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Clemente I. Montero,* Frida Stock, and Patrick R. Murray
Microbiology Service, Department of Laboratory Medicine, Warren G. Magnuson Clinical Center, National Institutes of Health,

U.S. Department of Health and Human Services, 10 Center Drive, MSC 1508, Bethesda, Maryland 20892-1508

Received 15 June 2007/Returned for modification 15 August 2007/Accepted 26 December 2007

In this study, we investigated the clonal emergence of daptomycin-resistant Enterococcus faecium strains
isolated from a patient with leukocyte adhesion deficiency syndrome. The resistance mechanism in these
strains is independent of either equivalent point mutations previously described for Staphylococcus aureus or
daptomycin inactivation mechanisms identified in soil bacteria.

Daptomycin is a cyclic lipopeptide with potent antimicrobial
activity against gram-positive bacteria (2). The currently in-
tended use of daptomycin is the treatment of complicated skin
infections caused by gram-positive bacteria and S. aureus en-
docarditis (Cubicin label information; Food and Drug Admin-
istration new drug application no. 021572). Daptomycin is also
a useful alternative for the treatment of infections caused by
vancomycin-resistant enterococci (16, 26). The antimicrobial
activity of daptomycin is dependent on concomitant binding of
calcium and membrane components with subsequent dissipa-
tion of the cytoplasmatic membrane potential (14).

The development of resistance to daptomycin remains
rare in gram-positive bacteria (20, 22); however, resistance in

Staphylococcus aureus and Enterococcus spp. during prolonged
treatment with daptomycin has been reported (8, 13, 15, 18).
Several groups have now reported an association between gly-
copeptide-intermediate S. aureus strains and an absence of
susceptibility to daptomycin (4, 19, 21, 23). Although definitive
mechanisms have yet to be determined, reduction of diffusion
of daptomycin due to thickening of cell walls induced by van-
comycin has been proposed (1, 4). There are few studies that
attempt to define the mechanisms of daptomycin resistance.
Recently, S. aureus-resistant strains were identified as carriers
of mutations in the following genes: mprF (a membrane ly-
sylphosphatidylglycerol synthetase), yycG (a histidine kinase),
and rpoC and rpoB (subunits of RNA polymerase) (9). How-
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FIG. 1. Antimicrobial treatment upon admission for a patient with severe leukocyte adhesion deficiency. The patient was transferred from
Duke University Medical Center after a long period of hospitalization and was receiving vancomycin before her admission to the National
Institutes of Health.
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ever, direct proof of the relationship between these mutations
and decreased daptomycin susceptibility remains to be dem-
onstrated. Indeed, the mechanisms of resistance to this antibi-
otic are not well understood. It was recognized initially that
daptomycin was inactivated by deacylation in the presence of a
soil actinomycetes species, Actinoplanes utahensis (5, 6). How-
ever, this alternative has not been studied using clinically rel-
evant bacteria.

Currently, there are no reports in the literature of studies
examining the mechanisms of resistance to daptomycin within
Enterococcus species. The present study investigates the mech-
anism of daptomycin resistance in clonally related susceptible
and resistant strains of Enterococcus faecium after extended
treatment with vancomycin and short treatment with daptomy-
cin of a patient with severe leukocyte adhesion deficiency syn-
drome (Fig. 1). These strains were investigated based on
the mechanisms of resistance/inactivation previously re-
ported (6, 9).

Over a 3-month period eight clinical E. faecium isolates were
obtained from this patient. Initial antimicrobial susceptibility
determinations were performed using a MicroScan system
(Dade Behring, Deerfield, IL) and Etest for daptomycin (AB
Biodisk, Piscataway, NJ) (Table 1). Resistance to vancomycin
or dalfopristin/quinupristin was confirmed by Etest.

Repetitive extragenic palindromic-PCR was used initially to

establish whether the isolates were clonally related. By use of
a Diversilab fingerprinting kit (Bacterial Barcodes, Athens,
GA) and previously described protocols (12), a high degree of
relatedness (similarity index of �97%) was observed for all
isolates except isolate 8 (Fig. 2). Pulsed-field gel electrophore-
sis (PFGE) was performed using digested genomic DNA to
corroborate this result. Genomic DNA was extracted in 1.6%
InCert agarose plugs (Cambrex Corp., East Rutherford, NJ)
following standard methods (17). DNA was digested with SmaI
(New England Biolabs, Ipswich, MA) followed by PFGE per-
formed using a CHEF DR III system (Bio-Rad Laboratories,
Hercules, CA) as described previously (12). PFGE fingerprint
profiles were interpreted according to the guidelines proposed
by Tenover et al. (25) and by the use of the program Bio-
Numerics (Applied Maths, Belgium). Strains with differences
of �3 bands were considered to represent closely related
strains. Based on our results (Fig. 2), the group of isolates can
be subdivided in three closely related groups: group S1 (iso-
lates 1, 2, and 3), group S2 (isolates 4, 5, 6, and 7), and group
S3 (isolate 8), with group S3 a variant of group S2. Daptomycin
resistance was observed in related susceptible strains within the
S1 group.

Enterococcus spp. display a variety of mechanisms to achieve
acquired or intrinsic resistance to several antimicrobial drugs.
Acquired resistance among Enterococcus spp. is mediated by

FIG. 2. PFGE analysis of E. faecium isolates evaluated in this study. Analysis was performed using BioNumerics software. Dendrograms were
generated using the unweighted-pair group method using average linkages and band-based Dice similarity coefficients. The optimization parameter
for this evaluation was set to 0.5 and band position tolerance to 1.0%. Isolate 5 results are not shown in this figure, but that isolate exhibited a
restriction pattern identical to that of isolate 4.

