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Cell wall thickening is a common feature among daptomycin-resistant Staphylococcus aureus strains. How-

ever, the mechanism(s) leading to this phenotype is unknown. We examined a number of cell wall synthesis
pathway parameters in an isogenic strain set of S. aureus bloodstream isolates obtained from a patient with
recalcitrant endocarditis who failed daptomycin therapy, including the initial daptomycin-susceptible parental
strain (strain 616) and two daptomycin-resistant strains (strains 701 and 703) isolated during daptomycin
therapy. Transmission electron microscopy demonstrated significantly thicker cell walls in the daptomycin-
resistant strains than in the daptomycin-susceptible strain, a finding which was compatible with significant
differences in dry cell weight of strain 616 versus strains 701 to 703 (P < 0.05). Results of detailed analysis of
cell wall muropeptide composition, the degree of peptide side chain cross-linkage, and the amount of the
peptidoglycan precursor, UDP-MurNAc-pentapeptide, were similar in the daptomycin-susceptible and dapto-
mycin-resistant isolates. In contrast, the daptomycin-resistant strains contained less O-acetylated peptidogly-
can. Importantly, both daptomycin-resistant strains synthesized significantly more wall teichoic acid (WTA)
than the parental strain (P < 0.001). Moreover, the proportion of p-alanylated WTA species was substantially
higher in the daptomycin-resistant strains than in the daptomycin-susceptible parental strain (P < 0.05 in
comparing strain 616 versus strain 701). The latter phenotypic findings correlated with (i) enhanced tag4 and
dltA gene expression, respectively, and (ii) an increase in surface positive charge observed in the daptomycin-
resistant versus daptomycin-susceptible isolates. Collectively, these data suggest that increases in WTA
synthesis and the degree of its p-alanylation may play a major role in the daptomycin-resistant phenotype in

some S. aureus strains.

Daptomycin has become a key agent for the management
of serious Staphylococcus aureus infections, especially for
drug-resistant strains, such as methicillin-resistant S. aureus
(MRSA) (21, 35). However, a number of recent reports have
documented the emergence of in vivo daptomycin-resistant S.
aureus strains during unsuccessful therapy with this agent (3,
11, 27). There appear to be several potential mechanisms as-
sociated with the daptomycin-resistant phenotype at both the
genotypic and phenotypic levels, including (i) increased expres-
sion of genes involved in maintenance of the bacterial surface
positive charge (e.g., ditABCD or mprF [37, 38, 40]), (ii) per-
turbations in cell membrane fluidity (18), and (iii) altered cell
membrane permeabilization (12). We have recently shown that
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a common (although not universal) accompaniment of the
daptomycin-resistant phenotype is a notably thickened cell wall
among such strains (18, 37, 38). Although some investigations
have shown the presence of selected cell wall synthetic altera-
tions in daptomycin-resistant S. aureus strains (e.g., changes in
peptidoglycan O-acetylation profiles [13]), there has been no
systematic study in this arena. We took advantage of the avail-
ability of a previously well-characterized isogenic daptomycin-
susceptible-daptomycin-resistant S. aureus clinical strain set to
compare their cell wall synthetic profiles (12, 22). (Note: al-
though “daptomycin nonsusceptibility” is the generally ac-
cepted terminology, we have utilized the term “daptomycin
resistance” for ease of presentation.)

MATERIALS AND METHODS

Bacterial strains. For most of the analyses performed in this study, we em-
ployed a previously described isogenic methicillin-susceptible S. aureus (MSSA)
clinical strain set from a patient with relapsing endocarditis, including the initial
pretherapy daptomycin-susceptible bloodstream isolate (strain 616; daptomycin
MIC by standard Etest, 0.5 pg/ml), strain 621, which emerged during vancomycin
therapy but prior to daptomycin treatments (daptomycin MIC, 0.5 pg/ml), and
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FIG. 1. TEM analyses of the daptomycin-susceptible parental
strain (616), the vancomycin-exposed but daptomycin-unexposed
strain (621), and the two daptomycin-resistant strains (701 and 703).
The thickness of cell walls (in nanometers) was measured at X190,000
magnification. Data (* SD) for strains 616, 701, and 703 have been
recently published (37).

