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Abstract

Daptomycin is a lipopeptide antibiotic with activity against Gram-positive bacteria. We showed previously that Staphylococcus

aureus can survive daptomycin exposure by releasing membrane phospholipids that inactivate the antibiotic. To determine

whether other pathogens possess this defence mechanism, phospholipid release and daptomycin activity were measured

after incubation of Staphylococcus epidermidis, group A or B streptococci, Streptococcus gordonii or Enterococcus faecalis with

the antibiotic. All bacteria released phospholipids in response to daptomycin, which resulted in at least partial inactivation of

the antibiotic. However, E. faecalis showed the highest levels of lipid release and daptomycin inactivation. As shown

previously for S. aureus, phospholipid release by E. faecalis was inhibited by the lipid biosynthesis inhibitor platensimycin. In

conclusion, several pathogenic Gram-positive bacteria, including E. faecalis, inactivate daptomycin by releasing phospholipids,

which may contribute to the failure of daptomycin to resolve infections caused by these pathogens.

Daptomycin is a lipopeptide antibiotic that is used as a last
resort in the treatment of infections caused by methicillin-
resistant Staphylococcus aureus (MRSA), vancomycin-
intermediate S. aureus (VISA) and vancomycin-resistant
enterococci (VRE) [1–3]. The use of daptomycin is becom-
ing more common, with prescriptions increasing by 72%
between 2012 and 2015 in the UK [4]. Daptomycin is the
only lipopeptide antibiotic that is used clinically and it
functions in a similar manner to antimicrobial peptides [5].
The antibiotic inserts into the membrane of Gram-positive
bacteria by targeting phosphatidylglycerol, where it forms
oligomeric complexes [6–8]. The precise mechanism by
which the antibiotic kills bacteria is unclear, but it involves
depolarization of the bacterial membrane and inhibition of
cell wall biosynthesis without causing lysis [8–13].
Although daptomycin resistance is rare, treatment failure
occurs in up to 30% of staphylococcal infections and 23%
of enterococcal infections [14, 15]. The failure rates are
highest in invasive infections such as bacteraemia or osteo-
myelitis, with rates of 24 and 33% respectively, resulting in
poor patient prognoses [14]. Understanding the reasons for
this treatment failure is crucial to improving the effective-
ness of daptomycin treatment.

We recently discovered that S. aureus has a transient
defence mechanism against daptomycin, which contributed
to treatment failure in a murine model of invasive infection

[16]. In response to the antibiotic, phospholipids were
released from the cell membrane, which sequestered dapto-
mycin and abrogated its bactericidal activity [16]. Phospho-
lipid release occurred via an active process, which was
blocked by the lipid biosynthesis inhibitor platensimycin
[16, 17]. In addition to daptomycin, phospholipid release
also provided protection against the antimicrobial peptides
nisin and melittin, suggesting a general defence against
membrane-targeting antimicrobials [16].

It is currently unknown whether other Gram-positive bac-
teria release phospholipids in response to daptomycin,
although membrane vesicles have been observed on the sur-
face of Enterococcus faecalis cells exposed to daptomycin
[18]. In addition, there is growing evidence that other
Gram-positive pathogens, including group A streptococci
(GAS) and group B streptococci (GBS), release phospholi-
pids from their surfaces in the form of extracellular vesicles
[19, 20]. Production of these membrane vesicles is increased
in the presence of antimicrobials and, at least for GAS, they
are rich in phosphatidylglycerol, which was shown to be
essential for daptomycin inactivation by S. aureus [16, 19,
21]. Therefore, we hypothesized that phospholipid release is
a common strategy amongst Gram-positive pathogens to
resist membrane-acting antimicrobials.

Given the increasing use of daptomycin to treat enterococ-
cal infections, the primary aim of this work was to
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determine whether enterococci release membrane phospho-
lipids that inactivate the antibiotic. We also examined path-
ogenic streptococci and S. epidermidis, as the rising tide of
antibiotic resistance may necessitate the use of daptomycin
to tackle these bacteria in the future.

