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Daptomycin (DAP) is a new class of cyclic lipopeptide antibiotic highly active against methicillin-resistant Staphylococcus au-
reus (MRSA) infections. Proposed mechanisms involve disruption of the functional integrity of the bacterial membrane in a Ca-
dependent manner. In the present work, we investigated the molecular basis of DAP resistance in a group of isogenic MRSA clin-
ical strains obtained from patients with S. aureus infections after treatment with DAP. Different point mutations were found in
the mprF gene in DAP-resistant (DR) strains. Investigation of the mprF L826F mutation in DR strains was accomplished by inac-
tivation and transcomplementation of either full-length wild-type or mutated mprF in DAP-susceptible (DS) strains, revealing
that they were mechanistically linked to the DR phenotype. However, our data suggested that mprF was not the only factor deter-
mining the resistance to DAP. Differential gene expression analysis showed upregulation of the two-component regulatory sys-
tem vraSR. Inactivation of vraSR resulted in increased DAP susceptibility, while complementation of vraSR mutant strains re-
stored DAP resistance to levels comparable to those observed in the corresponding DR wild-type strain. Electron microscopy
analysis showed a thicker cell wall in DR CB5012 than DS CB5011, an effect that was related to the impact of vraSR and mprF
mutations in the cell wall. Moreover, overexpression of vraSR in DS strains resulted in both increased resistance to DAP and
decreased resistance to oxacillin, similar to the phenotype observed in DR strains. These results support the suggestion that, in
addition to mutations in mprF, vraSR contributes to DAP resistance in the present group of clinical strains.

Staphylococcus aureus is the most common Gram-positive
pathogen among skin and soft tissue infections (2). Methicillin

resistance in S. aureus is mediated by the acquisition of a
penicillin-binding protein (PBP), PBP 2a, which has decreased
affinity for �-lactam antibiotics but can continue to cross-link the
cell wall once the native PBPs (i.e., PBPs 1 to 4) have been inacti-
vated (23). A distinctive feature for most methicillin-resistant
S. aureus (MRSA) strains is the heterogeneous expression of resis-
tance, characterized by a small proportion (�0.1%) of the popu-
lation expressing a high level of homogeneous resistance while
most of the other isolates in the population express resistance to
10 �g/ml (12, 15, 43). Daptomycin (DAP) is a cyclic anionic
lipopeptide antibiotic that is produced by Streptomyces roseospo-
rus (3) and is approved for treatment of skin and skin structure
infections as well as treatment of bacteremia and right-side endo-
carditis caused by MRSA (1). The mechanism of action involves
disruption of cytoplasmic membrane function, resulting in depo-
larization and cell death due to disruption of critical metabolic
functions, such as protein, DNA, and RNA synthesis (2).

The incidence of DAP resistance in clinical isolates is very low,
and resistant strains display small increases in MIC (2). The exact
mechanism of DAP resistance has not yet been fully elucidated,
although some characteristics of the resistance phenotype have
been described. Genes regulating cell membrane surface charge
(e.g., mprF, lysylphosphatidylglycerol [LPG] synthetase) and fatty
acid biosynthesis (e.g., yycFG, two-component sensor kinase sys-
tem) were associated with resistance (34, 40) in both laboratory-
derived and clinical S. aureus strains (17). Other studies showed
that at least four phenotypic membrane alterations correlated

with DAP resistance in S. aureus, notably, in regard to the three
major membrane components, phosphatidylglycerol, cardiolipin,
and LPG (25). These studies demonstrated that DAP-
nonsusceptible isolates exhibited enhanced outer leaflet LPG
translocation compared to the daptomycin-susceptible isolates
(25). The synthesis and the outer leaflet translocation of LPG are
mediated by MprF (40), and a correlation between increased ex-
pression of a mutant mprF gene and reduced in vitro DAP suscep-
tibility was recently reported (48). Moreover, it has been demon-
strated that the dltABCD operon also contributes to the net
membrane positive charge by d-alanylating wall teichoic acids
(WTAs) through distinct effector mechanisms (5). Thus, the as-
sociated effect of both the mprF and dltABCD mechanisms would
result in a reduced access of calcium-DAP to its membrane target.
Besides the membrane, changes in the cell wall are suggested to be
involved in DAP resistance. Recently, studies by Muthaiyan et al.
demonstrated with transcriptional profiling that DAP is an in-
ducer of the cell wall stress stimulon, affecting the expression of
both genes that are involved in the peptidoglycan synthesis of S.
aureus and those that are known to be under regulation of the
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VraSR two-component regulatory system (35). In this context, it
has been observed in an in vitro-generated, DAP-nonsusceptible
derivative strain that vraSR was upregulated, while expression of
mprF was repressed; no mutations in mprF were observed in this
strain (7).

The present work aimed to investigate the molecular basis of
DAP resistance in pairs of DAP-susceptible (DS) and DAP-
resistant (DR) isogenic MRSA clinical strains obtained as a result
of DAP treatment failure. We found that both mprF point muta-
tions and differential expression levels of vraSR observed between
DS and DR strains were mechanistically linked to the DAP-
resistant phenotype. Moreover, we observed that decreased sus-
ceptibility to DAP was associated in the majority of strains with
increased susceptibility to oxacillin, a phenotype associated with
their heterotypic mode of �-lactam resistance expression, i.e., in
heterogeneous but not homogeneous MRSA strains. These results
support the concept that increased expression of vraSR represents
an additional factor contributing to the development of daptomy-
cin resistance in these clinical MRSA strains.

MATERIALS AND METHODS
Materials and media. Trypticase soy agar (TSA II) with 5% sheep blood
(BBL, Sparks, MD) and Mueller-Hinton agar (MHA; BBL Microbiology
Systems, Cockeysville, MD) with and without additives (Sigma, St. Louis,
MO; United States Biochemicals, Cleveland, OH) were used for subcul-
ture and maintenance of S. aureus strains.

Bacterial strains. All of the strains and primers used in this study are
listed in Tables 1 and 2. Pulsed-field gel electrophoresis (PFGE) was used
to determine the clonality of the isogenic strains as previously described
(4, 45).

Antibiotics. Standard reference powders were obtained from
Sigma-Aldrich, St. Louis, MO (oxacillin and vancomycin); DAP was
provided by Cubist Pharmaceuticals, Lexington, MA. Susceptibilities
to oxacillin and vancomycin were determined according to the guide-
lines of the Clinical and Laboratory Standards Institute (CLSI; for-
merly NCCLS) (36). Daptomycin MICs were determined by Etest (AB
Biodisk, Solna, Sweden).