TABLE 1. Molecular typing and susceptibility patterns of Enterococcus faecium isolates

Strain Source Date (mo/day)
Antibiogram result (MIC ��g/ml�)a

PFGE molecular
analysisb

Vanco Dapto Syn

1 Wound (right groin) 06/19 S (�2) S (4) S (�1) S1
2 Skin lesion 07/06 S (�2) S (4) S (�1) S1
3 Wound (abdomen) 07/10 S (�2) R (16) S (�1) S1
4 Wound (lower extremity) 08/06 R (�16) R (16) S (�1) S2
5 Blood 08/11 R (�16) R (8) S (�1) S2
6 Wound (thigh) 08/11 R (�16) R (16) S (�1) S2
7 Wound (abdomen) 08/17 R (�16) R (�16) S (�1) S2
8 Wound (right abdomen) 09/05 R (�16) R (16) R (�2) S3

a Interpretation of susceptibility patterns was performed following the current guidelines of CLSI (3) using MicroScan plates (Dade Behring, Deerfield, IL) and Etest
strips to confirm resistance to vancomycin (Vanco), daptomycin (Dapto), or dalfopristin/quinupristin (Syn) (AB Biodisk, Piscataway, NJ). S, susceptible; R, resistant.

b Numbers indicate PFGE patterns that differed by more than four bands.
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transferable transposons or plasmids encoding resistance cas-
settes (24). On the basis of the modifications of the restriction
patterns observed in our PFGE experiments, we investigated
the presence of extrachromosomal elements. Using a Qiaprep
spin kit (Qiagen, Valencia CA) for plasmid extraction and
undigested PFGE plugs, we were unable to identify low- and
high-molecular weight plasmids. Therefore, it is unlikely that
extrachromosomal elements are associated with the daptomy-
cin-resistant phenotype of our strains. However, using the
method described by Depardieu et al. (7), we were able to
identify the presence of VanA in the vancomycin-resistant
Enterococcus isolates (isolates 4 to 8). This finding resembles
data obtained for transposon-mediated resistance mechanisms
previously reported in a study of E. faecium (11).

To investigate the intrinsic determinants of resistance to
daptomycin, we explored two possibilities described in the lit-
erature: (i) point mutations reported for daptomycin-resistant
S. aureus strains and (ii) inactivation of daptomycin. Sequenc-
ing was performed as previously described (10) using PCR
products from the closest homologs in E. faecium to regions
within rpoC, rpoB, mprF, and yycG associated with daptomycin-
resistant S. aureus strains (9). Relevant regions of rpoB
(GenBank accession number ZP_00603961; amino acids [aa]
905 to 1078) and rpoC (ZP_00603960; aa 610 to 755 and aa 940
to 1084) and the full reading frames of mprF (ZP_00604896.1)
and yycG (ZP_00604399) were sequenced from isolates 1 (dap-
tomycin susceptible) and 8 (daptomycin resistant). Sequences
from these two strains were identical to each other and to the
genome sequence of E. faecium DO (ATCC BAA-472), sug-
gesting an alternative resistance mechanism. However, the

possibility of additional mutations at other regions within rpoC
and rpoB cannot be excluded.

To evaluate the inactivation of daptomycin in the presence
of susceptible and resistant strains, a sterile sodium saline
solution with 5 mg/ml daptomycin and 100 �g/ml CaCl2 was
added to an equal volume of tryptic soy broth cultures of 106

CFU/ml adjusted with the MicroScan turbidimeter (Dade
Behring). These mixtures were incubated at 37°C for 2, 4, 8,
and 24 h followed by 10 min of centrifugation at 16,000 � g.
Reduction of antimicrobial activity of the filtered solutions was
evaluated by a modified bioassay (6) by adding 10 �l (25 �g) of
the filtered solution to tryptic soy agar plates with 5% sheep
blood previously inoculated with S. aureus ATCC 29213 (dap-
tomycin MIC, 0.25 �g/ml). These plates were then incubated
overnight at 37°C. Inhibition of growth on plates indicated
antimicrobial activity of the filtered solution. When isolates
were tested in triplicate (Fig. 3), no daptomycin inactivation
was observed after 2, 4, 8, or 24 h of incubation with isolates 1
and 8 or E. faecium ATCC 35667.

Based on our results and the current literature, it is apparent
that the mechanism of resistance observed in our strains is
different from those represented by the mutations or inactiva-
tion mechanisms previously reported (5, 6, 9). However, strains
requiring increases in the daptomycin MIC independent of
MprF mutations in S. aureus after treatment with vancomycin
have been reported (21, 23). Future experiments using com-
parative genomic hybridization, transcriptional microarray
analysis, and genomic libraries might be helpful to identify an
as-yet-unknown mechanism of resistance associated with this
antibiotic.

FIG. 3. Diameter of zone of inhibition as a function of incubation time with different E. faecium strains. No significant difference was observed
between the strains tested and the control solution with daptomycin and tryptic soy broth. For isolate 1, the daptomycin MIC was 4 �g/ml; for
isolate 8, the MIC was 16 �g/ml; and for E. faecium ATCC 35667, the MIC was 1 �g/ml).
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