We initially determined the daptomycin minimum inhibi-
tory concentration (MIC) for a representative panel of
Gram-positive pathogens: S. aureus SH1000 [22], S. epider-
midis ATCC 12228 [23], GAS strain A40 [24]; GBS strains
515 [25] and COH1 [26]; S. gordonii strain Challis [27]; and
E. faecalis strains JH2-2 [28] and OG1X [29]. All bacteria
were grown in Müller–Hinton broth and either brain heart
infusion broth (BHI) for the enterococci and streptococci or
tryptic soy broth (TSB) for the staphylococci, each contain-
ing calcium (0.5mM). The MIC was then determined by the
broth microdilution approach [30]. The most susceptible
species, with the lowest MIC values (MHB/BHI or TSB),
were the pathogenic GAS strain A40 (0.125/0.125 µg ml�1),
and GBS strains 515 (0.5/0.25 µg ml�1) and COH1
(0.5/0.5 µg ml�1), whilst S. aureus (1/1 µg ml�1), S. epider-
midis (1/1 µg ml�1), S. gordonii Challis (2-4/4 µg ml�1), and
E. faecalis strains OG1X (2/2 µg ml�1) and JH2-2 (4/2 µg
ml�1) were the least susceptible.

To determine whether E. faecalis or streptococci respond to
daptomycin by releasing membrane phospholipids, we
exposed streptococci and enterococci (108 c.f.u. ml�1) to
various supra-MIC concentrations of the antibiotic (5–
40 µg ml�1) in BHI (0.5mM CaCl2) broth at 37

�

C under
static conditions with 5% CO2 and measured bacterial sur-
vival, antibiotic activity and phospholipid release (Fig. 1c–h,
k–p, s–x). Staphylococci were also exposed to daptomycin
(5–40 µg ml�1), but in TSB containing 0.5mM CaCl2 at
37

�

C with shaking (180 r.p.m.) (Fig. 1a, b, i, j, q, r).

For all strains, there was a dose-dependent decrease in sur-
vival after 8 h exposure to daptomycin, as assessed by c.f.u.
counts (Fig. 1a–h). Broadly, the survival of strains exposed
to supra-MIC concentrations of daptomycin correlated with
the MIC values, with survival of the two enterococcal
strains, the staphylococci and S. gordonii, being greater than
the survival of the GAS or GBS strains at each of the con-
centrations of daptomycin examined (Fig. 1a–h).

Next, we explored whether streptococci and enterococci
released phospholipids in response to daptomycin chal-
lenge, and how this related to the susceptibility of the strains
to the antibiotic. Using the phospholipid-reactive fluores-
cent dye FM-4-64 (Life Technologies), we confirmed our
previous observation that wild-type staphylococci released
phospholipids in the absence of daptomycin, but this was
significantly increased for bacteria exposed to daptomycin
(Fig. 1i, j) [16]. By contrast, neither enterococci nor strepto-
cocci released phospholipids in the absence of daptomycin
(Fig. 1k–p). Upon exposure to daptomycin, however, all of
the streptococci and enterococci released phospholipids,
albeit to differing levels. The quantity of phospholipid
released was much greater for staphylococci than for the

other species examined (Fig. 1i–p). However, for both
staphylococci and streptococci, the quantity of phospholipid
released was lowest when the daptomycin concentration
was highest, suggesting that the antibiotic may have killed
the bacteria before they could release the lipid (Fig. 1i–p).
By contrast, the enterococci released high levels of phospho-
lipid in the presence of the highest concentrations of dapto-
mycin (Fig. 1o, p). Therefore, unlike survival, phospholipid
release did not correlate with daptomycin MIC, and this
may indicate different daptomycin concentration thresholds
for the triggering of phospholipid release.

To determine whether phospholipid release resulted in the
inactivation of daptomycin, the activity of the antibiotic in
the culture supernatants was measured using a previously
described zone of inhibition assay [16] (Fig. 1q–x). Dapto-
mycin was inactivated to varying degrees by the bacteria,
depending on the concentration of the antibiotic used.
However, both staphylococcal strains, both enterococcal
strains, S. gordonii and the GAS strain completely inacti-
vated daptomycin at 5 µg ml�1, but GBS strains only par-
tially inactivated the antibiotic at this concentration. At
10 µg ml�1 daptomycin, only the staphylococci, S. gordonii
and the enterococci showed significant inactivation of the
antibiotic, while at a concentration of 20 µg ml�1 daptomy-
cin, only staphylococci and enterococci inactivated the anti-
biotic to any significant degree, with a loss of 30–60% of
antibiotic activity. However, despite triggering phospholipid
release, at 40 µg ml�1 daptomycin there was relatively little
(<20%) inactivation of the antibiotic by any of the bacteria
tested. Therefore, phospholipid release is finite and can be
overcome with a sufficiently high dose of daptomycin.

