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Abstract

Daptomycin is a cyclic lipopeptide antibiotic used in the clinic for treatment of severe entero-

coccal infections. Recent reports indicate that daptomycin targets active cellular processes,

specifically, peptidoglycan biosynthesis. Within, we examined the efficacy of daptomycin

against Enterococcus faecalis under a range of environmental growth conditions including

inhibitors that target active cellular processes. Daptomycin was far less effective against

cells in late stationary phase compared to cells in exponential phase, and this was indepen-

dent of cellular ATP levels. Further, the addition of either the de novo protein synthesis inhib-

itor chloramphenicol or the fatty acid biosynthesis inhibitor cerulenin induced survival

against daptomycin far better than controls. Alterations in metabolites associated with pepti-

doglycan synthesis correlated with protection against daptomycin. This was further sup-

ported as removal of peptidoglycan induced physiological daptomycin tolerance, a

synergistic relation between daptomycin and fosfomycin, an inhibitor of the fist committed

step peptidoglycan synthesis, was observed, as well as an additive effect when daptomycin

was combined with ampicillin, which targets crosslinking of peptidoglycan strands. Removal

of the peptidoglycan of Enterococcus faecium, Staphylococcus aureus, and Bacillus subtilis

also resulted in significant protection against daptomycin in comparison to whole cells with

intact cell walls. Based on these observations, we conclude that bacterial growth phase and

metabolic activity, as well as the presence/absence of peptidoglycan are major contributors

to the efficacy of daptomycin.

Introduction

As therapeutic strategies have been developed for treating bacterial infections over the past

century, there has been a subsequent rise in antibiotic resistant bacteria. Among the CDC’s

Resistance Threats in the United States are Gram-positive, vancomycin-resistant enterococci
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(VRE) [1]. VRE are of particular concern because of the lack of successful treatment strategies

available for these pathogens. In the clinic, the Gram-positive targeting lipopeptide daptomy-

cin has been used to treat VRE when other strategies fail. However, due to an abundance of

contradictory data, an air of mystery has surrounded the mechanism of action of daptomycin

since its discovery in the 1980s. Over the course of its characterization, three main modes of

action have been proposed: inhibition of peptidoglycan synthesis, inhibition of lipoteichoic

acid (LTA) biosynthesis, and disruption of membrane potential.

Peptidoglycan was proposed as the target of daptomycin, as treatment of both Staphylococ-
cus aureus and Bacillus megaterium with the antibiotic resulted in a failure to incorporate L-

alanine and L-lysine into peptidoglycan in either species [2], and cellular levels of lipid II pre-

cursors, needed components for peptidoglycan formation, were increased [3]. Gross cell wall

changes were also correlated in some studies with daptomycin resistance and daptomycin

treatment in S. aureus [4,5], Enterococcus faecalis [5–8], and Enterococcus faecium [8], though

this was not true in all cases [9]. However, peptidoglycan was dismissed as a target for dapto-

mycin as removal of the cell wall (generating protoplasts) of E. faecium did not afford the cells

protection against the drug [10]. Recent evidence in S. aureus, though, supports a model for

daptomycin targeting peptidoglycan biosynthesis, as daptomycin was shown to bind to lipid II

in the presence of the membrane lipid phosphatidylglycerol, and that other lipid II binding

molecules block daptomycin from interacting with lipid II [11].

Older data initially pointed towards LTA as a potential target, as daptomycin was found to

inhibit LTA biosynthesis in S. aureus and E. faecium [10,12], and LTA precursors within the

cell were found to decrease over time following exposure to daptomycin [13]. However, LTA

biosynthesis as the target was later abandoned, as daptomycin inhibited not only the produc-

tion of LTA, but also that of lipids and RNA [14].

Given that daptomycin contains an acyl tail, many speculated that the cell membrane was

the true target of the drug. In vitro studies using giant unilamellar vesicles demonstrated that

daptomycin formed oligomers [15], caused protrusions within vesicles [16], and led to aggre-

gation of lipid bound to daptomycin on the outer surface of the vesicle [16]. Several in vivo
studies further found that daptomycin interacted with phosphatidylglycerol [17,18], localized

to the cell membrane [18], formed pores in the membrane [19], and dissipated membrane

potential [19–23]. Importantly, many of the supportive in vivo studies for a membrane target

of daptomycin were conducted using drug concentrations well above (~7–10x) the minimal

inhibitory concentration (MIC) of the bacterium being tested or at late time points

[17,20,22,23].

Combining these lines of evidence together, a study in B. subtilis found that daptomycin

associated with fluid regions of the membrane (regions of increased fluidity; RIFs) and rigidi-

fied these regions [24]. This rigidification, potentially occurring after binding of daptomycin

to lipid II and its precursors [11], occluded peripheral membrane proteins involved in cell wall

and phospholipid biosynthesis [24]. The binding of daptomycin to lipid II and its precursors,

along with subsequent delocalization of cell wall and lipid synthesis proteins at the membrane

would negatively impact these cellular processes, likely contributing to lethality.

Regardless of the specific target of daptomycin, the evidence from the studies summarized

above supports that daptomycin targets active cellular processes. Many of the studies of dapto-

mycin demonstrated that treatment with this drug causes biphasic killing of cells [10,22,25–

29], a hallmark of persistence [30,31]. As demonstrated by Hobby and Bigger, when bacteri-

cidal antibiotics are given at doses above the MIC, they lead to rapid killing of actively growing

cells while a genetically identical subset of cells, called persister cells, survive [30,31]. Persister

cells can arise through varying mechanisms–including induction of metabolic dormancy

through varying expression of the toxin component of toxin/antitoxin systems [32–37] and
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induction of stress responses [38–44]. In each of these cases, the persister cells in question are

not genetically resistant, as they do not grow during treatment with the drug [45]: rather, they

are able to survive antibiotic pressure through differential expression of genes which can be

stochastic [32,46] or triggered by environmental changes [38–44]. On removal of the antibiotic

from the media, these persister cells are then able to grow [47–49].

While some cells may be able to survive treatment with high dosages of drug, survival alone

does not indicate true genetic resistance, which results in a higher MIC compared to suscepti-

ble cells, along with active growth in the presence of antibiotic [45]. Cells that can survive anti-

biotic treatment without an increase in the MIC compared to susceptible cells are deemed

tolerant [45]. Given that there are subpopulations of cells that survive high daptomycin con-

centrations [10,22,25–29,50], we examined the role of active cellular processes in daptomycin

tolerance through comparison of survival of cells in exponential phase, which are metabolically

active and capable of stochastic switching to persister cells [32,46,47] to cells in stationary

phase, which have reduced metabolic activity as well as a large population of persisters [51,52].

Comparison of exponential to stationary phase cells is of particular interest, as cells in station-

ary phase have increased peptidoglycan turnover [53] and thicker peptidoglycan (for E. coli
[54]), a phenomenon also associated with daptomycin resistance and treatment [4–8]. We

observed significantly increased daptomycin tolerance as monitored by the number of survi-

vors following transient exposure to high dosage of the drug (7.5-10x MIC) within stationary

phase cells. We also tested whether protein and fatty acid biosynthesis were necessary for sur-

vival under high concentrations of daptomycin and found that inhibition of these processes

significantly increased survival on treatment with daptomycin. Additionally, we observed met-

abolic changes within stationary phase cells and cells in which protein or fatty acid biosynthe-

sis were inhibited pointed towards altered peptidoglycan metabolism. We removed

peptidoglycan from cells and found that these cells were significantly more tolerant to dapto-

mycin treatment. Combined, we demonstrate that inhibition of active growth of E. faecalis
serves to increase its ability to survive high doses of daptomycin, supporting a model for dapto-

mycin targeting peptidoglycan biosynthesis.

Materials and methods

Bacterial growth conditions

Bacterial strains used in the study are listed in S1 Table. E. faecalis, E. faecium, and S. aureus
strains were grown statically in brain heart infusion (BHI) medium at 37˚C unless indicated

otherwise. B. subtilis cultures were grown in LB with shaking (250rpm) at 37˚C. Overnight

growth cultures were diluted to a final OD600 of 0.01 from overnight cultures and harvested at

either exponential phase (OD600 ~ 0.3) or late stationary phase (24 h after dilution). For exam-

ining the effects of de novo protein biosynthesis or fatty acid biosynthesis, chloramphenicol

(15 μg/mL) or cerulenin (10 μg/mL), respectively, were added to cultures upon reaching

OD600 ~ 0.225–0.250 (chloramphenicol) or OD600 ~ 0.100–0.125 (cerulenin). Cultures were

exposed to chloramphenicol for 30 min or cerulenin for 90 min to ensure cellular stasis, with

stasis confirmed by determining colony forming units pre- and post-treatment (S1 and S2

Figs).