two daptomycin-resistant strains obtained during failed daptomycin therapy
(MICs, 2.0 pg/ml). The inclusion of strain 621 in selected phenotypic analyses
allowed a distinction between the potential impacts of vancomycin versus dap-
tomycin. The clinical details of this patient have been previously published (22).
The cell walls of the daptomycin-resistant strains (strains 701 and 703) were
significantly thicker by standard transmission electron microscopy (TEM) than
those of the daptomycin-susceptible parental strain (28.2 nm and 27.2 nm, re-
spectively, versus 21.9 nm; P < 0.05). These data have been recently reported
(38). Of interest, the cell wall thickness of strain 621 (vancomycin exposed,
daptomycin unexposed) was not significantly different from that of the parental
strain 616 (Fig. 1).

Unless otherwise specified, the study strains were cultured to logarithmic
phase in Mueller-Hinton broth (MHB). All isolates were kept frozen at —70°C
until thawed for use in the various investigations detailed below. The media used
for bacterial growth varied depending on the specific assay being done.

Determination of muropeptide composition and cross-linking. Peptidoglycan
of all three strains was isolated from 1 liter of culture in Mueller-Hinton broth
(Sigma, St. Louis, MO) grown to an optical density at 578 nm (ODsg) of 0.6
(~10® CFU/ml). The isolation of peptidoglycan was done as previously described
(1) but with two additional washes with 1 M NaCl after boiling the cells in SDS.
After incubation with EDTA, the pellets were washed twice with double-distilled
water (ddH,0O), once with acetone, and again twice with ddH,O before lyophi-
lization. Part of the lyophilized peptidoglycan was incubated with hydrofluoric
acid (HF) to remove O-acetylation and teichoic acids. After washing, HF-free
peptidoglycan was resuspended in 12.5 mM phosphate buffer (pH 5.5) to an
ODs5 of 3. From this preparation, 125 pl was digested by 62.5 units of muta-
nolysin (Sigma) for 16 h at 37°C with constant stirring. Mutanolysin was inacti-
vated by boiling for 10 min. All samples were then centrifuged for 10 min and
reduced with an equal volume of sodium borohydrate (10 mg/ml in 0.5 M borate
buffer, pH 8.0) for 20 min at room temperature. The pH was reduced to 2.0 with
20% H5PO,, and the samples were analyzed on an Agilent HPLC 1200 using a
Prontosil 120-3-C;g AQ column (250 by 4.6 mm, 3 pum; Bischoff). Conditions
were chosen according to a published method (7). The identity of the peaks was
confirmed by mass spectroscopy (MS) and/or retention time. The data represent
four independent analyses.

Isolation of peptidoglycan for O-acetylation determination. Isolation of pep-
tidoglycan for O-acetylation determination was essentially done as described
before (1) with some modifications. For each strain, 1 liter of TSB medium
(Sigma) was inoculated 1:200 with a fresh overnight culture. The cells were
grown to an ODs5 of 0.7 and immediately cooled down on ice for 10 min. After
centrifugation (6,000 X g, 4°C, 15 min), the pellet was washed once with 100 ml
of ice-cold saline and resuspended in 20 ml of fresh saline. The cells were boiled
for 20 min in a water bath and pelleted again (17,000 X g, 20°C, 10 min). After
resuspension in 1 ml ice-cold saline, the cells were mixed with glass beads (0.15
to 0.25 wm; Sigma) and lysed in a Fastprep FP120 (Thermosavant) (4 X 2 rounds
of 20 s on highest speed; the samples were cooled down on ice for 5 min after
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every second round). To separate the cells from the glass beads, the samples were
washed with 25 ml of water on a filter. The cells were centrifuged again (25,000 X
g, 20°C, 15 min), resuspended in 10 ml of 2% SDS, and boiled for another 30 min
in a water bath. After cooling down to room temperature, the cells were washed
free of SDS with warm distilled water until SDS could no longer be detected by
the Hayashi test (10). The pellet was then dissolved in 10 ml of buffer (0.1 M
Tris/HCI, pH 6.8), and the peptidoglycan-bound proteins were digested by in-
cubation with trypsin (0.5 mg/ml) for 16 h at 37°C while stirring. Afterwards, the
cells were washed three times with warm distilled water and then frozen to
—80°C for lyophilization.

