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Many VISA (vancomycin intermediately resistant Staphylococcus aureus) strains are characterized by in-
creased cell wall biosynthesis and decreased cross-linking of the peptide side chains, leading to accumulation
of free D-alanyl–D-alanine termini in the peptidoglycan, which act as false target sites for vancomycin. A
spontaneous mutant of methicillin-resistant VISA strain SA137/93A (vancomycin MIC [E-test], 8 �g/ml),
called SA137/93G, showed increased resistance to vancomycin (MIC [E-test], 12 �g/ml). Analysis of the
resistance profile of the mutant revealed a loss of �-lactam resistance with a concomitant increase in resistance
to glycopeptides. In both strains, cell wall thickness was 1.4-fold greater than that of control isolates. However,
cross-linking of the cell wall was drastically lower in SA137/93A than in SA137/93G. The sensitivity of strain
SA137/93G to �-lactams was due to loss of the �-lactamase plasmid and a deletion that comprises 32.5 kb of
the methicillin resistance cassette SCCmec, as well as 65.4 kb of chromosomal DNA. A spontaneous mutant of
SA137/93G with higher sensitivity to vancomycin displayed a cell wall profile similar, in some respects, to that
of an fmhB mutant. Results described here and elsewhere show that the only feature common to all VISA
strains is a thickened cell wall, which may play a central role in the vancomycin resistance mechanism.

Staphylococcus aureus is one of the most common pathogens
and is a trigger of community-acquired and nosocomial dis-
ease. The drugs of choice against methicillin-resistant S. aureus
(MRSA) strains are the glycopeptide antibiotics vancomycin
and teicoplanin. Since 1996, emergence of MRSA strains re-
sistant to vancomycin has been reported in many countries
(4–6, 13, 16, 21, 30, 36, 41, 45, 53). According to the NCCLS,
strains for which the MIC of vancomycin is less than or equal
to 4 �g/ml are considered susceptible whereas those for which
the MIC is greater than or equal to 32 �g/ml are considered
resistant. Strains for which the MICs are 8 to 16 �g/ml are
intermediately resistant. Detailed characterization of clinical
isolates and in vitro-selected vancomycin-resistant mutants
showed that the resistance phenotype of at least some vanco-
mycin intermediately resistant S. aureus (VISA) strains is
caused by activation of cell wall biosynthesis and a significant
increase in free D-alanyl–D-alanine termini in the cell wall,
which represent false target sites for vancomycin. Resistance
was shown to go along with thickening of the cell wall, changes
in the composition of the peptidoglycan, and the expression of
penicillin-binding proteins (PBPs) (7, 8, 18, 31, 37, 44, 46–48).
Some authors have suggested that the genes involved in gly-
copeptide resistance are probably under the control of a com-
prehensive regulatory system (8, 33). However, the reported
changes in cell wall biochemistry are not restricted to glyco-
peptide-resistant strains and the magnitude of the changes
does not always correlate with the resistance level (7, 39).

In this study, we characterize two VISA isolates and one

revertant strain. SA137/93A was identified by the screening of
457 clinical isolates of MRSA from the strain collection of the
Reference Center for Staphylococci of the University of Bonn
(4). A spontaneous �-lactam-susceptible mutant of SA137/93A
with an increased vancomycin MIC was named SA137/93G.
SA137/93G1 is a vancomycin-susceptible revertant of strain
SA137/93G. We examined the three strains with regard to the
previously reported characteristics of glycopeptide-resistant S.
aureus strains and with emphasis on the differences between
SA137/93A and SA137/93G.

MATERIALS AND METHODS

Bacterial strains, growth conditions, and passaging procedure. SA137/93A
was isolated in 1993 from a tracheal secretion, and its intermediate resistance to
vancomycin was recognized during a retrospective screening of the early MRSA
from the strain collection of the National Reference Center for Staphylococci in
Bonn, Germany (4). Northern German epidemic MRSA strain SA1450/94 and S.
aureus NCTC 8325 were provided by the National Reference Center for Staph-
ylococci in Wernigerode, Germany. Japanese VISA isolate Mu50 was isolated by
Hiramatsu et al. (21). S. aureus strains were stored as frozen stocks in 50%
glycerol at �70°C and cultured in brain heart infusion (BHI) medium (Oxoid,
Wesel, Germany) at 37°C with aeration unless indicated otherwise. For each
experiment, an overnight culture was diluted 100-fold in fresh BHI broth and
further incubated to ensure exponential growth conditions. Cell growth was
monitored by measuring the culture optical density at 600 nm (OD600). To
evaluate the hemolysis phenotype, strains were streaked onto sheep blood agar,
incubated at 37°C overnight, and kept in a refrigerator for 24 h. Serial passaging
was done daily on BHI agar by choosing several colonies from each plate and
passaging them on BHI agar again. SA137/93G1 was detected by picking colonies
on BHI agar with or without vancomycin.