Population analysis. Population analysis profiles were determined as
described by Chambers et al. (10). In the case of DAP population analysis,
profiles were performed by using MHA supplemented with calcium (50
�g/ml) and containing increasing concentrations of DAP, and 109 CFU
from an overnight culture was serially diluted as the inoculum.

Comparison of relative net cell surface charge. Previous investiga-
tions indicated that DR S. aureus strains are associated with frequent al-
teration of the net cell surface charge compared to that of the respective
DS parental strains (25, 32). For these assays, we compared the relative net
cell surface charge of pairs CB5011/CB5012, CB5035/CB5036, and
CB182/CB183 by quantifying the association of the highly cationic mole-
cule cytochrome c (pI 10; Sigma) to the staphylococcal surface. The
amount of cytochrome c remaining in the postcentrifugation supernatant
after a 10-min binding interaction with S. aureus cells was quantified
spectrophotometrically at an optical density at 530 nm (OD530). The more
unbound cytochrome c that was detected in the supernatant, the more
that a positive charge existed on the bacterial cell surface. Strains
CB685 and CB687 were used as controls (dltA positive and negative),
respectively (41). The data shown are the means (� standard devia-
tions [SDs]) of the amount of unbound cytochrome c from three in-
dependent experiments.

Determination of SCCmec types. Chromosomal DNA was prepared by
using a Qiagen (Valencia, CA) genomic DNA preparation kit according to the
manufacturer’s instructions. Staphylococcal cassette chromosome mec (SC-
Cmec) types were determined as previously described (38). S. aureus strains
COL (SCCmec type I), N315 (SCCmec type II), ANS46 (SCCmec type III),
and USA300 (SCCmec type IV) were used as positive controls.

Analysis of gene expression by real-time RT-PCR, Northern blotting,
and microarray transcriptional profiling. RNA extractions for real-time
reverse transcription-PCR (RT-PCR) and Northern blot analyses were
performed as previously described (12, 19, 44). Total RNA was extracted
using an RNeasy isolation kit (Qiagen); all RNA samples were analyzed by
A260/A280 spectrophotometry and gel electrophoresis to assess concentra-
tion and integrity and cleaned of potential DNA contamination by treat-
ing them with DNase as per manufacturer recommendations (Ambion,
Inc., Austin, TX). Real-time reverse transcription-PCR analysis was done
using a SensiMix SYBR One-Step kit (Quantace/Bioline, Taunton, MA)
according to the manufacturer’s protocol. Gene expression was compared
according to the threshold cycle (CT) values converted to fold change with
respect of a sample considered the reference (value � 1) using log2

�(��CT). The change (n-fold) in the transcript level was calculated using
the following equations: �CT � CT(test DNA) � CT(reference cDNA), ��CT �
�CT(target gene) � �CT(16S rRNA), and ratio � 2���CT (30). The quantity of
cDNA for each experimental gene was normalized to the quantity of 16S
cDNA in each sample determined in a separate reaction. Each RNA sam-
ple was run in triplicate; values represent the means of at least three sep-
arate RNA samples. Oligonucleotide primers are shown in Table 2.

Northern blot analysis was performed by using 7 �g of RNA separated
through formaldehyde-containing 1% agarose. The intensities of the 23S
and 16S rRNAs were visualized using a 254-nm UV shortwave lamp, and
quantities were adjusted so that the same amount of RNA was loaded for
each sample. RNA was transferred from agarose to positively charged
nylon membranes (Stratagene, La Jolla, CA) by capillary action (44). La-
beling and hybridization were done using digoxigenin labeling and detec-
tion kits (Roche, Indianapolis, IN) according to the manufacturer’s in-
structions. Oligonucleotide primers are shown in Table 2.

Microarray transcriptional profiling was carried out as previously de-
scribed (12, 19) by using a spotted DNA microarray (J. Craig Venter
Institute, version 6 S. aureus slides) containing 4,546 oligonucleotides
(70-mer) covering the genomes of S. aureus COL (2,654 open reading
frames [ORFs]), S. aureus N315 (2,623 ORFs), S. aureus Mu50 (2,748
ORFs), MRSA 252 (2,744 ORFs), MSSA 476 (2,619 ORFs), and pLW043
(62 ORFs). Pairwise comparisons, performed in triplicate, between iso-
genic pairs A (CB5011 versus CB5012), E (CB5035 versus CB5036), and F
(CB182 versus CB183) were made, as indicated in Table 1.

The comparisons were performed between DS and DR MRSA isogenic
pairs grown in drug-free LB medium collected at exponential growth (log)
phase (OD600, 0.6). The results are based on a series of statistical analyses
(filtering) where ratios of Cy3 and Cy5 were converted to log2 values and
the cutoff was set at above 1 (present) or below �1 (absent) (8, 12).
Median signal intensity values, calculated from each set of in-slide repli-
cates and flipped-dye experiments, were used to calculate log2 and n-fold
changes in gene expression. The data set was normalized by applying the
LOWESS algorithm (block mode; smooth parameter, 0.33) and using
MIDAS software (http://www.jcvi.org/cms/research/software/), and sig-
nificant changes were identified with SAM (significance analysis of mi-
croarrays) software (http://www-stat.stanford.edu/tibs/SAM/index
.html) (8, 12).

Cloning, transformation, and DNA manipulation. All restriction en-
donuclease digestions and ligations were performed in accordance with
the manufacturer’s (New England BioLabs, Beverly, MA) specifications.
Chromosomal DNA was prepared by using a Qiagen genomic DNA prep-
aration kit according to the manufacturer’s directions. Sequencing of all
PCR amplification products was performed by the Nucleic Acid Research
Facility at Virginia Commonwealth University (Richmond, VA). Se-
quence analysis of mprF from clinical isolates was performed using chro-
mosomal DNA isolated from DS/DR strains at SeqWright (Houston, TX);
primers used were previously described (17, 26, 42). Consensus sequences
were assembled from both orientations with Vector NTI Advance 10 soft-
ware for Windows (InforMax, Bethesda, MD). S. aureus N315 (GenBank
accession number BA000018) was used as a positive control.
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Mutational insertion inactivation of mprF and complementation.
mprF-null mutants were constructed by moving �mprF::cat from strain
CK1001 (22) into the clinical DR MRSA strains CB5012 and CB1634 and
their DS counterparts, CB5011 and CB1631, respectively, by general
transduction using 80� phage (37). Transcomplementation of mprF was
performed by using a construct encompassing the complete mprF gene as
well as the upstream region (425 bp) including the putative ribosomal
binding site and promoter using mprF primers mprF-F2 and mprF-R2,
shown in Table 2. The 3.0-kb PCR fragment products were purified using
a QIAquick gel extraction kit, ligated into the ligase-independent cloning
site of the PCR2.1-TOPO vector (Invitrogen, Carlsbad, CA), and trans-
formed into chemically competent Escherichia coli TOP10 cells (Invitro-
gen). A staphylococcal origin of replication was introduced by cloning