From each sample of lyophilized peptidoglycan, 1 mg was resuspended in 200
pl buffer (25 mM NaH,PO,, pH 7.0) and digested with 20 units lysostaphin
(Sigma) for 16 h at 37°C while stirring. Then, 100 U of mutanolysin (Sigma) was
added to each sample, and the incubation proceeded for another 4 h. The
enzymes were inactivated by boiling for 5 min.

Nonacetylated and O-acetylated compounds were separated on an Agilent
high-performance liquid chromatography (HPLC) system as previously de-
scribed (1). We used a Prontosil 120-3-C;3 AQ column (250 by 4.6 mm, 3 pm;
Bischoff), and collected peaks were analyzed by mass spectroscopy. This analysis
was done twice in independent runs.

Determination of peptidoglycan precursor. The peptidoglycan precursor,
UDP-MurNAc-pentapeptide, was isolated and quantified from growing cells as
described previously (14, 23, 24). Qualitative and quantitative analyses of the
samples were done by HPLC using an Agilent 1200 model with a Nucleosil 100
Cis (5§ wm) 125 -by 4.6-mm column. An isocratic gradient of 50 mM NaH,PO,
(pH 5.2) was run for 12 min (plus an additional 5 min after end of gradient) at
a flow rate of 1 ml/min. The identity of the peaks was determined by mass
spectroscopy. A minimum of two independent experiments were performed on
separate days.

WTA isolation and purification. Cell wall and wall teichoic acid (WTA) were
isolated as described previously (20, 31). In brief, bacteria were grown overnight
in B medium (1% peptone, 0.5% yeast extract, 0.5% NaCl, and 0.1% K,HPO,)
containing 0.3% (wt/vol) glucose, washed twice in sodium acetate buffer (20 mM,
pH 4.7), and disrupted in the same buffer with glass beads for 1 h on ice in a cell
disruptor (Euler). Crude cell lysates were incubated overnight with DNase I (40
units/ml; Roche) and RNase A (80 units/ml; Sigma) at 37°C. Subsequently, an
SDS extraction step was performed. Remaining cell wall materials were exten-
sively washed with sodium acetate buffer to remove SDS and soluble cell com-
ponents. We determined the total amount of protein-free cell wall contained
within our strain set by weighing the cell wall after drying. The cell wall dry
weight determinations were derived from results of six independent isolations. In
parallel, WTA was released from purified cell walls by treatment with 5%
trichloroacetic acid in sodium acetate buffer for 4 h at 60°C. Peptidoglycan was
removed by centrifugation. WTA was quantified by determining its inorganic
phosphate (P;) content as described previously (31). The isolation was performed
in triplicate for each strain and assayed in triplicate for their respective P;
contents.

Quantitation of p-alanine content. p-Alanylation of the WTA polymers was
assayed as described before (17). In brief, p-alanine esters were hydrolyzed by a
mild alkaline hydrolysis carried out at 37°C for 1 h in 0.1 M NaOH. The
supernatant was neutralized, dried under vacuum, and used for precolumn de-
rivatization with Marfey’s reagent (1-fluoro-2,4-dinitrophenyl-5-1-alanine amide;
Sigma). The amino acid derivates (detection at 340 nm) were separated on a Cg
reversed-phase column (Hypersil ODS; column diameter, 3 mm; length, 125 mm;
Bischoff Chromatography, Leonberg, Germany) using a Beckman Coulter HPLC
system at 30°C with a flow rate of 1 ml per min by linear gradient elution from
0 to 50% acetonitrile in sodium acetate buffer (20 mM, pH 4) in 10 min. Data
were expressed as percentage of WTA (= standard deviation [SD]) that was
p-alanylated. A minimum of three independent runs were performed.