Antimicrobial susceptibility testing. MIC determinations were performed in
BHI broth and cation-supplemented Mueller-Hinton broth by the broth microdi-
lution method with an inoculum of 5 � 105 CFU/ml (42) and by E-test on BHI
agar (Oxoid) by applying an inoculum of 2 McFarland. Growth was read after 24
and 48 h of incubation at 37°C. The exact MICs were determined by a modified
broth microdilution method using arithmetic instead of twofold dilution. The
population analysis was carried out as described previously (21).
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PFGE and phage typing. Chromosomal DNA for the SmaI and ApaI (Roche,
Mannheim, Germany) restriction digests was purified as described previously
(15). Pulsed-field gel electrophoresis (PFGE) was performed on the DRIII
contour-clamped homogeneous electric field system (Bio-Rad, Munich, Ger-
many) by using Pulsed-Field Certified Agarose (1%; Bio-Rad), 6 V/cm, a field
angle of 120°, a switch time of 5 to 15 s for 7 h, and a switch time of 15 to 60 s
for a further 19 h. S. aureus NCTC 8325 served as the mass standard.

Phage typing was performed with the international set for phage typing em-
ployed at the routine test dilution and 100 times the routine test dilution in
accordance with the standard rules agreed on by the International Union of
Microbiological Societies Subcommittee on Phage Typing of Staphylococci.

Characterization of the SCCmec type and chromosomal deletion of strain
SA137/93G by PCR. Chromosomal DNA of the strains was purified after lysis of
the cells in the presence of 5 �g of lysostaphin per ml for 16 h at 37°C by
employing genomic tip20 columns (Qiagen, Hilden, Germany).

The presence of mecA was probed by PCR with primers mecAI (5�-AAA ATC
GAT GGT AAA GGT TGG C-3�) and mecAII (5�-AGT TCT GCA GTA CCG
GAT TTG C-3�). The ccr (cassette chromosome recombinase) complex was
identified with primer �2, which is common to all three ccrB genes, and three
primers specific for each ccrA gene, �2 (ccrA1) �3 (ccrA2), and �4 (ccrA3) (25).
The chromosomal deletion of strain SA137/93G was analyzed by starting with
primers cR4 (25), which corresponds to the 5� end of orfX, and mr8 (28). It was
finally characterized by using primers E040 3� (5�-ACT TTA GCC ATT GCT
ACC TTC-3�), which anneals to the IS431 transposase gene of the type I SCC-
mec of S. aureus NCTC 10442 (EMBL accession no. AB033763), and drm 3�
(5�-CTG GCA AGC GAT CAT CGA AA-3�), which anneals to the phospho-
pentomutase gene in the nucleotide sequence of S. aureus N315 (EMBL acces-
sion no. AP003129). The 2.7-kb PCR product that was obtained with these
primers and Pwo polymerase (AGS, Heidelberg, Germany) was purified (Qiagen
PCR purification kit) and sequenced with primer DEL SEQ 2 (5�-CGT TTT
AAA TTG TTT ATA TCT G-3�) (Sequiserve, Vaterstetten, Germany). CE010
of the type I SCCmec was identified with primers 5�-TTT ATT ATT TGG TTT
ATC TGT TTT G-3� (forward) and 5�-GAT AGC GAC TCT GAT GCG G-3�
(reverse).

Determination of the agr type. Classification of the two VISA strains into the
four agr specificity groups of S. aureus was done by PCR as described by Jarraud
et al. (26). Primers 5�-ATG CAC ATG GTG CAC ATG CA (forward) and
5�-CAT AAT CAT GAC GGA ACT TGC GC (reverse) were used to amplify an
�1.2-kb DNA fragment that comprises a hypervariable region including the 3�
terminus of agrB, all of agrD, and the 5� terminus of agrC. The PCR was
performed with Pwo polymerase (AGS) by using a standard protocol. The PCR
products were purified (Qiagen PCR purification kit) and sequenced (Sequi-
serve).