TABLE 1 Description of strains and plasmids used in this study

Straina Relevant genotype and phenotype Reference or source

S. aureus
COL Methicillin-resistant SCCmec type I 10
N315 Methicillin-resistant SCCmec type II 29
USA300 Methicillin-resistant SCCmec type IV 9, 27
CK1001 RN4220 �mprF::cat 22
KVR N315�vraSR::cat 28
RN4220 Restriction-deficient mutagenized RN450 15
CB5011, pair A DS, SCCmec type II (USA100) Cubist Pharmaceuticals
CB5012, pair A DR isogenic to CB5011; MprF L826F Cubist Pharmaceuticals
CB5013, pair B DS, SCCmec type II (USA100) Cubist Pharmaceuticals
CB5014, pair B DR isogenic to CB5013, MprF S377L Cubist Pharmaceuticals
CB1631, pair C DS, SCCmec type II (USA100) Cubist Pharmaceuticals
CB1634, pair C DR isogenic to CB1631, MprF L826F Cubist Pharmaceuticals
CB5048, pair D DS, SCCmec type IV (USA300) Cubist Pharmaceuticals
CB5051, pair D DR isogenic to CB5048 Cubist Pharmaceuticals
CB5035, pair E DS, SCCmec type II (USA100) Cubist Pharmaceuticals
CB5036, pair E DR isogenic to CB5035, MprF P314L Cubist Pharmaceuticals
CB182, pair F DS, SCCmec type IV (USA300) Cubist Pharmaceuticals
CB183, pair F DR isogenic to CB182, MprF L341S Cubist Pharmaceuticals

Derivative S. aureus strains
MAR-1 CB5011 �mprF::cat This study
MAR-2 MAR-1 � pMPRF-1 (wild-type mprF cloned into pPV72-2) This study
MAR-3 MAR-1 � pMPRF-2 (mutated mprF L826F cloned into pPV72-2) This study
MAR-4 CB5012� �mprF::cat This study
MAR-5 MAR-4 � pMPRF-1 This study
MAR-6 MAR-4 � pMPRF-2 This study
MAR-7 CB5012 �vraSR::cat This study
MAR-8 MAR-7 � pVRASR-2 This study
MAR-9 CB5011 expressing pVRASR-2 This study
MAR-10 CB5013 expressing pVRASR-2 This study
MAR-11 CB1631 expressing pVRASR-2 This study
MAR-12 CB5048 expressing pVRASR-2 This study
MAR-13 CB5035 expressing pVRASR-2 This study
MAR-14 CB1631 �mprF::cat This study
MAR-15 MAR-14 pMPRF-1 (wild-type mprF cloned into pPV72-2) This study
MAR-16 MAR-14 pMRPF-2 (mutated mprF L826F cloned into pPV72-2) This study
MAR-17 CB1634 �mprF::cat This study
MAR-18 MAR-17(pMPRF-1) (wild-type mprF cloned into pPV72-2) This study
MAR-19 MAR-17(pMRPF-3) (mutated mprF L826F cloned into pPV72-2) This study

E. coli (PCR2.1-TOPO) Ampr Kanr Invitrogen
S. aureus (pPV72-2) Shuttle vector; E. coli-S. aureus Tetr 31
S. aureus RN4220 (pVRASR-2) Entire vraS/vraR cloned into pAW8 6
S. aureus RN4220 (pMPRF-1) Entire mprF cloned into pPV72-2 This study
S. aureus RN4220 (pMPRF-2) Full-length mprF containing L826F site-directed mutation from CB5012 cloned into pPV72-2 This study
S. aureus RN4220 (pMPRF-3) Full-length mprF containing L826F site-directed mutation from CB1634 cloned into pPV72-2 This study
a Pair A, parent strain CB5011 and its derivative, CB5012; pair B, CB5013 and derivative CB5014; pair C, CB1631 and derivative CB1634; pair D, CB5048 and derivative CB5051;
pair E, CB5035 and derivative CB5036; pair F, CB182 and derivative CB183.

TABLE 2 Primers used in this studya

Primers 5=–3=
16S-F TCCGGAATTATTGGGCGTAA
16S-R CCACTTTCCTCTTCTGCACTCA
vraSR-R GGTGCAACGTTCCATATTGTATTGT
vraSR-F GGCTTCAACTCATGGGCTTTGGCAA
mecA-F TGCCTAATCTCATATGTGTTCCTGTAT
mecA-R CGGTGCTGAAACTTATTCACAATATAAT
mprF-F GTGGCGACATTCTTCACTTACG
mprF-R GCCAGAAGTAATAGCGCAATACAG
mprF-F2 ATGTTGGGCAGTTACATTTATGAT
mprF-R2 GACTTAACTTAAGCTCATTTC
a All primers were prepared for this study.
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plasmid pPV72-2, an S. aureus replicon (31), into the unique BamHI site
on PCR 2.1-TOPO (pMPRF-1; Table 1); the construct was moved into S.
aureus RN4220 by electroporation (15). Transcomplementation of mprF
mutants was obtained by transduction of plasmid pMPRF-1 (pPV72-2
vector containing wild-type mprF) from RN4220 by phage 80� into DR
mprF mutants CB5012 �mprF::cat and CB1634 �mprF::cat and into their
counterpart DS mprF mutants, CB5011 �mprF::cat and CB1631�mprF::
cat, respectively. In addition, CB5012 �mprF::cat and CB5011 �mprF::cat
mutants were transduced with pMPRF-2 (pPV72-2 harboring full-length
mprF containing an L826F site-directed mutation), obtaining MAR-3
(CB5011�mprF::cat) and MAR-6 (CB5012 �mprF::cat), respectively.
This was similarly performed for mutants CB1631�mprF::cat and CB1634
�mprF::cat by introducing pMPRF-3 (pPV72-2 harboring full-length
mprF containing L826F), obtaining MAR-16 and MAR-19, respectively.
All constructs were verified by both sequence and restriction enzyme anal-
yses.