Minimal inhibitory concentration (MIC) determination

To perform MIC assays, cells were diluted to a final OD600 of 0.01 from overnight cultures into

2 mL of media containing 1.5 mM CaCl2 and daptomycin (0, 0.25, 0.5, 1, 2, 4, and 8 μg/mL),

and grown for 24 hours prior to determine the minimal inhibitory concentration (S2 Table).

Minimum of n = 3 for all experiments.
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Cell survival assays

For all daptomycin and SDS challenge assays, cellular survival was determined via enumera-

tion of colony forming units. Daptomycin challenge concentrations were chosen to reflect

~7.5-10X the MIC of the respective organisms (S2 Table). Cells were harvested via centrifuga-

tion at 2739xg for 10 min. Where indicated, the cells were washed with either isotonic buffer

(20% sucrose, 0.145M NaCl, 50mM Tris-HCl) [55] or 1x phosphate buffered saline solution

(PBS) [25] before resuspension in challenge medium. Daptomycin challenge cultures were set

up as follows: for E. faecalis and E. faecium, daptomycin was added at 30 μg/mL to cells sus-

pended in BHI with 1.5mM calcium chloride or isotonic buffer containing 1.5mM calcium

chloride [50]. For S. aureus and B. subtilis cultures, daptomycin was added at 5 μg/mL. Serial

dilutions were plated onto BHI agar (E. faecalis, E. faecium, and S. aureus) or LB agar (B. subti-
lis) at time zero (immediately prior to daptomycin or SDS addition) and at the indicated time

points post-treatment. Colony forming units were enumerated after 18–24h of incubation at

37˚C. SDS challenge medium consisted of BHI containing 20% sucrose as an osmoprotective

agent and 0.05% SDS. Colony forming units at all time points were normalized to the colony

forming units at time zero (before addition of daptomycin or SDS to the culture). Minimum

of n = 3 for all experiments. Raw CFU data are in S3 Table.

ATP depletion and tracking

ATP levels were determined as indicated in the text using the BacTiterGlo kit (Promega). For

ATP depletion assays, E. faecalis cells were grown to an OD600 of ~0.25. Sodium arsenate diba-

sic heptahydrate (arsenate; Sigma-Aldrich) was added as indicated in the text to a final concen-

tration of 10 mM, or an equivalent volume of water (solvent control) was added to the cells

[56,57]. The cells were incubated for 30 min at 37˚C, harvested by centrifugation at 2739xg,

washed twice with 1x PBS, then resuspended in BHI prior to use for ATP determination. Col-

ony forming units were determined via plating to conclude arsenate treatment did not result

in cell death (S3 Fig). Relative light unit values (RLUs) yielded by the BacTiterGlo kit (Pro-

mega) were normalized to colony forming units taken at the time the ATP assay was per-

formed. Minimum of n = 3 for all experiments.

Daptomycin synergy

To determine synergy between daptomycin and other antibiotics, a microtiter plate checker-

board assay was performed [58–60]. Overnight cultures were diluted back as above into BHI

containing 1.5 mM CaCl2 and aliquoted to microplates. Daptomycin (0, 0.25, 0.5, 1, 2, 4, and

8 μg/mL) was added with the concentration increasing along the vertical axis, while the sec-

ondary drug was increased along the horizontal axis. The secondary drugs examined were fos-

fomycin (0, 1, 2, 4, 8, 16, 32, 64, 128, 256, 512 μg/mL), D-cycloserine (0, 2, 4, 8, 16, 32, 64, 128,

256, 512,1024 μg/mL) or ampicillin (0, 0.015625, 0.03125, 0.0625, 0.125, 0.25, 0.5, 1, 2, 4, 8 μg/

mL). One row and one column of each plate contained media alone (BHI + 1.5 mM CaCl2) to

provide a no-growth control. For all experiments, n = 3. The fractional inhibitory concentra-

tion (FIC) of each drug (drug A and B, respectively) was calculated as follows [60]:

FICA ¼
MICcombined drug A=B

MICdrug A
Eq ð1Þ

FICB ¼
MICcombined drug B=A

MICdrug B
Eq ð2Þ
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The fractional inhibitory concentration index (FICI) was calculated as follows [60]:

FICI ¼ FICA þ FICB Eq ð3Þ

Synergy, additivity, and no interaction are defined as follows: FICI of� 0.5 is defined as

synergistic, FICI between 0.5 and 1 is additive, and FICI between 1 and 4 is defined as no inter-

action [60,61].

Cell wall removal/protoplast generation

E. faecalis and E. faecium were grown in 50 mL BHI to the appropriate growth phase. A whole

cell control (4 mL) aliquot and a protoplast (40 mL) aliquot were harvested from the original

culture by centrifugation at 2739xg for ten min, washed once with isotonic buffer (20%

sucrose, 0.145 M NaCl, 50 mM Tris-HCl), then resuspended in 5 mL isotonic buffer [55].

Lysozyme (final concentration of 1 mg/mL) [62] or an equivalent volume of water was added

to the appropriate cell mixture. These mixtures were incubated at 37˚C for 60 min. Following

mock or lysozyme treatment, cells were harvested by centrifugation as above, washed with iso-

tonic buffer, and resuspended in 4 mL isotonic buffer prior to ATP determination (S5 Fig) or

were resuspended in 4 mL isotonic buffer containing 1.5 mM CaCl2 prior to use for cell sur-

vival assays (note that protoplasts were concentrated 10x while mock-treated cells were not).

For S. aureus, cells were treated as above except that lysostaphin was added at 5 μg/mL and

DNase was added at 16 μg/mL [55]. B. subtilis was grown in 100 mL LB to the appropriate

growth phase. A whole cell control (4 mL) aliquot and protoplast (80 mL) aliquot were har-

vested from the original culture by centrifugation as above and resuspended in 4 mL osmopro-

tective LB (LB supplemented with 20% sucrose, 50 mM Tris-HCl and 0.145 M NaCl).

Lysozyme (final concentration of 100 μg/mL) was added to the cells and incubated at 37˚C

with shaking (250 RPM) for 30 min. Cells were harvested as above, washed with osmoprotec-

tive LB and resuspended in an equivalent volume osmoprotective LB containing 1.5 mM

CaCl2 prior to treatment with daptomycin. Protoplasts and whole cells for each strain were

confirmed by Gram-stain.

Metabolomics

Cell harvest and extraction (stationary-phase cells, chloramphenicol- and cerulenin-

treated cultures and their respective controls). Cells were grown as stated above and cell

harvest and extraction was adapted from previous literature [63]. Cell culture volumes of 1 mL

were harvested by filtration using 0.4 μM membrane filters (Fisher 09-300-71). Dilution plat-

ing of the original cell culture was performed at the time of harvest for colony forming unit

enumeration. After harvest, the filters were washed with 8 mL of 1x PBS. To begin extraction,

filters were immediately placed into respectively labeled petri dishes containing 1.3 mL of pre-

chilled (4˚C) extraction solvent (40:40:20 HPLC grade methanol, acetonitrile, water with 0.1%

formic acid). Filters were then placed at -20˚C for 20 min. Following incubation at -20˚C, the

filters were washed with 400 μL of extraction solvent, and the solvent was then transferred to

respectively labeled 2 mL centrifuge tubes and subjected to centrifugation at 16xg. After centri-

fugation, the supernatant was transferred to a labeled centrifuge tube and the remaining pellet

was resuspended in 200 μL of extraction solvent, placed at 4˚C for an additional 20 min, sub-

jected to centrifugation as above, and supernatant was added to the above. The samples were

then subjected to drying under N2. Dried samples were resuspended in 300 μL HPLC water

and stored in an autosampler vial at 4˚C until analysis.
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Cell harvest and extraction (whole cells and protoplasts). As a very low number of pro-

toplasts survived the process of filtration, we elected to harvest cell pellets for whole cell and

protoplast cultures (generated as above) prior to extraction. Colony forming units were enu-

merated at the time of harvest and cell culture volumes of 2 mL for protoplasts (double the vol-

ume for whole cells to increase the number of viable cells used for analysis) and 1 mL for

whole cells were harvested via centrifugation (15 min 16xg) and the supernatant was removed.

After harvest, pellets were flash frozen and stored at -80˚C prior to extraction. To begin extrac-

tion, samples were thawed at 4˚C for 30 min. Thawed samples were subjected to the addition

of prechilled extraction solvent (0.65 mL) and were shaken at 60 RPM. Afterwards, an addi-

tional 0.65 mL of prechilled extraction solvent was added to the samples and the samples were

vortexed. Samples containing extraction solvent and cell pellets were chilled for 20 min at

-20˚C. Samples were then centrifuged for 5 min (16xg) and the supernatant was then trans-

ferred to new centrifuge tube. An additional 200 μL of extraction solvent was added to cell pel-

let in the first tube and vortexed. After vortexing the samples were placed at -20˚C for an

additional 20 min. Samples were centrifuged for an additional 5 min (16xg) and the resulting

supernatant was removed and placed in the respective tube for drying under N2. After drying,

samples were resuspended in 300 μL HPLC water and placed into the autosampler at 4˚C until

analysis.