Transmission electron microscopy. The VISA strains were cultured in the
absence and in the presence of vancomycin (0.5 � MIC). The cells were fixed in
3% glutaraldehyde in 0.1 M sodium phosphate buffer, pH 6.8, containing 0.1 M
sucrose and 1% tannin for 4 h at 4°C. For contrast amplification, the cells were
treated with 2% uranyl acetate in 0.9% NaCl for 3 h at 20°C in the dark. Cells
were dehydrated with 70% ethanol for 18 h and embedded in acrylic resin (LR
White, medium grade; London Resin Company, Berkshire, United Kingdom).
Ultrathin sections were stained with lead citrate and then examined with a
transmission electron microscope (Zeiss EM10A).

Calculation of cell wall thickness was performed by means of photographs
taken at a final magnification of �63,000. To measure cell wall thickness, 15 cells
that had been cut equatorially were chosen from each strain and the ratio of cell
wall diameter to cell size was calculated.

Analysis of peptidoglycan by high-performance liquid chromatography
(HPLC). Mutanolysin-digested muropeptides were prepared from S. aureus iso-
lates, and the muropeptide mixture was separated by HPLC as described previ-
ously (51), except that the cells were broken by homogenizing in the presence of
glass beads (diameter, 0.45 to 0.5 mm; Braun).

Membrane purification and analysis of PBPs. Membranes of S. aureus were
prepared from 6 liters of cell culture with an OD600 of 0.6 to 0.8. The cells were
harvested by centrifugation, washed with cold 10 mM Tris maleate buffer (pH
7.8), and resuspended in 6 ml of buffer for disruption in the presence of glass
beads (diameter, 0.45 to 0.5 mm; Braun). The cell lysate was centrifuged at
12,000 � g for 10 min to remove cell debris and glass beads. The supernatant was
collected, and the pellet was washed twice with buffer. The total volume of the
supernatant was ultracentrifuged at 150,000 � g for 60 min. The membrane
pellets were washed twice with 10 mM potassium phosphate buffer, pH 6.8, and
finally resuspended in a total volume of 500 �l of 50 mM potassium phosphate
buffer, pH 7, containing 10 mM magnesium chloride. The protein concentration

of the membranes was determined by the bicinchoninic acid method (Pierce,
Perbio Science, Bonn, Germany), and the preparations were stored at �20°C.

Detection of PBPs was based on the method developed by Spratt (50). The
membrane preparations were incubated for 30 min at 37°C with biotinylated
ampicillin (11), which binds to the PBPs (250 �g of protein and 2.5 �g of
biotinylated ampicillin in a total volume of 35 �l of phosphate buffer, pH 7). The
reaction was stopped by adding penicillin G (120 �g in 2 �l). Aliquots of the
samples were subjected to sodium dodecyl sulfate–10% polyacrylamide gel elec-
trophoresis. The separated proteins were blotted onto a nitrocellulose mem-
brane, and the PBPs were visualized on an X-ray film by enhanced chemilumi-
nescence detection with a streptavidin-horseradish peroxidase antibody
conjugate (11).

Sequencing of pbp4. The pbp4 gene of the VISA strains and its promoter
region (2,076 bp) were PCR amplified as previously described (44), with Pwo
polymerase (AGS). The PCR products were purified (Qiagen PCR purification
kit) and sequenced (Sequiserve).

Time-to-regrowth assay. For each strain, 250 ml of BHI in a 1,000-ml culture
flask was inoculated with 2.5 ml of an overnight culture. When the cultures had
reached an OD600 of 0.4, vancomycin was added to a final concentration of 30
�g/ml. At the end of each experiment, the cultures were checked for contami-
nation by plating on blood agar and determining the MIC. CFU were determined
by serial dilution and plating on Columbia agar. For the vancomycin bioassay, a
culture of Micrococcus luteus ATCC 4698 was grown to an OD600 of 0.3 and used
to inoculate 1,000 ml of 0.6% Luria-Bertani agar at 45°C. Thin agar plates with
seven wells per plate were prepared. Culture samples were centrifuged, and the
supernatant was pasteurized at 80°C for 10 min. From each sample, six 50-�l
aliquots were pipetted into the wells. As standards, 22 vancomycin concentra-
tions ranging from 1 to 30 �g/ml in BHI were used. Additionally, one well per
plate was filled with BHI containing 10 �g of vancomycin per ml in order to
adjust for plate thickness. After 48 h of incubation at 37°C, the diameters of the
inhibition zones were read.