Construction of vraSR-null mutants and complementation. A mu-
tant MAR-7 strain (Table 1) was obtained by transducing the deletion
vraSR mutant (�vraSR::cat) by �11 phage from strain KVR (28) into DR
CB5012 (37). The mutant MAR-7 was transcomplemented with a shuttle
plasmid, pAW8, containing a 3.3-kb fragment corresponding to the entire
vraSR operon (6) by transduction, resulting in the MAR-8 strain (Table
1). Overexpression of vraSR in DS strains CB5011, CB5013, CB1631,
CB5048, and CB5035 was performed by phage 80�-mediated transduc-
tion of shuttle plasmid pAW8 containing the entire vraSR operon (6),
resulting in strains MAR-9 to MAR-13, respectively (Table 1).

Electron microscopy (EM) evaluation of cell wall thickness. The
preparation of S. aureus cells for transmission electron microscopy from
DS parent CB5011, DR derivative CB5012, and genetically modified mu-
tant derivative strains was performed using standard procedures de-
scribed by Cui et al. (11). Briefly, morphometric evaluation of cell wall
thickness was performed by using photographic images at a final magni-
fication of �30,000. Thirty cells of each strain with nearly equatorial cut
surfaces were measured for the evaluation of cell wall thickness, and re-
sults were expressed as means � SDs. All of the cell wall thickness mea-
surements were performed by two of the listed authors (S.M. and K.B.P.),
who were blinded to the identities of the organisms.

RESULTS
Phenotypic studies between DS and DR MRSA pairs. DAP, oxa-
cillin, and vancomycin MICs were determined in six isogenic
DS/DR strains labeled pairs A, B, C, D, E, and F by using standard
procedures, including the Etest (AB Biodisk, Dalvagen, Sweden)
in medium supplemented with calcium (50 �g/ml CaCl2). We
found an increase in DAP MICs in all DR strains (2 to 4 �g/ml)
that was associated with a slight decrease in vancomycin suscepti-
bility (1 to 3 �g/ml); baseline daptomycin and vancomycin MICs
were 0.25 to 0.5 �g/ml and 1 to 2 �g/ml for the DS and DR strains,
respectively (Table 3). No changes in susceptibility to cationic
molecules such as gentamicin were observed between DS-DR
strains (data not shown). We next investigated the expression of
resistance to DAP by population analysis profile. As shown in Fig.
1A, for pair A, 5 � 105 DS CB5011 cells were inhibited at 0.5
�g/ml, while 3 � 108 DR CB5012 cells were still growing at the
same DAP concentration. Similar results were obtained for pairs
D and E (data not shown). Interestingly, susceptibility to oxacillin
was reduced from 16 to 32 �g/ml to 1 to 0.25 �g/ml in DR strains
for pairs A, C, D, and F; pairs B and E did not show changes in
oxacillin MICs (512 �g/ml) (Table 3). Analysis of oxacillin resis-
tance expression showed a typical heterogeneous MRSA profile in
pairs A, C, D, and F, in which, for example, 9 � 103 DS CB5011
cells grew at an oxacillin concentration of 32 �g/ml, while its DR
CB5012 counterpart (4 � 103 cells) was inhibited at an oxacillin

concentration of 0.25 �g/ml (Fig. 1B). In contrast, pairs B and E
displayed a homogeneous oxacillin expression profile with no re-
duction in oxacillin susceptibility (Fig. 1C). These results suggest
that in this group of strains, DAP resistance is associated with a
concomitant decrease in oxacillin resistance in MRSA strains ex-
pressing heterogeneous �-lactam resistance.

Previous studies have shown that DR S. aureus strains dis-
played a frequent alteration of the net cell surface charge com-
pared to their DS counterparts (14). By spectrophotometrically
quantifying the amount of bound cytochrome c, we found no
significant changes between DS/DR strain pairs CB5011/CB5012,
CB5035/CB5036, and CB182/CB183 (Table 1; Fig. 2). The pair
CB685 and CB687 (dltA positive and negative, respectively) was
used as a positive control. As previously reported (41), strain
CB687displayed increased levels of bound cytochrome c com-
pared to strain CB685 (Fig. 2). The resistant isolates tested herein
(Fig. 2) were not significantly different from their parent, suscep-
tible isolates, suggesting that these data are consistent with, al-
though do not completely exclude, the possibility that changes in
cell surface charge are not a significant contributor to the mecha-
nism associated with the resistance phenotype in the present
group of clinical strains.

Genotypic analysis of DS/DR MRSA strains. To determine
whether DAP resistance was linked to a specific SCCmec structure,
we performed a multiplex PCR analysis of the ccrAB genes, impli-
cated in the excision and integration of SCCmec to the S. aureus
chromosome (38). We determined that pairs A, B, C, and E dis-
play an SCCmec type II structure characterized by the presence of
mecA, the regulators mecI/mecR1, and the ccrAB2 genes, a profile
that was identical to that for the positive-control S. aureus N315
(SCCmec type II element) strain and related to that of USA100-
type strains. In contrast, pairs D and F harbored SCCmec type
IV and were related to USA300-type strains, with the insertion
of the IS1272 element at the 3=-terminal portion of the regula-
tor mecR1 and deletion of the repressor mecI (data not shown).
In addition, PFGE analysis performed with DS/DR pair strains
indicated clonality with an absence of genomic rearrangements
(data not shown). Together, these results led us to infer that the
decrease in oxacillin resistance observed in the above-
mentioned DR strains was not due to deletion of SCCmec
and/or mecA (data not shown).

TABLE 3 MICs of S. aureus DS and DR strains against DAP, oxacillin,
and vancomycin

Pair
Strain
(DAP susceptibility)

MIC (�g/ml)a

DAP OXA VAN

A CB5011 (DS) 0.5 32 1
CB5012 (DR) 4 0.25 2

B CB5013 (DS) 0.5 512 1
CB5014 (DR) 4 512 2

C CB1631 (DS) 0.5 32 1
CB1634 (DR) 4 0.5 2

D CB5048 (DS) 0.25 32 1.5
CB5051 (DR) 2 1 2

E CB5035 (DS) 0.25 512 1.5
CB5036 (DR) 2 512 3

F CB182 (DS) 0.5 32 1
CB183 (DR) 4 1 2

a OXA, oxacillin; VAN, vancomycin.
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Mutations in the mprF gene contribute to DAP resistance in
DS/DR MRSA pairs. Previous studies have shown that resistance
to DAP in either clinical MRSA or laboratory mutant strains may
be associated with changes in mprF, including increased transcrip-
tion and/or point mutations leading to a gain-of-function pheno-
type (40, 48). To determine whether similar events may account
for resistance to DAP in our clinical MRSA strains, we performed
expression analysis of mprF by real-time RT-PCR using RNA ex-
tracted from DS and DR cells collected at both exponential and

stationary phases of growth (OD600s, 0.6 and 1.0, respectively). No
significant difference between DS and DR strains was observed
(data not shown), suggesting that DAP resistance in our clinical
DR MRSA strains is not mediated through increased mprF expres-
sion. Sequence analysis of mprF revealed the presence of the fol-
lowing mutations: pair A, DR CB5012, one amino acid substitu-
tion, leucine 826 to phenylalanine (L826F); pair B, DR CB5013,
S377L; pair C, DR CB1631, L826F; pair E, DR CB5036, P314L; and
pair F, DR CB183, L341S (Table 1). Three single amino acid sub-