The predominant phospholipid in the membrane of Gram-
positive bacteria is phosphatidylglycerol, with much smaller
quantities of cardiolipin and/or lysyl-phosphatidylglycerol
also present [31]. Our previous work using purified phos-
pholipids revealed that, at physiologically-relevant concen-
trations, phosphatidylglycerol is the only component of the
membrane that can inactivate daptomycin [16]. Therefore,
whilst we did not identify the particular species of phospho-
lipid released from enterococci or streptococci, the ability of
released lipids to inactivate daptomycin demonstrates the
presence of phophatidylglycerol.

These data extend our previous finding that S. aureus

releases phosphatidylglycerol in response to daptomycin,

and that this results in inactivation of the antibiotic by

revealing a very similar phenotype for S. epidermidis. Fur-

ther, these findings also support the previous observation

that E. faecalis releases phospholipids in response to dapto-

mycin [18], and show that this phospholipid release corre-

lates with daptomycin inactivation and bacterial survival.

Streptococci, particularly S. gordonii, also released phospho-

lipids and inactivated daptomycin, albeit less efficiently

than E. faecalis. Therefore, daptomycin-induced phospho-

lipid release appears to be a conserved mechanism across

Gram-positive pathogens.
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Next, we wanted to explore whether the mechanism of
phospholipid release and daptomycin inactivation by
enterococci and streptococci was similar to that of S. aureus.
Therefore, we undertook further experiments with E. faeca-
lis, which was the most efficient of the enterococci and
streptococci at releasing phospholipids and inactivating
daptomycin, and S. aureus, in which daptomycin-triggered
phospholipid release has been well characterized [16].

In S. aureus, daptomycin-triggered phospholipid release is
an active process that requires energy, as well as protein and
lipid biosynthesis [16]. To determine whether phospholipid
release by E. faecalis exposed to daptomycin was occurring
via an active process, or simply as a consequence of
membrane damage caused by the antibiotic, bacteria were
exposed to the antibiotic in the presence or absence of a
sub-inhibitory concentration of the phospholipid biosynthe-
sis inhibitor, platensimycin [17]. As described previously,
the exposure of S. aureus to daptomycin (10 µg ml�1)
resulted in increased phospholipid in the supernatant, but
this was significantly reduced in the presence of

platensimycin at half the MIC (0.25 µg ml�1) (Fig. 2a). Sim-
ilarly, phospholipid was released upon the exposure of
E. faecalis to daptomycin (10 µg ml�1), but this was blocked
when platensimycin was present at half the MIC (0.5 µg
ml�1) (Fig. 2b). The presence of platensimycin prevented
S. aureus from inactivating daptomycin (Fig. 2c) and signifi-
cantly reduced the ability of E. faecalis to inactivate dapto-
mycin (Fig. 2d). This confirmed that daptomycin-induced
phospholipid release by E. faecalis is an active process that
requires de novo lipid biosynthesis and is not simply a con-
sequence of membrane damage caused by the antibiotic.
The ability of platensimycin to block phospholipid release
and prevent daptomycin inactivation by E. faecalis also pro-
vided strong evidence that, as for S. aureus, daptomycin
activity is blocked by the phospholipid in the supernatant.
However, it was necessary to rule out an alternative hypoth-
esis; that the loss of daptomycin activity was simply due to
binding of the antibiotic to the bacterial surface.