Liquid chromatography mass spectrometry analysis. For liquid chromatography mass

spectrometry analysis, 10 μL of sample was injected onto a Synergi 2.5 uM Hydro-RP, 100 Å,

200 x 2.00 mm liquid chromatography column (Phenomenex, Torrance CA) held at 25˚C. The

data acquisition parameters adapted from Rabinowitz [64] included the operation of the mass

spectrometer in full scan mode. The eluent was ionized via electron spray ionization (ESI) in

negative mode coupled to a Thermo Scientific Exactive Plus Orbitrap mass spectrometer with

the following parameters: spray voltage 3 kV, nitrogen sheath gas 10 (arbitrary units), capillary

temperature 320˚C, automatic gain control (AGC) target set to 3x10^6 ions. The mass spec-

trometer was operated at 140,000 resolution with a scan window from 85–800 m/z from 0–9

min and 110–1000 m/z from 9–25 min. Mobile phase A consisted of 97:3 water methanol

10mM tributylamine, and 15mM acetic acid while solvent B consisted of 100% methanol. Sol-

vent gradient was 0 to 5 min: 0% B, 5–13: min 20% B, 13–15.5 min: 55% B 15.5–19 min 95% B

and 19 to 25 min 0% B with a flow rate of 200 μL/min.

Data processing. Raw data files generated by Xcalibur were converted to.mzML format

using the MS convert from ProteoWizard. El MAVEN was utilized to integrate areas under

the curve for known metabolite masses (selected based on our validated standard library of

1080 metabolites) matched with retention time with a mass error of less than 5 ppm. Base

background signal was removed, and integrated peak areas were normalized by the ratio of

colony forming units of experimental versus control group for each paired control and treat-

ment replicate. Heatmaps were constructed by determining the ratio of normalized, log trans-

formed intensities of experimental values over control values. A paired student’s t-test was

utilized to determine significance. PLSDA plots were constructed utilizing Metaboanalyst

(metaboanalyst.ca) software. n = 5 replicates were performed for all metabolomics experiments

with the exception of removal of one replicate from the chloramphenicol vs. ethanol experi-

ment due to technical error, resulting in n = 4 replicates in that experiment.

Statistical analysis

All statistical analyses presented within the text, except where noted, were performed using

two-tailed Welch’s t-tests, using α = 0.05. For cell survival assays, data were only compared

within (not between) individual time points. For each described assay, a minimum of n = 3
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biological replicates were used. P-values for cell survival assays and ATP assays are reported in

S4 Table. In figures, P-values are represented in ranges as follows: ns P> 0.05; � P = 0.05–0.01;
�� P = 0.01–0.001; ��� P� 0.001.

Results

The sensitivity of E. faecalis to daptomycin is dependent upon its growth

phase

During exponential phase, cells are in a state of active growth and division. However, upon

reaching stationary phase, metabolic activity is altered, resulting in physiological changes

including thickening of the cell wall [54], reduced protein production [65,66], and often, an

increase in tolerance to antibiotics which target active cellular processes [26,33]. To determine

whether E. faecalis OG1RF stationary phase cells have increased tolerance, i.e., increased sur-

vival, to daptomycin when compared to exponential phase cells, we examined sensitivity to

daptomycin using cell survival assays (via enumeration of colony forming units over time; see

Materials and methods). For these experiments, daptomycin concentration was ~7.5–10x MIC

(S2 Table).

Stationary phase cultures survived far better when exposed to the drug compared to cells

in exponential phase (Fig 1A; P < 0.001 after 15 minutes of daptomycin treatment). We

noted rapid killing of exponential phase cells within the first 15 min of daptomycin expo-

sure, with a reduction in killing rate over the first hour of treatment. At four hours post-

exposure, cells in exponential phase were below the limits of detection, while 3.74% of the

cells in stationary phase were still present even after 24 hours of daptomycin exposure (Fig

1A and S3 Table).

Cells in exponential phase generally have higher ATP levels than do their stationary-phase

counterparts, likely in order to support the active processes involved in cell division [67]. Fur-

ther, as reduced ATP levels have been implied in the formation of antibiotic tolerant cells

[46,56,68], we measured ATP in both exponential and stationary phase OG1RF cultures. As

shown in Fig 1B, stationary phase OG1RF cells had approximately 22-fold less ATP than their

exponential phase counterparts when normalized to colony forming units (P = 0.024; S4

Table).

As noted, metabolic state is altered when cells are in stationary versus exponential phase

[69–72]. To confirm an altered metabolic profile, we performed an untargeted metabolomic

approach (Fig 1C). Cells were grown as described above and used for metabolic analyses: note

that metabolic peak values were normalized to colony forming units (see Materials and meth-

ods) to ensure appropriate comparisons. Of interest, we noted compounds with mass/charge

ratios corresponding to peptidoglycan precursors, UDP-NAG (UDP-N-acetylglucosamine)

and UDP-NAM-Ala (UDP-N-acetylglucosamine-alanine) were reduced, suggesting that pepti-

doglycan synthesis was reduced. We also observed alterations in many mass/charge ratios cor-

responding to amino acids, indicative of altered rates of protein degradation and synthesis

[73], unsurprising for cells in stationary phase.

To determine whether the increased survival of cells in late stationary phase was due to

reduced ATP content, ATP depletion [56,57] was performed using sodium arsenate. Impor-

tantly, treatment with sodium arsenate did not affect cell survival (S3 Fig and S3 Table), but

did reduce ATP levels in exponential phase cells (Fig 2B; P = 0.001). Cells treated with arsenate,

however, survived daptomycin treatment in a similar fashion to the solvent control (Fig 2A

and S3 Table; P = 0.769 after 15 minutes of daptomycin exposure). Thus, reduced ATP levels

did not correlate with an increase in daptomycin tolerance.
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Fig 1. Cells in stationary phase show increased daptomycin tolerance and an altered metabolic profile. (A) Cells were treated with 30 μg/mL

daptomycin as described in Materials and Methods. Shown are the average log ratios of colony forming units ± standard deviations for n = 3

replicates. ��� P< 0.001. Note, cell survival for exponential phase cultures was below the limits of detection at 4 hours and beyond. (B) ATP levels

of cells were measured using the Promega BacTiterGlo kit. Shown are the average relative light units (RLUs) normalized to colony forming
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Inhibition of active cellular processes protects OG1RF from daptomycin

Survival of a tolerant population has been attributed to a variety of mechanisms, including a

reduction in cellular growth [47]. As stationary phase OG1RF cells survived daptomycin treat-

ment far better than exponential cells, we hypothesized that reduced cellular growth could

induce daptomycin tolerance. We artificially induced growth stasis through inhibition of

either de novo protein biosynthesis via addition of chloramphenicol or de novo fatty acid bio-

synthesis via addition of cerulenin. Inhibition of cellular growth was used as a proxy for inhibi-

tion of either process (S1 and S2 Figs). Upon addition of chloramphenicol, cellular growth, as

observed by colony forming units, was halted (S1 Fig) but ATP levels were comparable to sol-

vent control-treated cultures (Fig 3B; P = 0.59). Yet, chloramphenicol treatment induced pro-

tection from daptomycin, particularly during the first 15 min of treatment (Fig 3A and S3

Table; 1.8 log fold change; P = 0.002 after 15 minutes of daptomycin exposure). This protective

effect of pre-treatment with chloramphenicol was not as great as the protection observed in

cells treated with daptomycin during late stationary phase, which, when compared with their

units ± standard deviations for n = 3 replicates. � P 0.05–0.01; exact P-values are found in S4 Table. (C) Metabolites of cells were extracted and

detected via mass spectrometry as outlined in Materials and methods. Represented are the log-transformed fold changes of normalized stationary

phase cell metabolites to normalized exponential phase cell metabolites. Normalization was performed by dividing raw metabolite data by the ratio

of colony forming units of stationary versus exponential phase cells. n = 5 replicates.

https://doi.org/10.1371/journal.pone.0254796.g001

Fig 2. ATP depletion does not induce daptomycin tolerance. (A) Cells grown to exponential phase were treated with 10mM sodium arsenate or mock-

treated for 30 min, then subjected to 30 μg/mL daptomycin. Shown are the average log ratios of colony forming units ± standard deviations for n = 3

replicates; exact P-values are found in S4 Table. (B) ATP levels of pre-treated, mock-treated or arsenate-treated cells (30 min) were measured using the

Promega BacTiterGlo kit. Shown are the average relative light units (RLUs) normalized to colony forming units ± standard deviations for n = 3 replicates. �

P� 0.05; exact P-values are found in S4 Table.

https://doi.org/10.1371/journal.pone.0254796.g002
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Fig 3. Chloramphenicol-treated cells have increased tolerance to daptomycin and an altered metabolic profile. (A) Cells were grown to

an OD600 of ~0.250 and treated for 30 min with chloramphenicol or solvent control, washed with 1xPBS, and then exposed to 30 μg/mL
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PLOS ONE | https://doi.org/10.1371/journal.pone.0254796 July 23, 2021 10 / 25

https://doi.org/10.1371/journal.pone.0254796


exponential phase counterparts, had a 4.1 log fold increase in survivors during the first 15 min

of treatment (Fig 1A).