Quantification of dit and fag expression. For RNA isolation, fresh overnight
cultures of S. aureus strains were used to inoculate TSB to an optical density at
600 nm (ODgq) of 0.1. Cells were harvested during both exponential and sta-
tionary growth phases. Total RNA was isolated from the cell pellets by using the
RNeasy kit (Qiagen, Valencia, CA) and the FASTPREP FP120 instrument (BIO
101, Vista, CA), according to the manufacturer’s recommended protocols.

One microgram of DNase-treated RNA was reverse transcribed using the
SuperScript IIT first-strand synthesis kit (Invitrogen) according to the manufac-
turer’s protocols. Quantification of cDNA levels was performed following the
instructions of the Power SYBR green master mix kit (Applied Biosystems) on
an ABI PRISM 7000 sequence detection system (Applied Biosystems) or on a
LightCycler using the Quanti Fast SYBR green real-time (RT)-PCR kit
(Qiagen). Primers to amplify ditA were dit-F-1 (5'-GATGCAAATCCACAAA
GCAT-3’) and dIt-R (5'-GCACCAATCATCCCAACAAT-3"). Primers for tagA
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TABLE 1. Muropeptide composition

% of muropeptide(s)*

Strain

Monomers Dimers Trimers Oligomers Cross-linkage
616 6.13 = 0.16 12.84 = 1.07 9.67 £ 1.13 71.36 £ 1.58 77.09 = 0.47
701 6.69 = 0.14 13.98 = 0.87 9.89 = 1.39 69.44 = 2.19 76.08 = 0.61
703 6.71 £0.21 13.93 = 0.89 9.89 = 1.11 69.47 £ 1.92 76.08 = 0.59

“ The numbers give the sums of the peak areas of the indicated fraction. Each number is the mean value (* SD) of results of four different analyses. Cross-linkage
was calculated as described before (28): 0.5 X dimers (%) + 0.67 X trimers (%) + 0.9 X oligomers (%).

(gene involved in early WTA synthesis) were tagA-F (5'-GTTGCTGATGGGA
CAGGAGT-3') and tagA-R (5'-TGCATATTGTGCCGCTTCTA-3"). All RT-
PCR experiments for dlt4 were performed in triplicate. RT-PCR experiments for
tagA were performed 3 to 6 times.

Housekeeping gene gyrB transcription levels were used to normalize all data.
The primers used for gyrB were gyr-For (5'-TTAGTGTGGGAAATTGTCGA
TAAT-3") and gyr-Rev (5'-AGTCTTGTGACAATGCGTTTACA-3") as de-
scribed before (4).

Statistical analyses. The two-tailed Student ¢ test was utilized for comparisons
of continuous data sets between strains.

RESULTS

Muropeptide composition. It has been previously reported
that a clinical daptomycin-resistant strain of vancomycin-inter-
mediate S. aureus (VISA) had a peptidoglycan profile which
was not as highly cross-linked as that of its daptomycin-suscep-
tible parental strain, suggesting a shift in muropeptide compo-
sitions (13). Therefore, we determined the muropeptide pro-
files and degrees of cross-linkage of our strain set by HPLC
analysis. Table 1 shows the percentage of the different muro-
peptide groups identified, as well as the degree of cross-linkage
These parameters were not significantly different in comparing
the daptomycin-susceptible and daptomycin-resistant strains.
Figure 2 shows the muropeptide pattern of one representative
HPLC analysis which includes strain 621. The muropeptide
compositional analyses of strain 621 did not resemble those
observed in the daptomycin-resistant strains 701 and 703. Cer-
tain monomeric and dimeric muropeptides are modestly dif-
ferent in strain 621 (indicated by arrows) compared to those in
strain 616; in contrast, strains 701 and 703 exhibit the same
overall pattern as strain 616. Therefore, strain 621 was not
included in calculations concerning peptidoglycan analysis.

Degree of O-acetylation. A certain percentage of the N-
acetylmuramic acid (MurNAcs) species localized within the
peptidoglycan of S. aureus become O-acetylated on position Cg
by a protein called OatA (1). We therefore determined the
comparative extent of O-acetylation in our strain set (Fig. 3).
The ratio of nonacetylated to acetylated muropeptide species
did not differ between strain 616 and strains 701 and 703
(~55% to ~45%, respectively; Table 2).