FIG 1 Population analysis profiles. Aliquots (10 �l) from overnight LB cultures of the DS CB5011 and DR CB5012 (A and B) and DS CB5035 and DR CB5036
(C) S. aureus strains were inoculated to MHA plates containing increasing concentrations of daptomycin (with Ca2� at 50 mg/liter) (A and B) and oxacillin (C)
to determine the mode of phenotypic expression of resistance by population analysis, as described in Materials and Methods.

FIG 2 Binding of positively charged cytochrome c to whole DS-DR MRSA cells. The graph shows the percentage of cytochrome c unbound after 10 min
incubation with the DS-DR cells at room temperature. Strains CB685 and CB687 (dltA positive and negative, respectively) were used as positive controls. Data
represent the means and standard deviations from three independent experiments.
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stitutions were mapped to the hydrophobic N-terminal translo-
case domain of MprF (i.e., S377L, P314L, and L341S), while the
substitution L826F localized to the hydrophilic Lys1-
phosphatidylglycerol synthase C-terminal portion (14). To deter-
mine the potential role of mprF mutations in DAP resistance, an
mprF null mutant was generated, using as background the DS
CB5011 strain, by 80�-mediated transduction from mprF-null
mutant strain CK1001 (22). The resulting strain (MAR-1; Table 1)
was verified by both PCR (DNA) and real-time RT-PCR (RNA)
(Fig. 3). Mutant MAR-1 (CB5011 �mprF::cat) was complemented
either with pMPRF-1 containing the wild-type full-length mprF
gene cloned in pPV72-2 (CB5011 �mprF::cat plus pMPRF-1,
strain MAR-2; Table 1) or with pMPRF-2 harboring the full-
length mprF gene containing the L826F site-directed mutation
(CB5011�mprF::cat plus pMPRF-2, strain MAR-3; Table 1). mprF
expression was verified following complementation in RNA sam-
ples prepared from cells collected at the exponential phase of
growth (OD600, 0.6); mprF transcomplementation (strains
MAR-2 and MAR-3; Table 1) resulted in mprF transcription levels
similar to those observed in parental strain CB5011 (Fig. 3). Sim-
ilar results of mprF expression were obtained in mprF mutants
(MAR-14 and MAR-19; data not shown). Phenotypic analysis was
then performed between the mprF mutant (MAR-1) and comple-
mented MAR-2 and MAR-3 strains. MIC values showed a de-
crease in DAP MIC in MAR-1 compared to wild-type CB5011
(MICs, 0.094 �g/ml and 0.5 �g/ml, respectively; Table 4). Com-
plementation of the MAR-1 strain with wild-type mprF (MAR-2)
restored the DAP MIC to a level equivalent to that of CB5011 (0.5
�g/ml); however, full-length mprF containing the L826F muta-
tion resulted in an increased DAP MIC, up to 2 �g/ml (MAR-3;
Table 4), despite levels of transcription similar to those existing in
the wild-type strain (Fig. 3).

Inactivation of mprF was then performed in the DR CB5012
strain by transduction with phage lysates from mprF-null mutant
CK1001 (22), and lack of expression of mprF was verified by real-
time RT-PCR (MAR-4; Fig. 3). Phenotypic analysis of MAR-4
revealed that inactivation of mprF increased susceptibility to DAP
(MICs, 4 �g/ml and 0.5 �g/ml for CB5012 and MAR-4, respec-
tively; Table 4). As with the DS CB5011 strain, complementation

of the mprF mutant MAR-4 strain with wild-type full-length mprF
(MAR-5) resulted in a DAP MIC of 0.75 �g/ml (Table 4), while
complementation of MAR-4 with mprF L826F conferred higher
resistance to DAP (MAR-6; MIC, 3 �g/ml; Table 4). To further
investigate whether the L826F mprF mutation was responsible for
the observed phenotype and was not due to a secondary effect
related to the plasmid expression, a similar approach was per-
formed in the pair CB1631 (DS) and CB1634 (DR) containing the
same L826F mprF mutation. Results shown in Table 4 confirmed
the observations established in pair CB5011/CB5012. Together, in
agreement with previous observations (17, 26, 42), these results
indicate that mutations observed in mprF may contribute to de-
creased susceptibility to DAP in DR strains. However, they also
suggest that the introduction of only these mutations may not be
sufficient to achieve the level of resistance observed in DR strains,
as suggested by studies performed using the DS strain back-
ground. Further studies designed to establish the functional sig-
nificance of mprF mutations detected in other pairs are ongoing.

Analysis of differentially expressed genes by spotted mi-
croarrays in isogenic DS/DR MRSA clinical strains. We per-
formed differential gene expression analysis by spotted DNA mi-
croarray to identify additional mechanisms that may be involved
in establishing resistance to DAP. This analysis was determined in
three of the pairs used in the present investigation, i.e., pair A
(CB5011 [DS] versus CB5012 [DR]), pair E (CB5035 [DS] versus
CB5036 [DR]), and pair F (CB182 [DS] versus CB183 [DR]) (Ta-
ble 5). As shown in Table 5, overall changes in expression levels of
most genes were moderate, with ratios in the range of 2- to 5-fold.
On the basis of a cutoff value arbitrarily set at a 2-fold change,
genes upregulated in DR versus DS strains in the above-
mentioned pairs included genes related to cell wall metabolism,
mecA (SA0038_N315) and penicillin-binding protein 2, pbp2
(SA1283_N315); two-component sensor histidine kinase vraS
(SA1701_N315) and two-component response regulator vraR
(SA1700_N315), which play a major role in sensing and reacting
to cell wall stress; and the peptidoglycan synthesis (elongation)
gene sgtB (SA1691_N315). Other upregulated genes were vraF
(ABC transporter ATP-binding protein, SA0616_N315) and vraG
(ABC transporter permease, SA0617_N315), known to be in-

TABLE 4 Daptomycin MICs of mprF-null mutant and
mprF-complemented strains

Strain Genotype MIC (�g/ml)