We hypothesized that protection induced by chloramphenicol may be due to alteration in

the metabolic profile upon the inhibition of cellular growth. Using metabolomics, we detected

numerous species with altered ratios when examining chloramphenicol versus mock-treated

cultures (normalized to colony forming units, please see Materials and methods, Fig 3C). In

the chloramphenicol-treated cultures, we did note statistically significant decreases in mass/

charge ratios corresponding to UDP-NAG and UDP-NAM-Ala, a cytoplasmic precursor to

the membrane-bound peptidoglycan precursors lipid I and lipid II, relative to solvent control-

treated cultures (Fig 3C), along with statistically significant alterations to mass/charge ratios

corresponding to different amino acids, including glutamine, unsurprising given that chlor-

amphenicol inhibits protein synthesis.

We also examined the effects of cellular growth stasis on daptomycin sensitivity by inhibit-

ing membrane fatty acid biosynthesis via cerulenin treatment. Upon treatment of cells with

cerulenin, cell growth was halted as observed via colony forming units (S2 Fig) and there was a

1.1 log fold protection induced relative to the solvent control (Fig 4A and S3 Table; P = 0.022

after 15 minutes of daptomycin treatment). However, unlike treatment with chloramphenicol,

treatment with cerulenin resulted in increased ATP levels (Fig 4B; P< 0.001).

Given these findings, we examined the metabolic profile of cerulenin-treated cells versus

their solvent controls, in order to identify potential metabolic signatures conserved between

chloramphenicol and cerulenin treatment (Fig 4C). We again observed a decrease in the mass/

charge ratio corresponding to UDP-NAM-Ala, but in this case, an insignificant decrease in

detected UDP-NAG. Unique to cerulenin-treated cultures, we also observed a buildup of the

mass/charge ratio corresponding to sn-Glycerol-3-phosphate (G3P), the precursor to mem-

brane phospholipids–this is likely because the cerulenin-treated cultures were unable to syn-

thesize fatty acids which are placed on G3P to form lysophosphatidic acid [74].

Interestingly, for all of our experimental treatments (stationary phase, chloramphenicol-

treated, and cerulenin-treated cells), we noted decreases in the mass/charge ratio correspond-

ing to UDP-NAM-Ala and alpha-ketoglutarate, a key player in the citrate cycle and a source of

glutamine and glutamate, along with an increase in the amino acid glutamine. Importantly,

glutamine is not only used in protein synthesis but is also converted to D-glutamate for build-

ing peptidoglycan. These changes in these metabolites indicate a dysregulation of cell wall syn-

thesis which we investigated further below.

Removal of peptidoglycan protects OG1RF from daptomycin

Despite evidence from multiple studies implicating the cell wall, specifically peptidoglycan, as

the major target of daptomycin [2,3], additional data supported that membrane targeting and

subsequent pore formation were critical for activity of the drug [17–20,22,23]. Given these dis-

crepancies and our own above findings, in particular the significant decrease in the mass/

charge ratio corresponding to UDP-NAM-Ala in stationary phase and chloramphenicol- and

daptomycin. Shown are the average log ratios of colony forming units ± standard deviations for n = 3 replicates. � P = 0.05–0.01; ��

P = 0.01–0.001; ��� P� 0.001; NS = no significance; exact P-values are found in S4 Table. (B) ATP levels of pre-treated, solvent-treated or

chloramphenicol-treated cells were measured using the Promega BacTiterGlo kit. Shown are the average relative light units (RLUs)

normalized to colony forming units ± standard deviations for n = 3 replicates. ns = P> 0.05; exact P-values are found in S4 Table (C)

Metabolites of cells were extracted and detected via mass spectrometry as outlined in Materials and methods. Represented are the log-

transformed fold changes of normalized chloramphenicol-treated cell metabolites to normalized solvent control-treated cell metabolites.

Normalization was performed by dividing raw metabolite data by the ratio of colony forming units of chloramphenicol-treated versus

solvent control-treated cells. n = 4 replicates.

https://doi.org/10.1371/journal.pone.0254796.g003
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Fig 4. Cerulenin-treated cells have increased tolerance to daptomycin and an altered metabolic profile. (A) Cells were grown to early

exponential phase, treated with cerulenin or solvent control, washed with 1x PBS, and then subjected to treatment with 30 μg/mL

daptomycin. Shown are the average log ratios of survivors ± standard deviations for n = 3 replicates. � P = 0.05–0.01; �� P = 0.01–0.001;

exact P-values are found in S4 Table. (B) ATP levels of pre-treated, solvent-treated and cerulenin-treated cells were measured using the
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cerulenin-treated cells, we examined the role of peptidoglycan in the daptomycin sensitivity of

OG1RF. We divided exponential cultures such that a portion was mock-treated (remained as

whole cells) and the rest were treated to remove peptidoglycan (protoplasts; see Materials and

methods).

Upon treatment with daptomycin, when compared with whole-cell counterparts, we note

that the protoplasts had at least 1.8 log-fold more colony forming units at every time point (Fig

5A and S3 Table; P< 0.001 after 15 minutes of exposure to daptomycin). As removal of pepti-

doglycan could stimulate a variety of responses, including possible stress-response regulons,

we examined survival when cells were treated with SDS, an anionic detergent that disrupts

membranes and acts as a non-specific stressor which activates efflux pumps and rpoS stress

responses [75]. However, removal of peptidoglycan did not induce any protection from SDS

(S4 Fig; P = 0.222 after 15 minutes of daptomycin treatment) or significant differences in ATP

levels (S5 Fig). We also performed metabolomics analyses on protoplast cells compared to

whole cells (S6 Fig), and observed increases in many metabolites, including UDP-NAG, how-

ever, the variation between biological replicates was very high, resulting in insignificant results

for most detected metabolites.

Daptomycin activity is enhanced with specific peptidoglycan synthesis

targeting antibiotics

Our above data suggests that the presence of peptidoglycan renders OG1RF sensitive to dapto-

mycin. As there are a variety of different antibiotics that target unique, specific enzymatic pro-

cesses in the synthesis of peptidoglycan, we performed a checkerboard assay to better conclude

what daptomycin may specifically target. A checkerboard assay measures the effectiveness of

two separate antibiotics when combined versus when given independently to an organism to

quantitatively conclude whether the drugs are additive or synergistic [58–60]. We examined

D-cycloserine, which blocks the interconversion of L-alanine and D-alanine, as D-alanine is

found within the peptide chains of peptidoglycan; fosfomycin, which targets the first commit-

ted step of synthesis, namely condensation of enolpyruvate with UDP-N-acetylglucosamine by

the enzyme MurA; and ampicillin, which inhibits the transpeptidation reaction that crosslinks

two peptidoglycan molecules.

We noted that there was no interaction between D-cycloserine and daptomycin, potentially

due to the cellular growth conditions (Table 1, see discussion). Fosfomycin, in agreement with

previous studies in E. faecium and S. aureus [76–79], was synergistic with daptomycin, suggest-

ing that daptomycin impacts early peptidoglycan synthesis steps in E. faecalis (see discussion).

Additionally, we observed that ampicillin was additive when combined with daptomycin

(Table 1).

Peptidoglycan removal enhances stationary phase cell survival against

daptomycin

Combining our above data, we found that stationary phase cells were far more tolerant to dapto-

mycin when compared to their exponential-phase cell counterparts (Figs 1A and 5B), and that

removal of peptidoglycan also results in high tolerance (Fig 5 and S3 Table). Given that

Promega BacTiterGlo kit. Shown are the average relative luminescence units (RLUs) normalized to colony forming units ± standard

deviations for n = 3 replicates. ��� P� 0.001; exact P-values are found in S4 Table. (C) Metabolites of cells were extracted and detected via

mass spectrometry as outlined in Materials and methods. Represented are the log-transformed fold changes of normalized cerulenin-

treated cell metabolites to normalized solvent control-treated cell metabolites. Normalization was performed by dividing raw metabolite

data by the ratio of colony forming units of cerulenin-treated versus solvent control-treated cells. n = 5 replicates.

https://doi.org/10.1371/journal.pone.0254796.g004
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peptidoglycan turnover is increased in stationary phase relative to exponential phase in E. faecalis
[53], and that in stationary phase E. coli, peptidoglycan is thicker and comprises a higher percent-

age of the total dry weight compared to exponential phase cells [54], we decided to probe whether

removal of the cell wall of stationary phase cells altered their daptomycin tolerance. We found

that there was a small, but significant difference between survival of stationary phase whole cells

versus stationary phase protoplasts (Fig 5B and S3 Table; P = 0.023 at all time points).

