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The genetic bases for antibiotic tolerance are obscure. Daptomycin (DAP) is a lipopeptide antibiotic with bactericidal activity
against enterococci. Using time-kill assays, we provide evidence for the first time that a deletion of isoleucine in position 177 of
LiaF, a member of the three-component regulatory system LiaFSR involved in the cell envelope response to antimicrobials, is
directly responsible for a DAP-tolerant phenotype and is likely to negatively affect response to DAP therapy.

Management of enterococcal infections is an important clini-
cal challenge since these organisms exhibit intrinsic resis-

tance to many antimicrobials. Furthermore, bactericidal therapy,
paramount in treatment of severe infections, is compromised due
to the fact that many strains are tolerant to common antientero-
coccal agents (i.e., are susceptible to the antibiotic but survive in
the presence of the drug). During recent decades, the emergence
and dissemination of multidrug-resistant (MDR) strains with re-
sistance to ampicillin and vancomycin and/or with high-level re-
sistance to aminoglycosides (1) have dramatically reduced the re-
liable bactericidal therapeutic options against MDR enterococci,
further complicating the treatment of severe infections (2).

Daptomycin (DAP) is a cyclic lipopeptide antibiotic with ac-
tivity against a wide range of Gram-positive organisms, including
MDR enterococci. DAP is frequently used off-label for the man-
agement of enterococcal bacteremia as it retains bactericidal ac-
tivity in vitro against enterococci in a dose-dependent fashion (3).
Although the majority of clinical enterococcal isolates remain
DAP susceptible (DAP-S), the development of resistance de novo
and arising during therapy has been well described (4, 5, 6). The
mechanism of DAP resistance is not fully understood. Nonethe-
less, mutations in liaFSR, encoding a three-component regulatory
system that orchestrates the cell envelope response to stress, cou-
pled with changes in genes encoding enzymes involved in phos-
pholipid metabolism (cls and gdpD) have been linked with the
development of DAP resistance in both Enterococcus faecalis and
E. faecium (7). Using an allelic replacement strategy, we showed
that introduction of a mutated liaF allele with a codon deletion
resulting in an isoleucine deletion at position 177 of the predicted
transmembrane protein LiaF produced a 3-fold increase in the
DAP MIC of a DAP-S clinical isolate of vancomycin-resistant E.
faecalis (7). Moreover, we subsequently provided evidence that a
high proportion of DAP-S E. faecium clinical isolates with DAP
MICs of between 3 and 4 �g/ml harbored mutations in at least one
of the genes of the liaFSR system. Conversely, no changes in liaFSR
were found in isolates with DAP MIC � 2 �g/ml (8). These initial
observations led us to postulate that mutations in the liaFSR sys-
tem play a critical initial role in the development of DAP resistance
in enterococci, producing a slight decrease in the susceptibility to
the antibiotic (not sufficient to increase the MIC above the sus-

ceptibility breakpoint) but eventually leading to therapeutic fail-
ure. Indeed, several investigators have reported DAP clinical fail-
ure in patients with enterococcal bacteremia whose DAP MICs
were in the higher range of susceptibility (3 to 4 �g/ml [the CLSI
breakpoint is 4 �g/ml]) (9, 10). Because these isolates appear “sus-
ceptible” by standard testing, DAP monotherapy is usually ad-
ministered, enhancing the possibilities of further selecting for re-
sistance. Thus, identification of DAP-S enterococcal isolates that
may be “predisposed” to DAP failure during therapy would be of
paramount importance to improve outcomes in patients with se-
vere enterococcal infections.

In order to evaluate the actual effect of the LiaF deletion on the
bactericidal activity of DAP, we performed time-kill assays (see
below) using the following previously reported vancomycin-resis-
tant E. faecalis strains: (i) S613, a DAP-S isolate (MIC � 1 �g/ml)
whose genome has been sequenced (available at the NCBI site
http://www.ncbi.nlm.nih.gov/nuccore), recovered from the
bloodstream of a patient before DAP therapy, (ii) R712, a DAP-
resistant (DAP-R) derivative of S613 (MIC � 12 �g/ml) recovered
from the patient’s blood after DAP monotherapy, carrying the
mutated liaF allele (with the ATT deletion in codon 177) and
additional mutations in gdpD (encoding a glycerophosphodi-
ester-phosphodiesterase) and cls (encoding a cardiolipin synthase
enzyme) (http://www.ncbi.nlm.nih.gov/nuccore) leading to ther-
apeutic failure (6), and (iii) a laboratory derivative of S613 in
which the wild-type liaF allele was replaced with the mutated one
from R712 (S613liaF�Ile177) (DAP MIC of 4 �g/ml) (7).