RESULTS

Resistance determination and stability of the resistance
phenotype. Analysis of the vancomycin resistance level by E-
test, broth microdilution, and population analysis revealed that
both isolates are VISA strains (Table 1; Fig. 1). Strain SA137/
93G, which had coincidentally been isolated from a glycerol
stock culture of SA137/93A, showed greater resistance than
SA137/93A. The population analyses demonstrated similar re-
sistance profiles for SA137/93G and Mu50, which is a homo-
geneously resistant strain (Fig. 1). However, the MIC of van-
comycin for SA137/93G in cation-supplemented Mueller-
Hinton broth was lower than that of Mu50 and reached only 4
�g/ml, which is typical for heterogeneously resistant strains. By
comparison, all VISA strains reached the highest MICs with
the E-test procedure. The vancomycin resistance phenotype of
both VISA isolates was stable for at least 30 passages without
selective pressure. However, a single vancomycin-susceptible
revertant of strain SA137/93G (MIC, 2 �g/ml in BHI) called
SA137/93G1 was obtained by screening 50 colonies after the
first passage. SA137/93A is an MRSA strain (Table 1), while
SA137/93G has lost its resistance to penicillin and methicillin
(Table 1) and a PCR experiment with mecA primers did not
yield a product.

MRSA strain SA1450/94, which is clonally related to the
VISA isolates, showed complete beta-hemolysis on sheep
blood agar. In contrast, only single colonies of SA137/93A and
SA137/93G showed beta-hemolysis.

PFGE and phage typing. Analysis of VISA isolates by PFGE
had previously shown a close relationship to northern German
epidemic strain SA1450/94 (4). SA137/93G displayed a three-
band difference from SA137/93A (Fig. 2). Band B was slightly
larger, while band F was missing and there seemed to be a
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doublet at the position of band H. Vancomycin-susceptible
revertant SA137/93G1 displayed the same banding pattern as
its parent, strain SA137/93G (data not shown). Phage typing
confirmed the close relationship of strains SA137/93A and
SA137/93G, while strains SA137/93G1 and SA137/93G dis-
played identical phage patterns (data not shown).

Characterization of the SCCmec and agr types and mapping
of the chromosomal deletion of strain SA137/93G by PCR.
Since the mecA PCR had not yielded a product with chromo-
somal DNA of SA137/93G, the strain was screened for the
presence of the surrounding open reading frames (ORFs). In
S. aureus, four types of SCCmec with substantial differences in
nucleotide sequence and size have been described and can be
discerned by PCR (25, 35). SA1450/94 and SA137/93A both
possessed a ccr1 (cassette chromosome recombinase) complex
and ORF CE010 (fibrinogen-binding protein), which is present
only in type I SCCmec. Neither of the strains gave a product
with primers mI1 and mI2 (29), which anneal within mecI, and
thereby indicated the presence of a class B mec complex. The
combination of ccr1 and a class B mec complex is also typical
of type I MRSA strains (25, 35). In contrast, primers cR4 and
mR8, which amplify the downstream junction of SCCmec and
chromosomal DNA, gave a product with all three strains, in-
dicating that SCCmec had not been fully excised by the ccr
complex in SA137/93G. However, the upstream junction of

SCCmec was not present in SA137/93G. The presence of var-
ious upstream chromosomal ORFs was probed by PCR assay,
and the first ORF that yielded a PCR fragment in SA137/93G
was drm, which encodes phosphopentomutase and is located
about 67 kb upstream of SCCmec in S. aureus N315. The gap
that is formed by the deletion in SA137/93G was closed with a
primer pair annealing in E040, the IS431 transposase gene in
the type I SCCmec, and drm, which yielded a 2.7-kb product.
The sequence present in SA137/93G is shown in Fig. 3b. The
deletion in SA137/93G starts exactly downstream of the IS431
indirect repeat in SCCmec, ends within SA0132, and encom-
passes about 98 kb of DNA (Fig. 3a). Additionally, a large
plasmid, which probably carries the gene for �-lactamase, is
not present in SA137/93G (data not shown) and the loss of

FIG. 1. Population analysis of VISA isolates SA137/93A (Œ) and
SA137/93G (�) and control strains NCTC 8325 (�), SA1450/94 (■ ),
and Mu50 (F). The points on the abscissa refer to zero CFU values.

FIG. 2. PFGE of the strains employed in this study. Lanes: 1,
NCTC 8325; 2, SA137/93G; 3, SA1450/94; 4, SA137/93A.