Removal of peptidoglycan protects multiple Gram-positive bacteria from

killing by daptomycin

As removal of peptidoglycan in E. faecalis altered daptomycin tolerance, we examined whether

its removal in other Gram-positive species results in increased daptomycin survival. Thus, we

Fig 5. Removal of peptidoglycan increases tolerance to daptomycin in E. faecalis. (A) Cells were grown to mid-logarithmic phase, split, and treated

with either lysozyme to generate protoplasts or solvent control (whole cells) and then treated with 30 μg/mL daptomycin. Shown are the average log

ratios of colony forming units ± standard deviations for n = 3 replicates. ��� P� 0.001; exact P-values are found in S4 Table. (B) Cells were grown to

mid-logarithmic phase (Exp) or to late stationary phase (24 hour cultures; Stat) and treated with either lysozyme to generate protoplasts or solvent

control (whole cells) and then treated with 30 μg/mL daptomycin. Shown are the average log ratios of colony forming units ± standard deviations for

n = 3 replicates.

https://doi.org/10.1371/journal.pone.0254796.g005

Table 1. Combination of peptidoglycan synthesis-targeting antibiotics with daptomycin on E. faecalis OG1RF.

Combination (antibiotic A–

antibiotic B)

Antibiotic A MIC (μg/

mL)

Antibiotic B MIC (μg/

mL)

Antibiotic B MIC (μg/mL) at Dap MIC of

0.5 μg/mL

FICI Effect

Dap–FOF 4 32–128 8–32 0.25–

0.375

Synergistic

Dap–DCS 2 128 128 1.25 No

interaction

Dap–AMP 4 0.5 0.25 .625 Additive

Represented are the ranges of individual antibiotic MICs along with the range of the MICs of antibiotic B combined with daptomycin at 0.5 μg/mL. n = 3 for each

experiment. FICI� 0.5: Synergistic, FICI = 0.5–1: Additive; FICI = 1–4: No interaction. DAP; daptomycin, FOF; Fosfomycin, DCS; D-cycloserine, AMP; ampicillin.

https://doi.org/10.1371/journal.pone.0254796.t001
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compared survival of whole cells and protoplasts of E. faecium, S. aureus, and B. subtilis upon

treatment with 7.5–10x MIC (S2 Table). We found that protoplasts of E. faecium had a 2.1 log-

fold survival (or more) over whole cell counterparts (Fig 6A; P< 0.001 at all time points). Sim-

ilarly, removal of the peptidoglycan of S. aureus protoplasts had a minimum 3.4 log-fold

increase in survivors (Fig 6B; P< 0.001 at all time points) while B. subtilis protoplasts had a 2.5

log fold increase (or more) in survivors compared to whole cell controls (Fig 6C; P< 0.001 at

all time points). This demonstrates that across these bacterial species, removal of peptidoglycan

negates most killing by daptomycin.

Fig 6. Removal of peptidoglycan increases tolerance to daptomycin in E. faecium, S. aureus, and B. subtilis. (A) Treatment of either E. faecium
whole cells or protoplasts (see Materials and Methods) with 30 μg/mL daptomycin. Shown are the average log ratios of survivors ± standard deviations

for n = 3 replicates. ��� P� 0.001; exact P-values are found in S4 Table. (B) S. aureus whole cells or protoplasts (see Materials and Methods) treated

with 5 μ/mL daptomycin. Shown are the average log ratios of survivors ± standard deviations for n = 3 replicates. ��� P� 0.001; exact P-values are

found in S4 Table. (C) B. subtilis whole cells or protoplasts (see Materials or Methods) treated with 5 μ/mL daptomycin. Shown are the average log

ratios of survivors ± standard deviations for n = 3 replicates. ��� P� 0.001; exact P-values are found in S4 Table.

https://doi.org/10.1371/journal.pone.0254796.g006
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Discussion

While in the literature there have been multiple proposed targets for daptomycin, several lines

of evidence support peptidoglycan biosynthesis being its major target [2–8,11]. Here we dem-

onstrate that daptomycin tolerance, i.e., increased survival following treatment above the MIC,

is dependent on several factors: growth phase, the ability of cells to synthesize proteins and

fatty acids, and the presence/absence of peptidoglycan. Combined, these data support that pep-

tidoglycan, which is intricately linked to membrane biosynthesis and requires protein biosyn-

thesis, is necessary for full daptomycin efficacy.

E. faecalis stationary-phase cells were protected to a high degree against daptomycin relative

to their exponential-phase counterparts (Fig 1A). However, similar levels of protection were

induced by peptidoglycan removal in exponential phase compared to stationary phase whole

cells (Figs 1B and 5B, S3 Table). This is possibly due to cell wall changes which occur in bacte-

ria during stationary phase, including increases in wall thickness [54] and increases in peptido-

glycan recycling [80] as well as decreased peptidoglycan synthesis [81]. Additionally, this could

be due to a reduction in wall turnover in stationary phase cells compared to exponential phase

cells [82] or due to increased degradation of MurA, which catalyzes the first committed step of

peptidoglycan synthesis by transferring enolpyruvate from phosphoenolpyruvate to UDP-

NAG [83], in stationary phase cells [84]. In our data, we noted that in stationary phase cells,

phosphoenolpyruvate was decreased relative to exponential phase cells (Fig 1C), potentially

indicating altered MurA activity.

Given these data and previous studies, why would addition of chloramphenicol, a de novo
protein synthesis inhibitor, or cerulenin, an inhibitor of fatty acid biosynthesis, induce dapto-

mycin protection? The production of peptidoglycan is needed for cellular replication and

expansion of the population size. Inhibiting protein biosynthesis, as shown via a halt in colony

forming units (S1 Fig), prevents cellular division. However, in E. faecalis (formerly Streptococ-
cus faecalis), previous work indicated that upon treatment with chloramphenicol, cellular divi-

sion stopped while peptidoglycan synthesis still occurred, though at a lower rate, resulting in

thickening of the cell wall [85]. Thus, perhaps the effectiveness of daptomycin may be altered

because of a reduction in peptidoglycan synthesis. Similarly, previous studies have shown that

addition of the fatty acid biosynthesis inhibitor cerulenin to exponentially growing E. faecalis
reduces but does not abrogate peptidoglycan synthesis [86], and can lead to cell expansion and

altered/misplaced cell wall biosynthesis [87]. The protective effect we observe on treating expo-

nentially growing cultures with chloramphenicol or cerulenin could possibly also be explained

by a dilution of targets caused by increased and misplaced wall synthesis [85–87].

Our metabolomics data also suggests that decreased peptidoglycan biosynthesis could be

the cause of the protective effects we see, as the mass/charge ratio corresponding to UDP-NA-

M-Ala is decreased in stationary phase cells, cells treated with cerulenin, and cells treated with

chloramphenicol (Figs 1C, 3C and 4C). As noted, we also observed a significant decrease in

the mass/charge ratio corresponding to alpha-ketoglutarate in stationary phase cells and upon

treatment with chloramphenicol and cerulenin, as well as a significant increase in the mass/

charge ratio corresponding to glutamine under these conditions. Fascinatingly, both of these

metabolites can be linked back to peptidoglycan synthesis, as alpha-ketoglutarate and gluta-

mine are suppliers of glutamate, which is an amino acid incorporated into the amino acid

side-chains of peptidoglycan. It should be noted here that in order to confirm these significant

metabolites among the experimental groups, a significant analysis microarray (SAM) was per-

formed to calculate potential rates of false discovery and identify those metabolites that are sta-

tistically significant based on two different analyses (heatmap and SAM).
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The results of these experiments also provide some insights as to why treatment with high

levels of daptomycin result in “biphasic” killing of multiple bacterial species [10,22,25–29].

Those cells that survive high daptomycin do so likely because they are not actively synthesizing

and turning over peptidoglycan [11,24].

For both chloramphenicol-treated and cerulenin-treated cultures, we also noted a signifi-

cant decrease in the mass/charge ratio corresponding to methionine sulfoxide, a precursor to

methionine. However, due to the lack of corresponding increases of mass/charge ratios of

methionine sulfoxide in stationary phase cells, we cannot confirm that this decrease is directly

responsible for the increases in daptomycin tolerance we observe under these conditions.

