmids, Nonidet P-40
inhibited the conjugational transfer in two of four strains
tested (data not shown). Thus, dysintegrity of the bacterial
membrane could also influence the transfer of VanA plasmids,
at least in some strains. However, more experimental work is
needed, including the characterization of the transfer appara-
tus of VanA plasmids, to assess whether or not the impact of
FPL on the conjugation process is a specific inhibition of lytic
transglycosylases encoded by the plasmids or rather is unspe-
cific by physical interaction of the compound with the bacterial
membrane.

An important reason for the selection of FPL and vancomy-
cin in our experiments was to investigate whether there is a link
between induction of vancomycin resistance and the transfer
rate of VanA plasmids. This is of particular interest since FPL
is used as a growth promoter in animal husbandry and vanco-
mycin is a major reserve antibiotic in human medicine to com-
bat severe infections caused by gram-positive pathogens. First,
evidence for a stimulatory impact of subinhibitory concentra-
tions of antibiotics on gene transfer functions of resistance
determinants has been provided by reports dealing with regu-
lation of transfer of conjugative transposons in Bacteroides. It
was found that low levels of tetracycline stimulate the transfer
of the tetracycline resistance determinant tetQ by at least
1,000-fold (25). This stimulation is probably due to transcrip-
tional activation of the tetracycline resistance operon contain-
ing regulatory genes which control the transfer of the transpo-
son (20, 24).

The vancomycin resistance operon vanA is induced not only
by low concentrations of glycopeptides, but also by other cell
wall active antibiotics, including FPL (3, 9, 10, 15). However,

the activation of vancomycin resistance genes seems not to
induce transfer functions of conjugative VanA plasmids. We
could show that at concentrations of vancomycin and FPL
which induce the vanA operon, the rate of VanA plasmid
transfer was not affected by vancomycin and was even drasti-
cally decreased by FPL. These results suggest that there is no
functional link between induction of VanA-type vancomycin
resistance and the transfer rate of conjugative VanA plasmids.
In vivo trials have to be conducted to assess further the rele-
vance of the inhibitory effect of FPL on transfer of resistance
determinants in vivo.
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