CB5011 DS 0.5
MAR-1 CB5011 �mprF::cat 0.094
MAR-2 MAR-1 � pMPRF-1 0.5
MAR-3 MAR-1 � pMPRF-2 2
CB5012 DR 4
MAR-4 CB5012 � �mprF::cat 0.5
MAR-5 MAR-4 � pMPRF-1 0.75
MAR-6 MAR-4 � pMPRF-2 3
CB1631 DS 0.25
MAR-14 CB1631 �mprF::cat 0.064
MAR-15 MAR-14 � pMPRF-1 0.5
MAR-16 MAR-14 � pMPRF-3 2
CB1634 DR 4
MAR-17 CB1634 �mprF::cat 0.5
MAR-18 MAR-17 � pMPRF-1 0.5
MAR-18 MAR-17 � pMPRF-3 3

FIG 3 Quantitation of mprF mRNA by real-time RT-PCR. RNA was prepared
from cells of DS CB5011, mprF-null mutant MAR-1, MAR-1 mprF-
complemented MAR-2 and MAR-3, DR CB5012, mprF-null mutant MAR-4,
and MAR-4 mprF-complemented MAR-5 and MAR-6 strains collected at ex-
ponential phase of growth, as described in Materials and Methods. Relative
fold change values of specific mprF mRNA are shown on the vertical axis; 16S
rRNA was used as an internal control. �, significantly less than control (P �
0.001).
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volved in mechanisms of transport (7); ddh (2-hydroxyacid dehy-
drogenase, SA2312_N315); opp-1B (SA2254_N315, oligopeptide
transporter putative membrane-permease domain); and opp-2F
(SA1211_N315, oligopeptide transporter putative ATPase do-
main). Among downregulated genes, the analysis revealed lrgB
(antiholin-like protein LrgB, SA0253_N315), a genetic locus re-
ported to influence autolysis, with LrgB proteins acting as antiholins
that regulate the activity of the holin CidA and CidB proteins, and a
group involved in the metabolism of glycerol, including glpF (glycerol
uptake facilitator, SA1140_N315), pgsA (phosphatidylglycerophos-
phate synthase, SA1126_N315), and dehydrogenases (alanine dehy-
drogenase, SA1272_N315; glycine dehydrogenase, SA1365_N315)
(Table 5). These results indicate that genes involved in both cell wall
and membrane synthesis may play a role during the acquisition of
DAP resistance in the DR strains described herein.

Daptomycin resistance is functionally associated with in-
creased expression of the vraSR regulon in clinical MRSA
strains. Taking into account results from gene expression analysis
described above (genes involved in cell wall synthesis and turn-
over) and previous studies showing that the two-component reg-
ulator and cell wall stress stimulon VraSR is involved in the action
of DAP (7, 35) prompted us to characterize the role of vraSR in our
strains. Changes in the expression of vraSR were further analyzed
by RT-PCR and Northern blot analysis using RNA from DS and
DR cells corresponding to pairs A through E. As shown in Fig. 4A,
increased expression of vraSR was observed in all DR strains com-
pared to their DS counterparts. To define the mechanistic signif-
icance of vraSR upregulation, the vraSR operon was inactivated in

DR strains CB5012 (pair A, CB5012 �vraSR::cat [MAR-7]; Table
1) and CB5014 (pair B, CB5014 �vraSR::cat) by phage 11-
mediated transduction from the vraSR-null mutant KVR (28).
Lack of expression of vraSR in mutant strains was monitored by
real-time RT-PCR. Phenotypic analysis of vraSR-null mutant
MAR-7 by DAP Etest showed an increase in DAP susceptibility
compared to the parental CB5012 strain (MICs, 0.25 �g/ml
versus MIC 4 �g/ml); similar results were observed in vraSR-
null mutant strain CB5014 �vraSR::cat (data not shown).
vraSR-null mutant MAR-7 was then complemented with a cloned
full-length vraSR (6) (MAR-8; Table 1). vraSR complementation was
verified by RT-PCR and resulted in vraSR transcription levels similar
to those corresponding to DR CB5012 (Fig. 4B); as expected, no
changes in vraSR expression were observed in MAR-7 complemented
with an empty vector (Fig. 3B). Phenotypic analysis of the MAR-8
strain showed that vraSR complementation restored DAP resistance
with MICs of 0.25 �g/ml versus 3 �g/ml for MAR-7 and MAR-8,
respectively, values comparable to those observed in CB5012 (pair A;
Table 3).

To determine the mechanistic role of increased vraSR expres-
sion in daptomycin resistance, additional studies were performed
by overexpressing vraSR in DS CB5011, CB5013, CB1631,
CB5048, and CB5035 strains; complementation resulted in ex-
pression levels similar to those observed in the corresponding DR
strains determined by RT-PCR (Fig. 4C). Phenotypic differences
were determined by DAP MIC analysis; an increase in DAP MIC
was consistently observed in vraSR-complemented DS strains,
with values ranging from 2 �g/ml to 6 �g/ml (Table 6). Interest-

TABLE 5 Differential gene expression between DS and DR strainsa

ORF Gene Product or putative function Fold change

SA0616_N315 vraF ABC transporter ATP-binding protein �3.8
SA0617_N315 vraG ABC transporter permease �4.3
SA2312_N315 ddh 2-Hydroxyacid dehydrogenase �3.1
SA2254_N315 opp-1B Oligopeptide transporter putative membrane permease domain �3.5
SA1211_N315 opp-2F Oligopeptide transporter putative ATPase domain �3.5
SA0038_N315 mecA PBP 2a �4.2
SA1283_N315 pbp2 PBP 2 �4.5
SA1691_N315 sgtB Elongation of peptidoglycan synthesis �3.2
SA1023_N315 ftsL Cell division protein �4.4
SA1700_N315 vraR Two-component response regulator �5.5
SA1701_N315 vraS Two-component sensor histidine kinase �4.7
SA0661_N315 saeR Response regulator �3.1
SA0760_N315 Glycine cleavage system protein H �4.1
SA1458_N315 lytH N-Acetylmuramoyl-L-alanine amidase �3.8
SA0149_N315 capF Capsular polysaccharide synthesis enzyme Cap5F �2.8
SACOL2509 fnbB Fibronectin binding protein �3.3
SA0747_N315 cspC Cold shock protein �4.3
SAR2790 cspB Cold shock protein �3.8
SA1141_N315 glpK Glycerol kinase �3.5
SA1140_N315 glpF Glycerol uptake facilitator �4.6
SA1126_N315 pgsA Phosphatidylglycerophosphate synthase �2.6
SA1272_N315 Alanine dehydrogenase �4.5
SA1365-N315 Glycine dehydrogenase subunit 2 �3.2
SA1047-N315 pryF Orotidine-5-phospate decarboxylase �3.1
SA2425_N315 arcC Carbamate kinase �4.2
SA0253_N315 lrgB Antiholin-like protein LrgB �4.8
SA2499_N315 gidB Glucose-inhibited division protein B �2.7
a Analysis of strain pairs A (CB5011 [DS] versus CB5012 [DR]), E (CB5035 [DS] versus CB5036 [DR]), and F (CB182 [DS] versus CB183 [DR]); analysis of each pair was
performed in triplicate. The data were normalized by applying the LOWESS algorithm (block mode; smooth parameter, 0.33) and using MIDAS software
(http://www.jcvi.org/cms/research/software/), and significant changes were identified with SAM software. Values are averages of the three pairs analyzed.
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ingly, increases in DAP resistance after vraSR overexpression in
DS strains were associated with a decrease in oxacillin resistance
(e.g., oxacillin MICs, 0.5 �g/ml versus 32 �g/ml for MAR-9 and
DS CB5011, respectively; Table 6), reflecting relationships be-