To measure the binding of daptomycin to bacteria, dapto-
mycin was labelled with the BODIPY fluorophore (Life

120

100

80

20

40

60

0

120

100

80

20

40

60

0

120

100

80

20

40

60

0

120

100

80

20

40

60

0

120

100

80

20

40

60

0

80

20

40

60

0

120

100

120

100

80

20

40

60

0

120

100

80

20

40

60

0
5 10 20 40 5 10 20 40 5 10 20 40 5 10 20 40 5 10 20 40 5 10 20 40 5 10 20 40 5 10 20 40
(dapt) µg ml–1 (dapt) µg ml–1 (dapt) µg ml–1 (dapt) µg ml–1 (dapt) µg ml–1 (dapt) µg ml–1 (dapt) µg ml–1 (dapt) µg ml–1

0
50 10 20 40

(dapt) µg ml–1

50 10 20 40

(dapt) µg ml–1
50 10 20 40

(dapt) µg ml–1v

50 10 20 40

(dapt) µg ml–1

50 10 20 40

(dapt) µg ml–1
50 10 20 40 50 10 20 40 50 10 20 40

(dapt) µg ml–1 (dapt) µg ml–1 (dapt) µg ml–1

0.0001

0.001

0.01

0.1

1

10

100

0.0001

0.001

0.01

0.1

1

10

100

0.0001

0.001

0.01

0.1

1

10

100

0.0001

0.001

0.01

0.1

1

10

100

0.0001

0.001

0.01

0.1

1

10

100

0.0001

0.001

0.01

0.1

1

10

100

0.0001

0.001

0.01

0.1

1

10

100

0.0001

0.001

0.01

0.1

1

10

100

5 10 20 40 5 10 20 40 5 10 20 40 5 10 20 40 5 10 20 40 5 10 20 40 5 10 20 40 5 10 20 40
(dapt) µg ml–1 (dapt) µg ml–1 (dapt) µg ml–1

(dapt) µg ml–1 (dapt) µg ml–1 (dapt) µg ml–1 (dapt) µg ml–1 (dapt) µg ml–1

5000

10 000

15 000

20 000

25 000

30 000

0

5000

10 `000

15 000

20 000

25 000

30 000

0

2000

4000

6000

8000

0

2000

4000

6000

8000

0

2000

4000

6000

8000

0

2000

4000

6000

8000

0

2000

4000

6000

8000

0

2000

4000

6000

8000

S. aureus

SH1000
S. epidermidis

12228
S. pyogenes

A40
S. agalactiae

515
S. agalactiae

COH1
S. gordonii

Challis
E. faecalis

JH2-2
E. faecalis

OG1X

%
 s

u
rv

iv
al

L
ip

id
 (

R
F

U
)

%
 d

ap
to

m
yc

in
 a

c
tiv

ity

(a) (b) (c) (d) (e) (f) (g) (h)

(i) (j) (k) (l) (m) (n) (o) (p)

(q) (r) (s) (t) (u) (v) (w) (X)

Fig. 1. Streptococci and enterococci release phospholipids and inactivate daptomycin. (a–h) Percentage survival of bacteria after 8 h

incubation in broth containing the indicated concentrations of daptomycin. (i–p) The concentration of phospholipid in culture superna-

tants of bacteria exposed to daptomycin, as determined by reactivity with a fluorescent dye (RFU, relative fluorescence units). Note the

different y-axis scale for staphylococci vs other bacteria. (q–x) Relative percentage of daptomycin activity remaining in culture super-

natants of bacteria exposed to daptomycin for 8 h. The activity of daptomycin incubated in culture medium only for 8 h was taken to be

100%. For all data, the mean of four independent experiments is shown, and the error bars represent the SD of the mean.

Ledger et al., Microbiology 2017;163:1502–1508

1504



Technologies) as described previously [11, 16]. As reported
previously, a killing assay with E. facealis indicated that the
labelled antibiotic had slightly reduced bactericidal activity
relative to unlabelled daptomycin [11] (Fig. 3a). However,
as described above for unlabelled antibiotic (Fig. 1q, x), the
activity of the antibiotic decreased after incubation with
E. faecalis or S. aureus (Fig. 3b), confirming that the BOD-
IPY label does not significantly affect the interaction of the
antibiotic with the bacteria studied.

After 8 h incubation with BODIPY–daptomycin, the bacte-
rial cells were pelleted and the fluorescence of both the cells
and the supernatants was measured separately using a
Tecan microplate reader with excitation at 502 nm and
emission at 510 nm. Antibiotic attachment to the E. faecalis
cellular fraction was similar for both BODIPY–daptomycin
concentrations examined, suggesting saturated binding to
cells (Fig. 3c). However, most of the antibiotic remained in
the supernatant (Fig. 3d). By comparison, BODIPY–dapto-
mycin bound S. aureus more strongly than E. faecalis, with
higher levels of fluorescence associated with bacterial cells
and a corresponding drop in the fluorescence of the super-
natant (Fig. 3c, d). This difference in antibiotic binding may
explain why the daptomycin MIC of the E. faecalis strains
used here (2–4 µg ml�1) is higher than that of the S. aureus
strain examined (1 µg ml�1), and why daptomycin triggers
greater phospholipid release from staphylococci than
enterococci.