TABLE 1. Determination of MICs by different susceptibility test methods

Strain

MIC (�g/ml)

Vancomycin twofold
microdilution

Vancomycin
arithmetic

microdilution,
BHI

Vancomycin
E-test, BHI

Teicoplanin twofold
microdilution

Oxacillin twofold
microdilution,

BHI

Penicillin twofold
microdilution,

BHIBHI CAMHa BHI CAMH

NCTC 8325 2 1 2 NDb 2 1 0.5 0.06
SA1450/94 2 1 2 ND 2 4 16 ND
SA137/93A 8 2 5 8 16 8 256 32
SA137/93G 8/16 4 6 12 32 32 0.5 0.06
SA137/93G1 2 1/2 ND ND 2 ND 0.5 ND
Mu50 8 4/8 6 12–16 16 16 512 4

a CAMH, cation-supplemented Mueller-Hinton broth.
b ND, not determined.
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�-lactamase production was obvious in an agar diffusion assay
with a penicillin disk (10 �g) and culture supernatant (50 �l) of
both strains with S. aureus NCTC 8325 as the indicator strain.

The agr locus regulates the expression of most staphylococ-
cal exoproteins and other virulence factors and represents a
density-dependent autoinducible signal-transducing system.
The staphylococcal agr locus is extensively conserved, but there
is some sequence variation, which can serve to define distinct
interfering specificity groups (27). Amino acid sequence com-
parison of agr specificity groups I to IV and VISA strains
SA137/93A and SA137/93G revealed identity with the con-
served AgrD motif of the group I agr locus (U85097) (26;
sequence not shown). The fact that the entire nucleotide se-
quences of SA137/93A and SA137/93G were identical serves as
additional confirmation that SA137/93G is a mutant of strain
SA137/93A. Mu50 and most other VISA strains belong to agr
specificity group II, while most clinical S. aureus isolates belong
to agr group I (34, 43).

Transmission electron microscopy. Figure 4 shows photo-
graphs of ultrathin sections of both VISA isolates, vancomycin-
susceptible mutant SA137/93G1 and control strain NCTC
8325, grown in the absence of vancomycin. The cell wall thick-
ness of the VISA strains was approximately 1.4-fold that of the
control strain (Table 2). Additionally, cells of strain SA137/
93G (Fig. 4b) were significantly smaller. However, the cell wall
took up 8.4% of the total cell diameter (control, 6.1%). After
growth in the presence of vancomycin (0.5 � MIC), only strain
SA137/93A showed changes in cell size. The cell diameter
decreased from 0.82 to 0.72 �m, but the cell wall remained
thickened (8.2%) (photo not shown). An increase in the cell
wall diameter of the VISA strains only in the presence of
vancomycin as described by Pfeltz et al. was not observed (39).

Cell size and cell wall diameter of vancomycin-susceptible
mutant SA137/93G1 were similar to those of the control strain
(Fig. 4c; Table 2). However, the cell division process of this

strain was incomplete and the cells built up large aggregates.
Despite this, the growth of the strain did not seem impaired.

Cross-linking of the peptidoglycan. Analysis of the cell wall
muropeptides revealed that the sensitive control strain S. au-
reus NCTC 8325 was characterized by a normal cross-linking
value of 75.4% (Table 3). Only a slightly decreased cross-
linking value was found for SA137/93G. However, in the other
isolate, strain SA137/93A, the cross-linking was decreased to a
low value of 65.9%. In this strain, the amount of highly cross-
linked peptidoglycan (oligomers) was significantly reduced and
the amount of monomers and dimers was increased compared
to those of the other strains. Growth of the cells in the pres-
ence of vancomycin did not have any significant influence on
the results.

Muropeptide analysis of phenotypic revertant strain SA137/
93G1 revealed drastic changes in the composition of the pep-
tidoglycan compared to that of its parent, strain SA137/93G.
There was an increased proportion of monomers with no pen-
taglycine chain and dimers that seemed to be directly cross-
linked (data not shown). The presence of these unusual peaks
in the HPLC profile indicated that phenotypic revertant
SA137/93G1 probably harbors a defect in the biosynthesis of
the glycine interpeptide bridges. This may be the reason for its
decreased resistance to vancomycin and the morphological
defects shown in Fig. 4c. The gene fmhB, which codes for the
enzyme that adds the first glycine residue to the stem pen-
tapeptide, was sequenced. However, the nucleotide sequence
of SA137/93G1 was identical to the sequence of S. aureus
NCTC 8325 (EMBL accession no. 105976) and to the sequence
of SA137/93G, and thus, the reason for the observed alteration
in cell wall biochemistry remains unclear.