Peptidoglycan precursors. One possible explanation for a
relatively thicker cell wall observed in the daptomycin-resistant
strains, 701 and 703, is that they are merely synthesizing more
peptidoglycan. To address this possibility, the peptidoglycan
precursor, UDP-MurNAc-pentapeptide, was quantified. Fig-
ure 4 shows the HPLC profile of the UDP-MurNAc-pentapep-
tide precursor present in the study strains. This chromatogram
indicates that the amount of this peptidoglycan precursor was
actually somewhat greater in the parental strain (strain 616)
than in the two daptomycin-resistant mutant strains.

Total cell wall and WTA content. We detected significant
differences in the amount of total cell wall produced by the
daptomycin-susceptible versus daptomycin-resistant isolates.
The cell wall dry weight per gram of cell wall wet weight in
strain 616 was 15.32 (* 5.6) mg versus those in strain 701 at
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FIG. 2. Muropeptide pattern. The cell wall of all four strains was
isolated and digested by muraminidase mutanolysin and analyzed by
HPLC. The muropeptide patterns of strains 616, 701 and 703 were
always very similar. Differences in the muropeptide pattern of strain
621 compared to those of the other three strains are indicated by black
arrows.
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FIG. 3. Determination of O-acetylated muropeptides by HPLC analysis. The cell walls of all three strains were isolated and enzymatically
digested into monomeric muropeptides by mutanolysin and lysostaphin. The O-acetylated and nonacetylated muropeptides were separated by
HPLC, and the content of the two most prevalent peak groups was determined by MS. The peak group at retention time 60 to 75 min contains
nonacetylated muropeptides, while the muropeptides at the peak retention times of 75 to 85 min are O-acetylated.

24.44 (= 4.8) mg and strain 703 at 25.64 (= 5.5) mg. The
differences in cell wall dry weight reached statistical signifi-
cance when strain 616 was compared with either strain 701
(P = 0.0125) or strain 703 (P = 0.0089). The cell wall dry
weight exhibited by strain 621 (vancomycin exposed, not dap-
tomycin exposed) was not significantly different from that of
strain 616 (18.17 = 3.3 mg, P = 0.0638) (Table 3). Importantly,
there were significant differences in the amounts of WTA
found in the cell walls of this strain set, with both strains 701
(84.80 = 4.4) and 703 (85.75 = 2.4) producing more WTA than
strain 616 (50.76 = 4.1) (P = 0.0006 and P = 0.0002, respec-
tively). The amount of WTA exhibited by strain 621 (64.64 *
8.5) was not significantly different from that of strain 616 (P =
0.24) but significantly different from those of both strain 701
and strain 703 (P = 0.0219 and P = 0.0144, respectively)
(Table 3).

WTA p-alanylation. In addition to the significant increases in
overall WTA content of the daptomycin-resistant strains
above, there were also substantial differences in the proportion
of WTA that was p-alanylated when comparing the study iso-
lates. Thus, the amounts of p-alanine contained within the
WTA (nmol p-alanine/nmol P;) in strains 701 (0.81 = 0.14) and

TABLE 2. Comparison of proportions of
muropeptide O-acetylation

Value“ for strain:
Muropeptide type

616 701 703
Nonacetylated 5538 £ 0.1 56.31 £ 2.0 55.09 = 0.49
O-acetylated 44.62 = 0.1 43.69 = 2.0 44.91 = 0.49

“The muropeptides were separated by HPLC into nonacetylated and O-
acetylated compounds. The values are percentages of the sums of both area
peaks (= SD). The experiments were done twice.

703 (0.62 = 0.21) were higher than that observed in strain 616
(0.41 = 0.13), although only the difference between strains 616
and 701 reached statistical significance (P = 0.0215). The pro-
portion of WTA that was p-alanylated in strain 621 (0.48 =
0.14) was not significantly different from that of strain 616 (P =
0.55) but was significantly lower than those of the daptomycin-
resistant strains (Table 3).