Together, these data confirmed that the loss of daptomycin
activity in E. faecalis cultures was not due to binding of the
antibiotic to the bacterial surface or the plastic vessels used
in the assays. However, as a final confirmation that phos-
pholipids released from E. faecalis inactivated daptomycin,
we exposed the bacterium to daptomycin (5 µg ml�1) to
trigger phospholipid release, collected the cell-free culture

supernatant and added a second dose of the antibiotic (5 µg
ml�1). The culture supernatant containing the released
phospholipids significantly reduced the activity of the sec-
ond dose of daptomycin (by ~25%; Fig. 3e). Therefore, as
described for S. aureus, the release of phospholipids by
E. faecalis in response to daptomycin inactivates the antibi-
otic. The data described above also indicate that several spe-
cies of streptococci release phospholipids in response to
daptomycin, and these inactivate the antibiotic, albeit to a
lesser extent than for E. faecalis or S. aureus.

Streptococci and enterococci cause a range of serious dis-
eases, including septicaemia and endocarditis, which can be
treated by daptomycin, especially when the pathogen is
multi-drug resistant (e.g. VRE or VISA) or the patient has a
b-lactam allergy [1, 32]. Our finding that this defence mech-
anism is present in a variety of clinically relevant Gram-
positive bacteria indicates that it is conserved and could be a
viable target to improve the effectiveness of daptomycin
therapy against these pathogens. However, it should be noted
that this study employed drug-sensitive strains and so fur-
ther work is required to explore how the phospholipid
release system works in bacteria that are resistant to vanco-
mycin or daptomycin, which typically results in alterations
to the cell membrane or wall [1, 2]. Changes to the mem-
brane may also occur in vivo due to the utilization of host-
derived fatty acids or in response to environmental stress,
such as the presence of antimicrobial peptides, and so these
factors will also need to be considered [31, 33, 34].

In this work, we focussed on daptomycin because it is a last-
resort antibiotic and is associated with high rates of treat-
ment failure. However, whilst daptomycin use is increasing,
it is very unlikely to have provided the selection pressure for
the evolution of the phospholipid release defence mecha-
nism described here and previously [16]. Since cationic
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antimicrobial peptides (CAMPs) act via a similar mecha-
nism to daptomycin in targeting the Gram-positive cell
membrane [5] we hypothesize that these host defence mole-
cules have likely driven the evolution of phospholipid
release as a defence mechanism.

The discovery of phospholipid release in several Gram-posi-

tive pathogens has expanded our growing appreciation of

the broad-spectrum extracellular defence mechanisms that

protect bacteria against antibiotics or host defences. For

example, previous work has shown that the production of

outer-membrane vesicles by Escherichia coli can protect

against membrane-acting antimicrobials such as polymixin

E and colistin [35], whilst another report revealed that lipo-

chalins released by Burkholderia can sequester several dif-

ferent antibiotics [36]. These findings underline the

complex nature of innate antibiotic resistance, but also pro-

vide opportunities for mechanistic insights and improved

therapeutic approaches. For example, in this report and pre-

viously, we have shown that inhibition of phospholipid bio-

synthesis using platensimycin prevents the inactivation of
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daptomycin by both S. aureus and E. faecalis [16]. Although
platensimycin has not entered clinical trials due to poor
pharmacokinetic properties [17, 37], other inhibitors of
lipid biosynthesis are in clinical development [38]. There-
fore, the use of daptomycin in combination with lipid bio-
synthesis inhibitors may provide an effective way of
enhancing treatment outcomes compared to the lipopeptide
antibiotic alone.

In summary, we have demonstrated that E. faecalis releases
phospholipids in response to daptomycin via an active
mechanism requiring de novo lipid biosynthesis and that
these phospholipids inactivate daptomycin. Pathogenic
streptococci also appear to be capable of inactivating dapto-
mycin by releasing phospholipids, indicating that this
mechanism is conserved amongst Gram-positive pathogens.
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