Analysis of PBPs and sequencing of pbp4. In S. aureus, five
PBPs have been identified. PBP1 to -4 are present in all S.
aureus strains, while PBP2a, which confers methicillin resis-
tance (24), is only found in MRSA.

FIG. 3. (a) The ca. 100-kb chromosomal fragment that is present in MRSA strains SA1450/94 and SA137/93A and that was deleted in
methicillin-susceptible S. aureus SA137/93G. (b) Nucleotide sequence present in SA137/93G. The 5� end comprises the indirect repeat of IS431,
which is directly attached to the 3� end of ORF SA0132.
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PBPs catalyze the transpeptidation and transglycosylation
reactions of bacterial cell wall biosynthesis (38). Figure 5 shows
the PBP profiles of the VISA isolates and control strains
NCTC 8325 and SA1450/94. In SA137/93G, the PBPs were
expressed in amounts that were comparable to those in the
control strains. In contrast, in SA137/93A, the enzymatic ac-
tivities of PBP3 and -4 appeared to be lower or not present,
respectively. PBP4 has transpeptidase and DD-alanine car-
boxypeptidase activity, thereby removing the terminal D-ala-
nine residue of the pentapeptide side chain (32). Thus, loss of
activity of PBP4 has been shown to lead to lower cross-linking

and a concomitant increase in false target sites (12, 48, 55) and
explains the lower cross-linking detected in strain SA137/93A
than in strain SA137/93G. Sequencing of pbp4 and its pro-
moter region demonstrated that the nucleotide sequences of
the two VISA isolates were identical, indicating that the weak
PBP4 band in the PBP profile of SA137/93A was not caused by
any mutation in the structural gene or the promoter region of
pbp4 (12, 48).

Binding of vancomycin to living cells—time to regrowth.

FIG. 4. Electron micrographs of ultrathin sections of VISA strains SA137/93A (a) and SA137/93G (b), susceptible revertant SA137/93G1 (c),
and control strain NCTC 8325 (d). Magnification, �63,000.

TABLE 2. Cell wall diameter of VISA strains and vancomycin-
susceptible revertant SA137/93G1 compared to that of

control strain NCTC 8325

Strain Cell diam
(�m)

Cell wall
diam
(nm)

% Cell
wall

Fold increase
in cell wall
thickness

NCTC 8325 0.87 26.4 6.1 1
SA137/93A 0.82 35.6 8.7 1.4
SA137/93G 0.72 30.0 8.4 1.4
SA137/93G1 0.88 24.5 5.6 0.9

TABLE 3. Peptidoglycan analysisa

Strain
%

Cross-
linkingb

%
Mono-
mers

%
Dimers

%
Trimers

%
Oligo-
mers

% Free
D-Ala–D-Ala

residues

NCTC 8325 75.4 9.0 11.9 7.7 71.4 24.6
SA137/93A 65.9 17.1 17.2 7.8 57.9 34.1
SA137/93G 73.4 10.5 13.3 8.0 68.2 26.6
SA137/93G1 75.0 10.2 10.0 7.7 72.1 24.9

a After digestion with mutanolysin, the muropeptides were separated by re-
versed-phase HPLC. The data represent the percent are a under the elution
peaks and thus the amounts of the respective muropeptides.

b Calculated by 0.5 � dimer (%) � 0.67 � trimer (%) � 0.9 � oligomer (%).
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After addition of 30 �g of vancomycin per ml, culture growth
was monitored by determination of OD600 and CFU. Vanco-
mycin binding to the cells was determined by measuring the
vancomycin concentration in the supernatant. SA137/93A (2 �
109 cells/ml) was able to remove 12 �g of the antibiotic per ml
from the medium. The OD600 oscillated between 0.5 and 1 in
the first 20 h of the experiment and dropped to 0.1 in the
following 5 days (Fig. 6a). After this time, viable cells could not
be recovered from the culture medium. SA137/93G bound less
vancomycin from the medium (7 �g/2 � 109 cells; Fig. 6b) than
did SA137/93A. While the OD600 of the culture decreased
from 0.6 to 0.1 over 40 h, the vancomycin concentration in the
supernatant averaged 27 �g/ml. After 2 days, the culture
started to regrow and the vancomycin concentration in the
supernatant decreased proportionally to the increase in cell
mass. Thus, although able to remove about 12 �g of vancomy-
cin per ml from the medium, SA137/93A was not able to restart
growth in the presence of 18 �g of vancomycin per ml, whereas
SA137/93G started to regrow without binding great amounts of
the antibiotic from the supernatant. The different capacities of
the strains to bind vancomycin were consistent with the results
of the muropeptide analysis of the two VISA strains (Table 3)
and the presence of a considerably greater amount of free
D-Ala–D-Ala groups in SA137/93A that act as binding sites for
vancomycin.