Further evidence to support peptidoglycan as a target for daptomycin comes from the

observed positive effects of combining daptomycin with other cell-wall targeting drugs

(Table 1). The synergistic effects between fosfomycin and daptomycin could potentially be

explained by an upregulation of MurA caused by exposure to daptomycin [88,89]. In turn, fos-

fomycin tightly binds to MurA, thus blocking the first committed step of peptidoglycan bio-

synthesis [83]. Similarly, daptomycin was found in S. aureus to increase the expression of

PBP1 [90], the target of ampicillin, thus potentially explaining the observed additive effect

between daptomycin and ampicillin which is in line with synergy observed during time-kill

experiments combining β-lactam antibiotics with daptomycin [91]. We did not observe an

interaction between daptomycin and D-cycloserine: this could be because D-cycloserine sim-

ply “freezes” the pools of L-ala and D-ala by binding to alanine racemase. Note that its effect

on peptidoglycan synthesis depends on the current state of the pools of L-ala and D-ala [92]

and given that our experiments were carried out in rich media, it is possible that the pool of

D-ala was great enough to prevent either a synergistic or additive effect between daptomycin

and D-cycloserine.

Interestingly, a recent study gave evidence that pre-incubation of B. subtilis with teixobac-

tin, a lipid II and lipid III targeting antibiotic [78], protected cells against daptomycin, rather

than acting synergistically with it [11]. As teixobactin shares a target with daptomycin, a pre-

treatment with (and subsequent washing away of, as performed by Grein et al) teixobactin

could reduce the number of targets for daptomycin to effectively bind to, leading to protection

against daptomycin [11].

While the data presented above support peptidoglycan is a target for daptomycin, it was orig-

inally dismissed, as daptomycin still killed E. faecium cells which had their cell walls removed

[10]. Though our observations agree with published literature that protoplasted cells can be sub-

ject to killing by daptomycin [10], our inclusion of a whole cell control provides a fuller picture.

We found that some killing of protoplasted cells occurred, however, when protoplasts were

compared to the whole cell control, there was a minimum of a 1.8 log-fold increase in survival

against daptomycin, independent of the bacterial species being tested (Figs 5 and 6).

While we have demonstrated here that bacterial growth state and that the presence or

absence of peptidoglycan are of major importance for daptomycin efficacy regardless of bacte-

rial species, it is possible and indeed probable that treatment of cells with lysozyme and with

different antibiotics may alter the cellular membrane, in particular phosphatidylglycerol

amounts and localization, reducing daptomycin binding. This is critical as daptomycin has

been shown to interact with lipid II and phosphatidylglycerol [11,17,18]. Further investigation

is needed to determine the bacterial membrane composition under these conditions in order

to assess whether specific changes to the bacterial membrane are responsible for altered dapto-

mycin efficacy.

Within this work, we have demonstrated that intact peptidoglycan is required for full dap-

tomycin efficacy, and that dysregulation of cellular metabolism can result in significant
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increases in daptomycin tolerance. Our results aid in informing of possible effective treatment

combinations in the clinic and new therapeutic approaches.

Supporting information

S1 Fig. Addition of chloramphenicol halts cellular division. (A) Optical density of cells over

time. Shown are the average optical densities at 600 nm ± standard deviations for n = 3 repli-

cates. Black arrow indicates addition of chloramphenicol or solvent control at mid-logarithmic

phase (at 175 min into the growth curve; OD600 ~ 0.250). Red arrow indicates when cells were

harvested and processed prior to a subsequent cell survival assay (30 min post-chlorampheni-

col/solvent control treatment). (B) The number of colony-forming units as determined by

dilution plating of the cultures in S1A. T0 is just prior to the addition of chloramphenicol or

solvent control into the cultures, and T30 and T60 are 30 and 60 min after addition of chlor-

amphenicol or solvent control into the cultures, respectively. n = 3.

(TIF)

S2 Fig. Addition of cerulenin halts cellular division. (A) Optical density of cells over time.

Shown are the average optical densities at 600 nm ± standard deviations for n = 3 replicates.

Black arrow indicates addition of cerulenin or solvent control at early-logarithmic phase (at

125 min into the growth curve; OD600 ~ 0.125). Red arrow indicates when cells were harvested

and processed prior to a subsequent cell survival assay (90 min post-cerulenin/solvent control

treatment). (B) The number of colony-forming units as determined by dilution plating of the

cultures in S2A. T0 is just prior to the addition of cerulenin or solvent control into the cultures.

T30, T60, T90, and T120 are 30, 60, 90, and 120 min after addition of cerulenin or solvent con-

trol into the cultures, respectively. n = 3.

(TIF)

S3 Fig. Cells treated with sodium arsenate are still viable. E. faecalis OG1RF cells were

grown in BHI until OD600 reached ~0.250. The cultures were split and treated with 10mM

arsenate or mock-treated with water for 30 minutes. Following treatment, the cells were

washed twice to remove arsenate and resuspended in BHI prior to enumerating colony form-

ing units. Represented are the log ratio of colony forming units ±standard deviations over

time. ns = not significant. n = 3.

(TIF)

S4 Fig. Protoplasts are not protected against SDS. E. faecalis OG1RF cells were grown to

mid-logarithmic phase (OD600 ~ 0.3–0.4), split and treated with either lysozyme to generate

protoplasts or solvent control to leave cell whole. Subsequently washed cells were subjected to

killing by 0.05% SDS. Shown are the average log ratios of survivors ± standard deviations for

n = 3 replicates. No significant differences were observed. Exact P-values are reported in S4

Table.

(TIF)

S5 Fig. ATP levels of E. faecalis OG1RF whole cells and protoplasts normalized to colony

forming units. Cells were grown to mid-logarithmic phase (OD600 ~ 0.3–0.4) and treated with

either lysozyme to generate protoplasts or solvent control to leave cells whole. ATP levels of

pre-treatment cells and whole cells or protoplasts were measured using the Promega BacTiter-

Glo kit and normalized to colony forming units. Shown are the average relative light units

(RLUs) normalized to colony forming units ± standard deviations for n = 3 replicates. ��

P = 0.01–0.001; exact P-values are reported in S4 Table.

(TIF)
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S6 Fig. Removal of peptidoglycan results in buildup of several metabolites. Exponentially

growing (OD600 ~ 0.3) E. faecalis cells were grown to mid-logarithmic phase (OD600 ~ 0.3–

0.4), split and treated with either lysozyme to generate protoplasts or solvent control to leave

cell whole as described in Materials and methods. Metabolites of the cells were extracted and

detected via mass spectrometry as outlined in Materials and methods. Represented are the log-

transformed fold changes of normalized whole cell metabolites to normalized protoplast

metabolites. Normalization was performed dividing raw metabolite data by the ratio of colony

forming units of protoplast versus whole cells. n = 5 replicates.
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40. Dörr T, Lewis K, VulićM. SOS response induces persistence to fluoroquinolones in Escherichia coli.

PLoS Genet. 2009; 5(12):e1000760. Epub 2009/12/17. https://doi.org/10.1371/journal.pgen.1000760

PMID: 20011100; PubMed Central PMCID: PMC2780357.

41. Korch SB, Henderson TA, Hill TM. Characterization of the hipA7 allele of Escherichia coli and evidence

that high persistence is governed by (p)ppGpp synthesis. Mol Microbiol. 2003; 50(4):1199–213. Epub

2003/11/19. https://doi.org/10.1046/j.1365-2958.2003.03779.x PMID: 14622409.

42. Tkachenko AG, Kashevarova NM, Karavaeva EA, Shumkov MS. Putrescine controls the formation of

Escherichia coli persister cells tolerant to aminoglycoside netilmicin. FEMS Microbiol Lett. 2014; 361

(1):25–33. Epub 2014/10/07. https://doi.org/10.1111/1574-6968.12613 PMID: 25283595.

43. Wang T, El Meouche I, Dunlop MJ. Bacterial persistence induced by salicylate via reactive oxygen spe-

cies. Sci Rep. 2017; 7:43839. Epub 2017/03/11. https://doi.org/10.1038/srep43839 PMID: 28281556;

PubMed Central PMCID: PMC5345018.

44. Wu Y, VulićM, Keren I, Lewis K. Role of oxidative stress in persister tolerance. Antimicrob Agents Che-

mother. 2012; 56(9):4922–6. Epub 2012/07/11. https://doi.org/10.1128/AAC.00921-12 PMID:

22777047; PubMed Central PMCID: PMC3421885.

45. Balaban NQ, Helaine S, Lewis K, Ackermann M, Aldridge B, Andersson DI, et al. Definitions and guide-

lines for research on antibiotic persistence. Nat Rev Microbiol. 2019; 17(7):441–8. Epub 2019/04/14.

https://doi.org/10.1038/s41579-019-0196-3 PMID: 30980069; PubMed Central PMCID: PMC7136161.

46. Shan Y, Brown Gandt A, Rowe SE, Deisinger JP, Conlon BP, Lewis K. ATP-dependent persister forma-

tion in Escherichia coli. mBio. 2017; 8(1). Epub 2017/02/09. https://doi.org/10.1128/mBio.02267-16

PMID: 28174313; PubMed Central PMCID: PMC5296605.