Quantitative RT-PCR analyses. Transcription levels of tagA,
an early gene in the WTA biosynthesis pathway, were higher in
strain 701 than in strain 616 at log phase (1.4-fold = 0.21; P <
0.05). There were no differences in fagA transcription between
strains at stationary growth (Fig. 5). Transcription of the dit
operon was significantly enhanced in the daptomycin-resistant
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FIG. 4. Analysis of the amount of the peptidoglycan precursor
UDP-MurNAc-pentapeptide. The peptidoglycan precursor UDP-
MurNAc-pentapeptide was isolated from growing cells, and its amount
for each strain was detected by HPLC (blue, 616; red, 701; green, 703).
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TABLE 3. Cell wall dry weight, amount of WTA, and degree of WTA D-alanylation in studied strains”

Cell wall dry wt

Amt of WTA in cell wall prepn

Degree of WTA p-alanylation

Strain ~ mg cell wall dry nmol phosphorus/

nmol p-alanine/nmol
phosphorus

wt/g csll :vall P mgdcell \:/all P compared to strain P
wet w Iy Wi 616
616 15.32 £5.55 50.76 = 4.12 0.41 = 0.130
621 18.17 £3.25 P = 0.0638 64.64 = 8.51 P = 0.2435 0.48 = 0.142 P = 0.5534
701 2444 =483 P = 0.0125, P = 0.0246 84.80 = 4.42 P = 0.0006, P = 0.0219 0.81 £0.135 P = 0.0215, P = 0.045

“ P values are based on comparisons with corresponding results for strain 616 or 621.

strain 701, compared with that of the parental 616 strain,
during both exponential growth (3.1-fold + 0.56 versus strain
616; P < 0.01) and stationary growth (5.2-fold = 1.94 versus
strain 616; P < 0.01) (Fig. 5), although the total expression
levels were relatively low in the latter growth phase.

DISCUSSION

Daptomycin is felt to principally target the bacterial cell
membrane and exert microbicidal activity via membrane per-
turbation, small ion leakage, and dissipation of the membrane
potential (25, 26, 30). Thus, adaptations of the cell membrane
(e.g., enhanced membrane fluidity/rigidity, altered phospho-
lipid production and translocation profiles, increased relative
positive surface charge) (12, 18, 37, 39) have been documented
in daptomycin-resistant strains generated in vitro or isolated in
vivo. However, a number of lines of evidence have suggested
that the cell wall, especially in staphylococci, may play a role in
the daptomycin-resistant phenotype. Several recent investiga-
tions have shown that daptomycin-resistant S. aureus isolates
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FIG. 5. Relative transcript levels of the dlt4 gene and tagA gene in
strains 616 and 701. Values from exponential and stationary growth phase
RNA samples were normalized versus housekeeping gene, gyrB, expres-
sion levels; data from strain 616 were set to 1 to allow comparison of data
from different samples. * P < 0.05 and ** P < 0.001 versus 616.

from in vitro selection or clinical sources exhibited significantly
thicker cell walls than their respective daptomycin-susceptible
parental strains (5, 6, 18). Of note, in some of these reports, the
daptomycin-resistant S. aureus strain concomitantly demon-
strated the VISA phenotype, making it difficult to discern
which phenotype was “driving” the adaptive cell wall response
(5, 6). In a recent survey, Yang et al. (38) confirmed among
non-VISA strains that daptomycin-resistant S. aureus strains
commonly, but not universally, displayed cell wall thickening
(~50% frequency). In addition to these cell wall structural
studies, Muthaiyan et al. (19) investigated the transcriptional
profile of daptomycin in vitro-exposed S. aureus cells, and
showed that in consort with inducing genes consistent with
membrane depolarization, a cadre of genes were affected by
daptomycin exposures which are involved in the cell wall stress
stimulon. Of importance, when the transcriptomic profiles of
daptomycin, vancomycin, and oxacillin inductions were com-
pared, there was a consensus in the activation of a number of
key genes involved in cell wall synthesis by all three, including
vraSR, murAB, pbpB, tcaA, and the various tag genes. Thus,
clearly, daptomycin can induce the cell wall stress stimulon in
a manner similar to those of other cell wall-active agents.
Finally, Julian et al. (13) evaluated 29 clinical VISA daptomy-
cin-resistant isolates for cell wall profiles. They showed that in
comparison to a control daptomycin-susceptible VISA strain,
the daptomycin-resistant isolates showed (i) no variation in
qualitative cell wall muropeptide composition, (ii) reduced
cross-linking, and (iii) an ~2-fold decrease in the extent of
O-acetylation of muramic acid. They hypothesized that such
“drastic” reductions in O-acetylation could lead to altered hy-
drophobicity and surface charge, as well as altered substrate
properties in terms of cell wall autolytic enzymes (13).