DISCUSSION

On the basis of their glycopeptide MICs, Boyle-Vavra et al.
divided clinical glycopeptide intermediately resistant S. aureus
(GISA) isolates into three groups and postulated that the van-
comycin resistance phenotype is unstable in these clinical
strains (6). Analysis of the resistance phenotype of VISA iso-
lates SA137/93A and SA137/93G revealed that they are mem-

bers of group A, which is intermediately resistant to vancomy-
cin and teicoplanin. In contrast to other reports (1, 6), the
resistance phenotype of our isolates was stable for at least 30
passages on drug-free medium, as was also reported for some
laboratory mutants (39). However, a single strain with sensi-
tivity to vancomycin (SA137/93G1; MIC, 2 �g/ml) was isolated
from strain SA137/93G (MIC, 8 �g/ml). Peptidoglycan analysis
of SA137/93G1 revealed that it was not a genotypic revertant
but gained at least one additional mutation. In this strain, the
percentage of pentaglycine interpeptide bridges was relatively
low and direct cross-linking of the peptidoglycan precursors
with no interpeptide bridge was observed. The latter phenom-
enon points to profound changes in PBP activity. The reasons
for this are still unclear; however, these results indicate that
correct biosynthesis of the peptidoglycan may be as essential
for vancomycin resistance as for methicillin resistance (3). A
loss of teicoplanin resistance was also observed by Sieradzki et
al. after inactivation of femB and femC (47). Obviously, loss of
vancomycin resistance can be caused by additional mutations
and phenotypic revertants may be genetically quite distinct
from the sensitive parent strain of the vancomycin-resistant
isolate.

The vancomycin resistance mechanism in Mu50 is based on
increased cell wall turnover and a thickened cell wall with
decreased cross-linking, which leads to an increase in false

FIG. 5. PBP patterns of control strains NCTC 8325 (lane 5) and
SA1450/94 (lane 6) and VISA isolates SA137/93A (lanes 1 and 2) and
SA137/93G (lanes 3 and 4) cultured in the absence (lanes 1 and 3) and
presence (lanes 2 and 4) of vancomycin. About 125 �g of separated
membrane proteins was loaded onto the gel. The PBPs were labeled
with biotinylated ampicillin and detected by Western blotting. The
numbers on the left correspond to PBP1 to -4.

FIG. 6. Uptake of vancomycin from medium by VISA cells. Van-
comycin at 30 �g/ml was added to a growing culture (OD600, 0.4), and
binding of vancomycin to the cells was monitored by determining the
concentration of vancomycin in the supernatant. a, SA137/93A; b,
SA137/93G.
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target sites for vancomycin (13, 17). Actually, a thickened cell
wall was observed in all of the VISA strains characterized so
far and was also seen in the isolates described here (5, 8, 9, 30,
36). Analysis of the peptidoglycan revealed that the cell wall
cross-linking of SA137/93A was drastically decreased to 65.9%,
which is even lower than the values obtained for Japanese
isolate Mu50, with 72% cross-linking, and American VISA
isolate NJ, which is characterized by 73.9% cross-linking (7).
SA137/93A was also characterized by increased uptake of van-
comycin from the culture medium compared to the other
strain. The uptake of vancomycin is presumably mediated by
the free D-Ala–D-Ala groups, which act as false targets for
vancomycin and could prevent access of further antibiotic to
the lipid membrane by clogging the cell wall (8). However,
SA137/93A, which displayed the lowest cross-linking, was not
the strain that was characterized by the highest resistance to
vancomycin. Similar phenomena have been described before,
for example, resistant American isolate IL, which did not show
low cross-linking (81%). On the other hand, a femC mutant
was characterized that contains a high percentage of free D-
Ala–D-Ala groups without being automatically vancomycin re-
sistant (7). In conclusion, the above-described results indicate
that low cross-linking and a high content of D-Ala–D-Ala
groups may increase the resistance of the strain but are not the
only mechanisms that can provide insensitivity to vancomycin (6).