47. Balaban NQ, Merrin J, Chait R, Kowalik L, Leibler S. Bacterial persistence as a phenotypic switch. Sci-

ence. 2004; 305(5690):1622–5. Epub 2004/08/17. https://doi.org/10.1126/science.1099390 PMID:

15308767.

48. Cohen NR, Lobritz MA, Collins JJ. Microbial persistence and the road to drug resistance. Cell Host

Microbe. 2013; 13(6):632–42. Epub 2013/06/19. https://doi.org/10.1016/j.chom.2013.05.009 PMID:

23768488; PubMed Central PMCID: PMC3695397.

49. Jõers A, Kaldalu N, Tenson T. The frequency of persisters in Escherichia coli reflects the kinetics of

awakening from dormancy. J Bacteriol. 2010; 192(13):3379–84. Epub 2010/05/04. https://doi.org/10.

1128/JB.00056-10 PMID: 20435730; PubMed Central PMCID: PMC2897658.

50. Saito HE, Harp JR, Fozo EM. Enterococcus faecalis responds to individual exogenous fatty acids inde-

pendently of their degree of saturation or chain length. Appl Environ Microbiol. 2018; 84(1). Epub 2017/

10/29. https://doi.org/10.1128/AEM.01633-17 PMID: 29079613; PubMed Central PMCID:

PMC5734047.

51. Keren I, Minami S, Rubin E, Lewis K. Characterization and transcriptome analysis of Mycobacterium

tuberculosis persisters. mBio. 2011; 2(3):e00100–11. https://doi.org/10.1128/mBio.00100-11 PMID:

21673191

52. Luidalepp H, Jõers A, Kaldalu N, Tenson T. Age of inoculum strongly influences persister frequency

and can mask effects of mutations implicated in altered persistence. Journal of Bacteriology. 2011; 193

(14):3598–605. https://doi.org/10.1128/JB.00085-11 PMID: 21602347

PLOS ONE Peptidoglycan removal causes daptomycin tolerance

PLOS ONE | https://doi.org/10.1371/journal.pone.0254796 July 23, 2021 22 / 25

https://doi.org/10.1016/j.bbrc.2009.11.033
http://www.ncbi.nlm.nih.gov/pubmed/19909729
https://doi.org/10.1073/pnas.1004333107
http://www.ncbi.nlm.nih.gov/pubmed/20616060
https://doi.org/10.1128/JB.188.10.3494-3497.2006
http://www.ncbi.nlm.nih.gov/pubmed/16672603
https://doi.org/10.1016/j.molcel.2015.05.011
http://www.ncbi.nlm.nih.gov/pubmed/26051177
https://doi.org/10.1016/j.molcel.2013.04.002
http://www.ncbi.nlm.nih.gov/pubmed/23665232
https://doi.org/10.1046/j.1462-2920.2003.00497.x
http://www.ncbi.nlm.nih.gov/pubmed/14510852
https://doi.org/10.1371/journal.pgen.1000760
http://www.ncbi.nlm.nih.gov/pubmed/20011100
https://doi.org/10.1046/j.1365-2958.2003.03779.x
http://www.ncbi.nlm.nih.gov/pubmed/14622409
https://doi.org/10.1111/1574-6968.12613
http://www.ncbi.nlm.nih.gov/pubmed/25283595
https://doi.org/10.1038/srep43839
http://www.ncbi.nlm.nih.gov/pubmed/28281556
https://doi.org/10.1128/AAC.00921-12
http://www.ncbi.nlm.nih.gov/pubmed/22777047
https://doi.org/10.1038/s41579-019-0196-3
http://www.ncbi.nlm.nih.gov/pubmed/30980069
https://doi.org/10.1128/mBio.02267-16
http://www.ncbi.nlm.nih.gov/pubmed/28174313
https://doi.org/10.1126/science.1099390
http://www.ncbi.nlm.nih.gov/pubmed/15308767
https://doi.org/10.1016/j.chom.2013.05.009
http://www.ncbi.nlm.nih.gov/pubmed/23768488
https://doi.org/10.1128/JB.00056-10
https://doi.org/10.1128/JB.00056-10
http://www.ncbi.nlm.nih.gov/pubmed/20435730
https://doi.org/10.1128/AEM.01633-17
http://www.ncbi.nlm.nih.gov/pubmed/29079613
https://doi.org/10.1128/mBio.00100-11
http://www.ncbi.nlm.nih.gov/pubmed/21673191
https://doi.org/10.1128/JB.00085-11
http://www.ncbi.nlm.nih.gov/pubmed/21602347
https://doi.org/10.1371/journal.pone.0254796


53. Mesnage S, Chau F, Dubost L, Arthur M. Role of N-acetylglucosaminidase and N-acetylmuramidase

activities in Enterococcus faecalis peptidoglycan metabolism. J Biol Chem. 2008; 283(28):19845–53.

Epub 2008/05/21. https://doi.org/10.1074/jbc.M802323200 PMID: 18490448.

54. Mengin-Lecreulx D, van Heijenoort J. Effect of growth conditions on peptidoglycan content and cyto-

plasmic steps of its biosynthesis in Escherichia coli. J Bacteriol. 1985; 163(1):208–12. Epub 1985/07/

01. https://doi.org/10.1128/jb.163.1.208-212.1985 PMID: 3891726; PubMed Central PMCID:

PMC219099.

55. Xiong YQ, Mukhopadhyay K, Yeaman MR, Adler-Moore J, Bayer AS. Functional interrelationships

between cell membrane and cell wall in antimicrobial peptide-mediated killing of Staphylococcus

aureus. Antimicrob Agents Chemother. 2005; 49(8):3114–21. Epub 2005/07/29. https://doi.org/10.

1128/AAC.49.8.3114-3121.2005 PMID: 16048912; PubMed Central PMCID: PMC1196293.

56. Conlon BP, Rowe SE, Gandt AB, Nuxoll AS, Donegan NP, Zalis EA, et al. Persister formation in Staphy-

lococcus aureus is associated with ATP depletion. Nat Microbiol. 2016; 1. Epub 2016/07/12. https://doi.

org/10.1038/nmicrobiol.2016.51 PMID: 27398229; PubMed Central PMCID: PMC4932909.

57. Moore SA, Moennich DM, Gresser MJ. Synthesis and hydrolysis of ADP-arsenate by beef heart submi-

tochondrial particles. J Biol Chem. 1983; 258(10):6266–71. Epub 1983/05/25. PMID: 6853484.

58. Andriole VT. Synergy of carbenicillin and gentamicin in experimental infection with Pseudomonas. J

Infect Dis. 1971; 124 Suppl:S46–55. Epub 1971/12/01. https://doi.org/10.1093/infdis/124.supplement_

1.s46 PMID: 5164949.

59. Phair JP, Watanakunakorn C, Bannister T. In vitro susceptibility of Pseudomonas aeruginosa to carbe-

nicillin and the combination of carbenicillin and gentamicin. Appl Microbiol. 1969; 18(3):303–6. Epub

1969/09/01. https://doi.org/10.1128/am.18.3.303-306.1969 PMID: 4984762; PubMed Central PMCID:

PMC377973.

60. White RL, Burgess DS, Manduru M, Bosso JA. Comparison of three different in vitro methods of detect-

ing synergy: time-kill, checkerboard, and E test. Antimicrob Agents Chemother. 1996; 40(8):1914–8.

Epub 1996/08/01. https://doi.org/10.1128/AAC.40.8.1914 PMID: 8843303; PubMed Central PMCID:

PMC163439.

61. Saiman L. Clinical utility of synergy testing for multidrug-resistant Pseudomonas aeruginosa isolated

from patients with cystic fibrosis: ’the motion for’. Paediatr Respir Rev. 2007; 8(3):249–55. Epub 2007/

09/18. https://doi.org/10.1016/j.prrv.2007.04.006 PMID: 17868923.

62. Chen W, Ohmiya K, Shimizu S. Protoplast formation and regeneration of dehydrodivanillin-degrading

strains of Fusobacterium varium and Enterococcus faecium. Appl Environ Microbiol. 1986; 52(4):612–

6. Epub 1986/10/01. https://doi.org/10.1128/aem.52.4.612-616.1986 PMID: 3777921; PubMed Central

PMCID: PMC239085.

63. Rabinowitz JD, Kimball E. Acidic acetonitrile for cellular metabolome extraction from Escherichia coli.

Anal Chem. 2007; 79(16):6167–73. Epub 2007/07/17. https://doi.org/10.1021/ac070470c PMID:

17630720.

64. Lu W, Clasquin MF, Melamud E, Amador-Noguez D, Caudy AA, Rabinowitz JD. Metabolomic analysis

via reversed-phase ion-pairing liquid chromatography coupled to a stand alone orbitrap mass spectrom-

eter. Anal Chem. 2010; 82(8):3212–21. Epub 2010/03/31. https://doi.org/10.1021/ac902837x PMID:

20349993; PubMed Central PMCID: PMC2863137.