tween DAP and oxacillin phenotypes similar to those described in
the original DS/DR strains (Table 3).

As mentioned before, the two-component regulator VraSR is
actively involved in the regulation of cell wall stress induced by
treatment with DAP (7, 35). To investigate the phenotypes asso-
ciated with reduced susceptibility to DAP, we analyzed cell wall
thickness in pair CB5011/CB5012 and derivative mutants. Elec-
tron microscopy analysis showed that DR CB5012 displayed a
thicker cell wall (33.5 � 1.2 nm) than DS CB5011 (Table 7). To
determine the contribution of mprF and vraSR to cell thickness,
mutants and complemented mprF and vraSR strains were ana-
lyzed. Inactivation of mprF in CB5012 (MAR-4) resulted in a sig-
nificantly thinner cell wall (25.4 � 1.1 nm) compared with that of
CB5012 (33.2 � 1.5 nm). Complementation with wild-type mprF
(MAR-5) did not alter MAR-4 cell wall thickness; by contrast,
complementation with mutated mprF (MAR-6) did restore it to
the CB5012 original thickness, emphasizing the functional role of
the mprF L826F mutation. On the other hand, CB5012 vraSR in-
activation (MAR-7) also reduced cell wall thickness, an effect that
was reversed by vraSR complementation (MAR-8). Thus, these
results support the mechanistic involvement of both mutated

FIG 4 Quantitation of vraSR mRNA by real-time RT-PCR and Northern blot analysis. RNA was prepared from DS and DR cells (Table 1) grown in the absence
of DAP and collected at exponential phase of growth, as described in Materials and Methods. (A, top) relative fold change values of specific vraSR mRNA are
shown on the vertical axis; 16S rRNA was used as an internal control. �, significantly greater than control (P � 0.001). (A, bottom) Increase of VraSR transcription
in DR strains compared to DS strains examined in the same group of strains for which fold change results are shown in the top panel. Ethidium bromide-stained
23S and 16S rRNA bands are shown below the Northern blots as loading controls. (B) Quantitation of vraSR mRNA by real-time RT-PCR in DS/DR CB5011/
CB5012 strains (negative and positive vraSR controls, respectively), vraSR-null mutant MAR-7, and vraSR- or empty vector-complemented MAR-8 and
MAR-7EV strains, respectively. RNA was prepared from cells grown and collected at exponential phase of growth. Relative values of specific vraSR mRNA are
shown in the vertical axis; 16S rRNA was used as an internal control. �, significantly greater than control (P � 0.001); #, significantly less than DR CB5012 (P �
0.01). (C) Quantitation of vraSR mRNA by real-time RT-PCR in DS vraSR-overexpressing MAR-9 to MAR-13 strains. CB5011 (DS) was included as a control.
Relative fold change values of specific vraSR mRNA are shown on the vertical axis; 16S rRNA was used as an internal control.�, significantly greater than sample
CB5011 (DS) (P � 0.001). In all cases, three independent cultures were sampled in triplicate to minimize error caused by inter- and intrasample variation.

TABLE 6 MICs to DAP and oxacillin determined in DS and DS vraSR-
overexpressing derivative strains

Strain Genotype

MIC (�g/ml)

DAP OXAa

MAR-9 CB5011 (DS) 0.5 32
CB5011 � pVRASR-2 4 0.5

MAR-10 CB5013 (DS) 0.5 512
CB5013 � pVRASR-2 6 256

MAR-11 CB1631 (DS) 0.5 32
CB1631 � pVRASR-2 6 0.75

MAR-12 CB5048 (DS) 0.25 32
CB5048 � pVRASR-2 2 2

MAR-13 CB5035 (DS) 0.25 512
CB5035 � pVRASR-2 2 256

a OXA, oxacillin.
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mprF and increased expression of vraSR in DAP-resistant S. au-
reus. The data also suggest that the mutual presence of both genes
is required to confer a maximal DAP-resistant phenotype.

DISCUSSION

Previous studies performed with in vitro-generated DAP-resistant
strains demonstrated that four open reading frames representing
three distinct proteins (i.e., MprF, an LPG synthetase; YycG, a
sensor histidine kinase; and RpoB and RpoC, � and �= subunits of
RNA polymerase) were implicated in DAP MIC increases (17). In
support of these observations, several groups have reported an
association between increased S. aureus DAP MICs and single
point mutations in the mprF gene that are acquired during either
in vitro or in vivo exposure to DAP (17, 20, 42). A gain-in-function
mutation has been postulated to impact DAP nonsusceptibility
via a charge-repulsive mechanism (25, 40). In a recent study per-
formed on an isogenic set of clinical bloodstream S. aureus iso-
lates, it was also observed that a DAP-nonsusceptible strain
showed an increased expression of mprF associated with mprF
point mutations (48). However, other investigations showed that
neither the transcriptional profile of mprF nor the results of mem-
brane phospholipid analyses were compatible with an mprF gain-
in-function phenotype. In this case, the DAP-resistant phenotype
appeared to be related to enhanced dlt expression coincident with
an increased positive surface charge and reduced DAP binding
(46). In the present study, which was conducted in isogenic
DS/DR MRSA strains obtained from DAP-treated patients, we
first attempted to determine whether similar events regarding
mprF may account for the resistant phenotype. Although no
changes in mprF expression levels were found, we determined the
existence of point mutations that, as we were able to demonstrate,
contributed to the mechanisms of DAP resistance. Furthermore,
we found that, independently of their domain localization (i.e.,
putative synthase domain [CB5012] and N-terminal translocase
domain [CB5036, CB183]), none of the identified mprF muta-
tions produced significant changes in net cell surface charge in DR
CB5012, CB5036, and CB183 strains compared to their corre-
sponding susceptible DS counterparts, CB5011, CB5035, CB182,
respectively. In agreement with these premises, the present group
of strains displayed no changes in their susceptibility to cationic
molecules such as gentamicin, indicating that surface charge may
not represent the primary factor dictating DAP resistance in these
strains. In support of these results, a recent study performed in in
vitro-selected DAP-resistant S. aureus strains showed a reduction
of cytochrome c binding and reduced cell membrane depolariza-