PBP analysis revealed that PBP4 activity was absent or
greatly reduced in SA137/93A. PBP4 has been shown to have
transpeptidase and DD-carboxypeptidase activities (32), and
knockout of PBP4 resulted in a 7 to 14% reduction in cross-
linking of the peptidoglycan (12), whereas overproduction of
PBP4 led to an increase in peptidoglycan cross-linking and to
increased resistance to methicillin (10, 19, 20). In SA137/93A,
the loss of PBP4 activity was consistent with very low cross-
linking of the peptidoglycan, which is alleviated in its descen-
dant SA137/93G, which displays normal PBP4 activity. In a
recent study by Finan et al., loss of PBP4 activity, as demon-
strated by PBP profiles, was a consistent finding in clinical
VISA isolates (12). This loss of activity was shown to be di-
rectly related to vancomycin resistance by demonstrating a
two- to threefold decrease in vancomycin resistance when
PBP4 activity was provided in trans on a high-copy-number
plasmid. However, Western blotting demonstrated an immu-
noreactive PBP4 band in all VISA isolates and sequencing did
not yield any obvious changes that might be deleterious to the
enzymatic activity (12). The nucleotide sequences of pbp4 and
a 400-bp stretch covering the proximal noncoding region of
both of the VISA isolates in this study were identical and
therefore do not explain the observed differences in activity. In
conclusion, the activity of PBP4 seems to play a role in vanco-
mycin resistance; however, the mechanism of regulation of
PBP4 activity, which may be one of the key features of vanco-
mycin resistance in clinical strains, remains unclear.

The data presented above demonstrate that (i) SA137/93G
emerged from SA137/93A and is characterized by the loss of a
large chromosomal fragment including mecA, (ii) the cell wall
cross-linking of SA137/93G is greater than that of SA137/93A
and PBP4 is active and (iii), despite this, its resistance to
vancomycin is increased. The resistance mechanism of SA137/
93G is still unclear and—since it is a laboratory mutant—may
be incompatible with survival in a clinical setting. However, the

most intriguing question is whether the chromosomal deletion
could be the cause for the changes in cell wall biochemistry
and/or resistance.

Loss of methicillin resistance has been described for highly
vancomycin-resistant mutant VM50, in which the mecA gene is
disrupted by sequence duplication and the insertion of a stop
codon (49). In contrast, SA137/93G lacks nearly the complete
SCCmec region and an additional fragment comprising chro-
mosomal genes. Similar deletions of the mecA region in con-
nection with the loss of a �-lactamase plasmid have already
been reported (40, 54), and it has been proposed that penicil-
linase plasmids may play an important role in the stability and
phenotypic expression of the mecA gene (22). It remains un-
clear whether the presence of PBP2a inhibits full expression of
the vancomycin resistance phenotype (2, 49).

On the other hand, loss of other genes located on the de-
leted fragment detected in SA137/93G or independent muta-
tions elsewhere on the chromosome may have caused the in-
crease in vancomycin resistance and/or changes in cell wall
biochemistry in this strain. In addition to several conserved
hypothetical proteins, the chromosomal deletion of SA137/
93G comprises four ORFs coding for proteins with similarity to
transcriptional regulators, the genes spa (protein A) and sodM
(superoxide dismutase) (23), and four genes involved in exopo-
lysaccharide and capsular polysaccharide synthesis. One of the
transcriptional regulators is staphylococcal accessory regulator
A homologue 1, SarH1, which is an agr-dependent global reg-
ulator of virulence gene expression in S. aureus (52). It has a
strong repressive effect on hla (�-toxin) transcription and an
activating effect on spa (protein A) transcription and affects the
transcription of several other exoproteins (52). Since it belongs
to a global regulatory system, an influence on the vancomycin
resistance phenotype or cell wall cross-linking and activity of
PBP4 might be possible, especially since the expression of spa
is downregulated in Mu50 (33). Most research on the resis-
tance mechanism of GISA has been performed on highly re-
sistant laboratory mutants and clinical VISA isolate Mu50 (8,
14, 17, 18, 39, 48). Data explaining the mechanism of glyco-
peptide resistance of clinical strains from other sources are still
rare (7, 12). However, results described here and elsewhere
show that there seems to be no resistance mechanism common
to all VISA isolates and, with the exception of cell wall thick-
ness, reports on resistance stability, changes in cell wall bio-
chemistry, enzyme activities, and gene expression seem to be
true only of single isolates (7). Therefore, every opportunity to
study new and especially genetically related VISA isolates
should be taken advantage of in order to elucidate similarities
and differences between the strains. These studies are the basis
for the generation of insight into the evolution of VISA strains
and the development of novel strategies by which to combat
this adaptive form of antibiotic resistance.
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