Our current studies were designed to extend and amplify
upon these previous investigations by (i) performing a more
extensive profiling of cell wall parameters in isogenic dapto-
mycin-susceptible and daptomycin-resistant strain sets, (ii) cor-
relating these cell wall compositional features with surface
charge and cell wall thickness profiles, and (iii) determining
the transcriptional profiles of specific genes involved in pivotal
steps in cell wall biosynthesis. Several key themes emerged
from the present studies. First, our daptomycin-resistant iso-
lates did show thickened cell walls by TEM compared to those
of the daptomycin-susceptible parental strain, even though this
strain was not a VISA by MIC testing (12, 38). Paralleling
these TEM findings, both daptomycin-resistant isolates pro-
duced significantly more total cell wall (by weight) than the
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parental strain and strain 621 (vancomycin exposed, daptomy-
cin unexposed).

Second, similar to the published studies cited above, our
detailed cell wall muropeptide analyses did not identify any
major differences in predominant muropeptide species be-
tween strains. We also found indirect evidence for differences
in the O-acetylation profiles. The ratios of non-O-acetylated to
O-acetylated compounds were similar in comparing the dap-
tomycin-resistant versus daptomycin-susceptible strains. How-
ever, given the overall increase in the amount of WTA in the
daptomycin-resistant strains, it is likely that WTA-containing
muropeptides (which cannot be analyzed by the HPLC method
utilized in our study) were increased. This, in turn, might be
considered an actual decrease in net peptidoglycan O-acetyla-
tion in the daptomycin-resistant strains. However, as opposed
to previous investigations, we did not observe any comparative
shifts in degrees of cross-linking in our strain set (13, 15). The
disparity between our muropeptide data sets and the results of
these latter investigations could well be based in strain differ-
ences, especially in the context of the VISA phenotype dis-
played in the isolates used in previous studies (not seen in our
strain set).

Third, since excess peptidoglycan synthesis itself might ac-
count for the thickened cell wall phenotype, we quantified the
major peptidoglycan precursor, UDP-MurNAc-pentapeptide,
and found no differences among the strain set. If anything, the
amount of peptidoglycan precursor was reduced in the dapto-
mycin-resistant mutants.

Fourth, reductions in cell wall autolysis might also underlie
a thickened cell wall phenotype; however, in recent analyses,
only modest differences among this strain set were detected in
terms of detergent-induced, vancomycin-induced, and dapto-
mycin-induced autolysis (12).

Fifth, and most importantly, we demonstrated that the dap-
tomycin-resistant phenotype was clearly correlated with the
enhanced capacity of these isolates to synthesize and p-alany-
late WTA compared to the daptomycin-susceptible parental
strain. Of note, we have recently compared the gene expression
profiles of the same strain set by microarray analyses (9). These
studies confirmed a significant upregulation of the fag gene
ensemble responsible for WTA production in the daptomycin-
resistant versus daptomycin-susceptible strain (tagO, 1.2-fold
increase; tagA, 3.5-fold increase; tagB, 1.2-fold increase; tagD,
2.2-fold increase; tagG, 2.4-fold increase; and tagH, 1.2-fold
increase). Of interest, in the current study, we also detected
substantial upregulation of the early WTA biosynthesis gene,
tagA, in daptomycin-resistant strain 701. Finally, expression
profiling of the dit gene cluster (responsible for p-alanylation
of WTA), a major contributor to the maintenance of relative
cell wall positive charge (20, 34, 37), confirmed its upregulation
in the daptomycin-resistant versus daptomycin-susceptible iso-
lates. Collectively, these transcriptional profiles for fag4 and
dlt correlate well with the phenotypic observations noted in the
daptomycin-resistant strains in the present investigation: (i)
thickened cell walls ultrastructurally, (ii) increased cell wall dry
weight, (iii) increased WTA production and p-alanylation, and
(iv) enhanced net surface positive charge (12). Of interest,
strain 703 did not exhibit a significantly increased proportion-
ality of p-alanylation of WTA versus that of the parental 616
strain. However, it should be underscored that, because of the
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significantly greater amount of WTA synthesized in strain 703
then in strain 616, the composite result is undoubtedly more
net amounts of D-alanylated cell wall species. This notion is
supported by the increased net positive surface charge seen in
both strains 701 and 703 versus parental strain 616 as described
previously (12).