tion without associated mprF mutations (39), suggesting that in
the absence of any changes in mprF or dltA expression or in the
MprF sequence, additional loci may be involved in modulating
the relative surface charge of S. aureus (39). Taking into account
these observations, our results suggested that in addition to the
L826F mprF mutation, other factors may be involved in DAP re-
sistance. In fact, one of the most consistent observations among
the different strains was that DAP resistance was accompanied by
an increase in expression of the two-component regulator vraSR,
which positively modulates cell wall biosynthesis (28). Previous
observations showing that a change in the cell wall thickness is
associated with DAP resistance (7) prompted us to look more
closely at the function of vraSR. Furthermore, a number of genes
differentially expressed when comparing DS and DR strains were
well-known vraSR-regulated targets, including pbp2 and sgtB. Our
findings are in line with those of recent studies showing that DAP
is able to induce the cell wall stress stimulon (16) and genes re-
sponsive to membrane depolarization in methicillin-susceptible
S. aureus (35). Upregulation of vraSR has also been observed in in
vitro-developed DAP-resistant S. aureus (7) and by transcriptome
studies performed in Bacillus subtilis, where DAP strongly induced
the transcription of the two-component system liaRS, a vraSR
homolog (21). However, until now, no functional studies have
been performed in clinical MRSA strains to address the VraSR
contribution to the resistant phenotype. Our results clearly dem-
onstrated that inactivation of vraSR in DR strains resulted in a
significant decrease in DAP resistance. Moreover, overexpression
of vraSR in DS strains significantly decreased susceptibility to
DAP, indicating a functional role of increased vraSR expression as
a factor associated with DAP resistance. The fact that a number of
genes showing differential expression are under vraSR regulation
further supports this notion. A group of vraSR-regulated genes
was closely involved in cell wall synthesis, and our results consis-
tently demonstrated that inactivation of vraSR in DR cells resulted
in a thinner cell wall comparable to that of DS cells, suggesting that
DAP resistance-mediated increased expression of vraSR may con-
tribute to the DR phenotype by modulating components of cell
wall synthesis. In the same context, results from microarray anal-
yses showed upregulation of vraF and vraG in DR strains. These
transporter proteins have been shown to be associated with van-
comycin resistance as important components of activated cell wall
peptidoglycan synthesis (33). The thickness of the cell wall has
been reported to be associated with DAP-resistant strains (5, 7,
32), although not in all cases. Some of these studies were demon-
strated in DAP-resistant strains that concomitantly displayed a
vancomycin-intermediate S. aureus (VISA) phenotype, making it
difficult to discern whether vancomycin can induce similar phe-
notypic perturbations as DAP in terms of cell wall thickness. In
our investigation, DR strains did show a thickened cell wall with
no parallel decrease in susceptibilities to vancomycin. Recently, it
was also shown that the thickness of the cell wall in DAP-resistant
strains was correlated with an increased capacity of these isolates
to synthesize d-alanylate WTA, an effect mediated in part by the
concomitant upregulation of WTA genes tagA and dlt (5). Con-
verse to these observations, we did not observe changes in expres-
sion of these genes by either microarray analysis or real-time RT-
PCR. One of the interesting aspects of our investigation is that the
L826F mutation in the mprF gene had a mechanistic impact on cell
wall thickness, as demonstrated by mprF inactivation and
transcomplementation of either full-length wild-type or mutated

TABLE 7 Cell wall thickness of pair CB5011/CB5012 and
mutant derivatives

Strain
Cell wall
thickness (nm)

DAP MIC
(�g/ml)

Relevant genotype and
phenotype

CB5011 23.1 � 1.1 0.5 DS
CB5012 33.2 � 1.5a 4.0 DR
MAR-4 25.4 � 1.1b 0.5 CB5012 � �mprF::cat
MAR-5 25.3 � 1.3b 0.75 MAR-4 � pMPRF-1 (wild type)
MAR-6 35.5 � 1.4 2.0 MAR-4 � pMPRF-2 (mutant)
MAR-7 24.5 � 1.1b 0.25 CB5012 �vraSR::cat
MAR-8 31.3 � 1.1 3.0 MAR-7 � pVRASR-2
a Significantly higher than DS CB5011 (P � 0.01).
b Significantly lower than DR CB5012 (P � 0.01).
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mprF in DR strains. These results suggested that although no direct
effect at the cell net surface charge change was observed, the mprF
L826F mutation contributed to cell wall thickness through a mecha-
nism yet to be fully determined.

Similar to findings reported by other groups (32, 47), we ob-
served a correlation between increased resistance to DAP and a
concomitant decrease in oxacillin resistance, an effect that we
found was not related to deletion or excision of SCCmec/mecA.
We were able to reproduce this observation when vraSR was over-
expressed in DS cells, further emphasizing the role of VraSR in the
DR phenotype. In fact, deletion of the VraSR operon is known to
decrease levels of resistance to most of its inducing antibiotics,
including �-lactam antibiotics (13, 18, 28, 35). However, the pre-
cise mechanism by which increased susceptibility to �-lactams
occurs in MRSA isolates with VraSR mutations/deletion remains
unknown (24, 49). On the other hand, it may be plausible to spec-
ulate that the paradoxical effect observed when VraSR was over-
expressed in the present group of strains could be related to the
presence of mprF mutations, which in turn may affect VraSR sens-
ing signaling toward cell wall-targeting antibiotics. Together, the
present results suggest that DAP has an impact on the proper
assembly of the staphylococcal cell wall, thereby affecting the cell
response not only to DAP but also to oxacillin.

In summary, a key aspect of this study was the demonstration
by genetic analysis and manipulation of the functional role played
by mprF mutations. Furthermore, our results strongly suggest that
the mechanisms and pathways underlying the in vivo-selected
clinical daptomycin-resistant strains used in this study may be
determined by the mutual cooperation between mprF and the
two-component regulator VraSR through a mechanism that may
involve regulation of genes related to cell wall synthesis and turn-
over.
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