The bactericidal activity of DAP was evaluated with time-kill
assays performed in triplicate with an initial bacterial inoculum of
107 CFU/ml from an overnight culture. Bacteria were grown in
brain heart infusion (BHI) broth supplemented with calcium (50

Received 3 January 2013 Returned for modification 24 February 2013
Accepted 7 March 2013

Published ahead of print 18 March 2013

Address correspondence to Cesar A. Arias, cesar.arias@uth.tmc.edu.

Copyright © 2013, American Society for Microbiology. All Rights Reserved.

doi:10.1128/AAC.00021-13

June 2013 Volume 57 Number 6 Antimicrobial Agents and Chemotherapy p. 2831–2833 aac.asm.org 2831

http://www.ncbi.nlm.nih.gov/nuccore
http://www.ncbi.nlm.nih.gov/nuccore
http://dx.doi.org/10.1128/AAC.00021-13
http://aac.asm.org


mg/liter), and DAP was added at concentrations of 5� and 10�
the MIC for each strain determined in BHI broth supplemented
with calcium (the MICs obtained in BHI for S613, R712, and
S613liaF�Ile177 were 2, 24, and 8 �g/ml, respectively). Quantitative

bacterial counts were performed at 0, 6, and 24 h by plating ap-
propriate dilutions on BHI agar plates. In order to control for
antibiotic carryover, bacterial cell suspensions (1-ml samples)
were centrifuged and the pelleted bacteria suspended in 0.9% sa-

FIG 1 Time-kill assays with DAP at 5� the MIC (A) and 10� the MIC (B). The assays were performed using brain heart infusion broth supplemented with
calcium to a final concentration of 50 �g/ml. CFU, colony-forming units.
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line solution before plating. Bactericidal activity was defined as a
decrease of �3 log10 in bacterial counts at 24 h compared to the
initial inoculum. The limit of detection of the assay was 200 CFU/
ml, assuming maximum plating efficiency.

In order to place our results of the killing assay in the context of
genetic and phenotypic changes associated with DAP resistance,
five colonies from S613liaF�Ile177 were randomly selected at each
time point (6 and 24 h). DAP susceptibility testing was performed
on each colony in duplicate by Etest (bioMérieux, Marcy l’Etoile,
France) using Mueller-Hinton agar plates following the manufac-
turer’s recommendations. Additionally, the sequence analysis of
liaF, liaS, liaR, cls, and gdpD (complete open reading frames) was
performed using all of the colonies described above. The protocol
for PCR amplification, DNA purification, sequencing, and analy-
sis has been previously described (8). Apart from the Ile deletion
in LiaF, we evaluated the presence of deletions previously de-
scribed in R712 in the putative GdpD and Cls enzymes (deletion of
Ile at position 170 and deletion of Lys at position 61, respectively)
or novel mutations in the target genes. A mutation was defined as
a nonsynonymous nucleotide change(s) that predicted a change in
an amino acid that was not present in any other DAP-S isolates
whose genomes are publicly available from NCBI.

Figure 1 shows the time-kill curves for all the strains at different
DAP concentrations. DAP bactericidal activity was evident for
DAP-S S613, with a decrease of �3 log10 CFU/ml at concentra-
tions of 5� and 10� the MIC. Conversely, DAP had no effect on
the DAP-R R712 strain, with no killing effect observed at either
concentration of the antibiotic. The most striking finding was
that, for S613liaF�Ile177 (MIC � 4 �g/ml), DAP had no killing effect
(no reduction in CFU count from the starting inoculum) at DAP
concentrations of 5� or 10� the MIC, with the strain behaving in
a fashion similar to that of R712 upon exposure to the antibiotic.
Moreover, DAP MICs of all derivatives of S613liaF�Ile177 at 6 h and
24 h remained the same as those seen with the parental strain and
were within the DAP susceptibility range (4 �g/ml). Apart from
the ATT deletion in liaF, we found no other changes in cls or gdpD,
suggesting that the liaF alteration was sufficient to affect the ability
of DAP to kill S613liaF�Ile177.

The phenomenon of antibiotic tolerance in bacteria has been
recognized for many years, but its genetic bases still remain ob-
scure. Here we show, for the first time, a direct correlation be-
tween a mutation in a gene that encodes a transmembrane protein
(LiaF), a member of a system predicted to modulate the cell enve-
lope response to antimicrobials (11, 12), and antibiotic tolerance.
Although we cannot exclude the possibility of the presence of
additional mutations in other regions of the genome, the lack of
changes in genes that have been previously associated with devel-
opment of the DAP-R phenotype in the same strain strongly sug-
gests that the liaF deletion was responsible for the tolerance phe-
notype. These findings, along with our previous observations in E.
faecium (8) that a high proportion of the DAP-S isolates at the
high end of the susceptible range (MICs of 3 to 4 �g/ml) harbor
mutations in the LiaFSR system, continue to suggest that the en-

terococcal breakpoints for DAP may need to be revisited. The
specific role of the liaFSR system in the development of tolerance
and resistance to DAP is the object of our future studies.
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