Vancomycin exposures in S. aureus can induce some of the
same phenotypic perturbations seen in our daptomycin-resis-
tant strains, particularly thickened cell walls (6). Thus, it was
important to document whether the cell wall abnormalities we
observed were induced only by daptomycin exposures and not
by prior vancomycin exposures in the patient strains of interest.
By a number of parameters, including cell wall thickness mea-
surements, cell wall dry weights, WTA quantitations, and D-
alanylation proportionalities (isolated after vancomycin treat-
ment, but before daptomycin treatment), strain 621 was not
significantly different from the parental strain (strain 616).
Also, the muropeptide profiles revealed that strain 621 was
clearly different from strains 701 and 703. Collectively, these
findings unambiguously demonstrate that the cell wall pertur-
bations we observed were not due to the short duration of
vancomycin treatment, prior to daptomycin treatment. How-
ever, we recognize that vancomycin exposure may have
“primed” parental strain 616 to subsequently develop a dap-
tomycin-resistant phenotype during daptomycin exposure.

The integrated biosynthesis of both peptidoglycan and WTA
occurs in the context of an undecaprenyl phosphate backbone,
which is also utilized for transport of the respective precursors
across the cytoplasmic membrane. It has been speculated be-
fore that blocking WTA biosynthesis at later stages is lethal to
the cell, as accumulation of WTA precursors leads to a deple-
tion of free lipid carrier, thereby impairing peptidoglycan bio-
synthesis (8, 31, 36). Therefore, it is tempting to hypothesize
that upregulation of WTA biosynthesis in the daptomycin-
resistant isolates explains the reduced production of UDP-
MurNAc-pentapeptide, compared to that of the daptomycin-
susceptible isolates. We propose that in the current strain set,
the main impetus for enhanced cell wall thickness is a pertur-
bation in tag operon expression and translation. It will be of
interest to study additional daptomycin-resistant staphylococ-
cal isolates for similar cell wall synthetic gene perturbations.
Moreover, it will be important to determine the genetic mech-
anism(s) and pathways underlying both upregulated WTA syn-
thesis and its p-alanylation, in relation to the daptomycin-
resistant phenotype. However, our investigations emphasize,
for the first time, that upregulation of the biosynthesis and
p-alanylation of the major cell wall polymer (WTA) is an
important component of a daptomycin-resistant phenotype. Of
note, WTA has considerable impact on the pathogenic poten-
tial of S. aureus (32, 33) and plays an important role in exper-
imental endocarditis by modulating and enhancing S. aureus
adhesion to endothelial surfaces and cardiac vegetations (34).

We recognize that our study has a number of limitations. We
were not able to study detailed metabolic pathways in our
investigation. Also, we did not analyze certain cell wall prop-
erties that might influence either cell wall structure or charge,
such as glycan chain length (2) and p-glutamate amidation
within muropeptides (16, 29), respectively. Further, we did not
determine the relative cocontributions of overall increases in
WTA synthesis (via the tag ensemble) versus net amounts of
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p-alanylated species (via the dlt operon) to the daptomycin-
resistant phenotype. Such investigation will require the con-
struction of a number of strategic knockouts and comple-
mented variants and are beyond the scope of the current study.
Such important studies are in progress in our laboratories.
Finally, we appreciate that we analyzed only a single methicil-
lin-susceptible S. aureus strain set, and our findings may well be
strain specific and not generalizable to MRSA. This detailed
cell wall profiling needs to be carried out with additional
well-characterized daptomycin-susceptible-daptomycin-resis-
tant strain sets.
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