65. Navarro Llorens JM, Tormo A, Martı́nez-Garcı́a E. Stationary phase in Gram-negative bacteria. FEMS

Microbiol Rev. 2010; 34(4):476–95. Epub 2010/03/20. https://doi.org/10.1111/j.1574-6976.2010.00213.

x PMID: 20236330.

66. Reeve CA, Amy PS, Matin A. Role of protein synthesis in the survival of carbon-starved Escherichia coli

K-12. J Bacteriol. 1984; 160(3):1041–6. Epub 1984/12/01. https://doi.org/10.1128/jb.160.3.1041-1046.

1984 PMID: 6389505; PubMed Central PMCID: PMC215816.

67. Vogel SJ, Tank M, Goodyear N. Variation in detection limits between bacterial growth phases and preci-

sion of an ATP bioluminescence system. Lett Appl Microbiol. 2014; 58(4):370–5. Epub 2013/12/18.

https://doi.org/10.1111/lam.12199 PMID: 24330032.

68. Cameron DR, Shan Y, Zalis EA, Isabella V, Lewis K. A genetic determinant of persister cell formation in

bacterial pathogens. J Bacteriol. 2018; 200(17). Epub 2018/06/27. https://doi.org/10.1128/JB.00303-18

PMID: 29941425; PubMed Central PMCID: PMC6088157.

69. Bohannon DE, Connell N, Keener J, Tormo A, Espinosa-Urgel M, Zambrano MM, et al. Stationary-

phase-inducible "gearbox" promoters: differential effects of katF mutations and role of sigma 70. Journal

of Bacteriology. 1991; 173(14):4482–92. https://doi.org/10.1128/jb.173.14.4482-4492.1991 PMID:

1906064

70. Chang DE, Smalley DJ, Conway T. Gene expression profiling of Escherichia coli growth transitions: an

expanded stringent response model. Mol Microbiol. 2002; 45(2):289–306. Epub 2002/07/19. https://doi.

org/10.1046/j.1365-2958.2002.03001.x PMID: 12123445.

PLOS ONE Peptidoglycan removal causes daptomycin tolerance

PLOS ONE | https://doi.org/10.1371/journal.pone.0254796 July 23, 2021 23 / 25

https://doi.org/10.1074/jbc.M802323200
http://www.ncbi.nlm.nih.gov/pubmed/18490448
https://doi.org/10.1128/jb.163.1.208-212.1985
http://www.ncbi.nlm.nih.gov/pubmed/3891726
https://doi.org/10.1128/AAC.49.8.3114-3121.2005
https://doi.org/10.1128/AAC.49.8.3114-3121.2005
http://www.ncbi.nlm.nih.gov/pubmed/16048912
https://doi.org/10.1038/nmicrobiol.2016.51
https://doi.org/10.1038/nmicrobiol.2016.51
http://www.ncbi.nlm.nih.gov/pubmed/27398229
http://www.ncbi.nlm.nih.gov/pubmed/6853484
https://doi.org/10.1093/infdis/124.supplement%5F1.s46
https://doi.org/10.1093/infdis/124.supplement%5F1.s46
http://www.ncbi.nlm.nih.gov/pubmed/5164949
https://doi.org/10.1128/am.18.3.303-306.1969
http://www.ncbi.nlm.nih.gov/pubmed/4984762
https://doi.org/10.1128/AAC.40.8.1914
http://www.ncbi.nlm.nih.gov/pubmed/8843303
https://doi.org/10.1016/j.prrv.2007.04.006
http://www.ncbi.nlm.nih.gov/pubmed/17868923
https://doi.org/10.1128/aem.52.4.612-616.1986
http://www.ncbi.nlm.nih.gov/pubmed/3777921
https://doi.org/10.1021/ac070470c
http://www.ncbi.nlm.nih.gov/pubmed/17630720
https://doi.org/10.1021/ac902837x
http://www.ncbi.nlm.nih.gov/pubmed/20349993
https://doi.org/10.1111/j.1574-6976.2010.00213.x
https://doi.org/10.1111/j.1574-6976.2010.00213.x
http://www.ncbi.nlm.nih.gov/pubmed/20236330
https://doi.org/10.1128/jb.160.3.1041-1046.1984
https://doi.org/10.1128/jb.160.3.1041-1046.1984
http://www.ncbi.nlm.nih.gov/pubmed/6389505
https://doi.org/10.1111/lam.12199
http://www.ncbi.nlm.nih.gov/pubmed/24330032
https://doi.org/10.1128/JB.00303-18
http://www.ncbi.nlm.nih.gov/pubmed/29941425
https://doi.org/10.1128/jb.173.14.4482-4492.1991
http://www.ncbi.nlm.nih.gov/pubmed/1906064
https://doi.org/10.1046/j.1365-2958.2002.03001.x
https://doi.org/10.1046/j.1365-2958.2002.03001.x
http://www.ncbi.nlm.nih.gov/pubmed/12123445
https://doi.org/10.1371/journal.pone.0254796


71. Ishihama A. Adaptation of gene expression in stationary phase bacteria. Current Opinion in Genetics &

Development. 1997; 7(5):582–8. https://doi.org/10.1016/S0959-437X(97)80003-2.

72. Schellhorn HE, Audia JP, Wei LI, Chang L. Identification of conserved, RpoS-dependent stationary-

phase genes of Escherichia coli. J Bacteriol. 1998; 180(23):6283–91. Epub 1998/11/26. https://doi.org/

10.1128/JB.180.23.6283-6291.1998 PMID: 9829938; PubMed Central PMCID: PMC107714.

73. Link H, Fuhrer T, Gerosa L, Zamboni N, Sauer U. Real-time metabolome profiling of the metabolic

switch between starvation and growth. Nat Methods. 2015; 12(11):1091–7. Epub 2015/09/15. https://

doi.org/10.1038/nmeth.3584 PMID: 26366986.

74. Yao J, Rock CO. Phosphatidic acid synthesis in bacteria. Biochim Biophys Acta. 2013; 1831(3):495–

502. Epub 2012/09/18. https://doi.org/10.1016/j.bbalip.2012.08.018 PMID: 22981714; PubMed Central

PMCID: PMC3548993.

75. Mitchell AM, Wang W, Silhavy TJ. Novel RpoS-dependent mechanisms strengthen the envelope per-

meability barrier during stationary phase. J Bacteriol. 2017; 199(2). Epub 2016/11/09. https://doi.org/10.

1128/JB.00708-16 PMID: 27821607; PubMed Central PMCID: PMC5198486.

76. Descourouez JL, Jorgenson MR, Wergin JE, Rose WE. Fosfomycin synergy in vitro with amoxicillin,

daptomycin, and linezolid against vancomycin-resistant Enterococcus faecium from renal transplant

patients with infected urinary stents. Antimicrob Agents Chemother. 2013; 57(3):1518–20. Epub 2012/

12/25. https://doi.org/10.1128/AAC.02099-12 PMID: 23263002; PubMed Central PMCID:

PMC3591908.

77. Garcı́a-de-la-Mària C, Gasch O, Garcı́a-Gonzalez J, Soy D, Shaw E, Ambrosioni J, et al. The combina-

tion of daptomycin and fosfomycin has synergistic, potent, and rapid bactericidal activity against methi-

cillin-resistant Staphylococcus aureus in a rabbit model of experimental endocarditis. Antimicrob

Agents Chemother. 2018; 62(6). Epub 2018/04/04. https://doi.org/10.1128/aac.02633-17 PMID:

29610194; PubMed Central PMCID: PMC5971606.

78. Lingscheid T, Poeppl W, Bernitzky D, Veletzky L, Kussmann M, Plasenzotti R, et al. Daptomycin plus

fosfomycin, a synergistic combination in experimental implant-associated osteomyelitis due to methicil-

lin-resistant Staphylococcus aureus in rats. Antimicrob Agents Chemother. 2015; 59(2):859–63. Epub

2014/11/19. https://doi.org/10.1128/AAC.04246-14 PMID: 25403675; PubMed Central PMCID:

PMC4335895.

79. Mihailescu R, Furustrand Tafin U, Corvec S, Oliva A, Betrisey B, Borens O, et al. High activity of fosfo-

mycin and rifampin against methicillin-resistant Staphylococcus aureus biofilm in vitro and in an experi-

mental foreign-body infection model. Antimicrob Agents Chemother. 2014; 58(5):2547–53. Epub 2014/

02/20. https://doi.org/10.1128/AAC.02420-12 PMID: 24550327; PubMed Central PMCID:

PMC3993211.

80. Borisova M, Gaupp R, Duckworth A, Schneider A, Dalügge D, Mühleck M, et al. Peptidoglycan recycling
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