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Of 41 methicillin-resistant coagulase-negative staphylococcal clinical isolates collected during a 5-month
period between late 1995 and early 1996, 28 showed tube dilution teicoplanin MICs of 4 to 8 mg/ml which
increased to 16 to 32 mg/ml upon prolonged incubation. Cultures of such bacteria were heterogeneous; they
contained subpopulations with frequencies of 1025 to 1024 that could grow on up to 50 mg of teicoplanin per
ml. The same cultures were also heterogeneous with respect to susceptibility to vancomycin; while the MICs for
the majority of cells were 2 to 4 mg/ml, subpopulations that could grow on 6 to 12 mg of vancomycin per ml were
also present at frequencies of 1025 to 1027. Selective enrichment of such cultures for the resistant subpopu-
lation occurred with relative ease under laboratory conditions. Heterogeneous phenotypes for teicoplanin (but
not for vancomycin) susceptibility were also identified in several Staphylococcus epidermidis isolates collected
during the preantibiotic era. The addition of half the MIC of teicoplanin inhibited autolysis and caused
formation of cellular aggregates which disintegrated to individual bacteria in the stationary phase when the
titer of teicoplanin in the medium fell to undetectable levels, indicating removal of the antibiotic from the
culture medium by the bacteria.

The appearance of resistance mechanisms against glycopep-
tide antibiotics among clinical isolates of enterococci (for a
review, see reference 25) and the laboratory demonstration of
the transfer of the vanA gene complex to Staphylococcus aureus
(15) have raised concern about the occurrence of such a ge-
netic transfer in clinical isolates of methicillin-resistant staph-
ylococci, against which the most frequently used chemotherapy
is vancomycin based. While clinical isolates of staphylococci
with the enterococcal glycopeptide resistance mechanism have
not been reported so far, clinical failure of teicoplanin and
vancomycin treatment in coagulase-negative staphylococci
(CNS) (see reference 25) and, recently, in methicillin-resistant
S. aureus (MRSA) infections in Japan (10) and the United
States (4, 5) have been reported. The MRSA strains involved
exhibited low-level vancomycin resistance through a novel and
as-yet-undefined mechanism(s) that differed from that of the
enterococcal vancomycin resistance.

A different mechanism of vancomycin resistance associated
with removal of the drug molecules from the growth medium
during growth of the bacteria has been described recently in a
laboratory mutant of MRSA (22). The vancomycin-resistant
MRSA showed several unique properties: bacteria grown in
the presence of vancomycin formed large cellular aggregates,
produced large amounts of extracellular material resembling
(by electron microscopy) cell wall material, and produced cell
wall peptidoglycan with altered muropeptide composition, and
the vancomycin removed from the growth medium (bound to
the cell walls) could be recovered in biologically active form
from the bacteria (22). An identical set of observations was
made with a recently isolated highly teicoplanin-resistant lab-
oratory mutant of S. aureus which removed teicoplanin from

the medium into a cell-bound form (22a). In order to deter-
mine whether this type of glycopeptide resistance mechanism
also existed among clinical isolates, we examined a number of
methicillin-resistant coagulase-negative staphylococci (MR-
CNS) with low-level teicoplanin resistance which were recov-
ered from a hospital in New York City.

MATERIALS AND METHODS

Bacterial strains were grown in tryptic soy broth (TSB; Difco, Detroit, Mich.)
at 37°C, with aeration. Speciation was done by the API test system (bioMerieux
Vitek, Inc., Hazelwood, Mo.). Population analysis profiles (PAPs) (24) were
constructed as follows. Overnight cultures of bacteria ($109 CFU/ml) were
plated at a series of dilutions on tryptic soy agar plates containing antibiotic-free
medium or twofold dilutions of the test antibiotic within the drug concentration
range of 0.1 to 100 mg/ml (for vancomycin and teicoplanin) and up to 800 mg/ml
(for methicillin). Plates were incubated at 37°C for 48 h, and the number of
bacterial colonies was counted. Plotting colony counts against drug concentra-
tions provides a graphic display (PAP) of the composition of the bacterial culture
as to the homogeneity or heterogeneity of the antibiotic susceptibility phenotype.
Strains with heterogeneous expression of resistance to methicillin or glycopep-
tides show PAPs with one or more inflection points, since they contain, in
addition to the majority of cells, one or more subpopulations of bacteria for
which MICs are elevated. Prolonged incubation of such hetero cultures of
MRSA at an antibiotic concentration above the MIC for the majority of the cells
was shown to select for the more resistant subpopulation which can “take over”
the culture, causing an upward shift in tube dilution MICs and “treatment
failure” (24). The high resolution of the PAP method allows the detection of
highly resistant subpopulations, even if they are present with low (1024 to 1028)
frequencies in the culture. Methicillin and glycopeptide MICs for the majority of
cells were calculated as the lowest concentration of the antibiotic causing a
99.9% loss of the inoculum. MICs of teicoplanin and vancomycin were also
determined by the standard broth microdilution method, following the recom-
mendations of the National Committee for Clinical Laboratory Standards (14).
MICs were evaluated after 48 and 72 h of incubation at 37°C. The preparation
of chromosomal DNA for pulsed-field gel electrophoresis (PFGE) and the sep-
aration of SmaI-restricted fragments in a CHEF apparatus (CHEF-DRII; Bio-
Rad, Richmond, Calif.) were carried out as described previously (9). Autolysis
was induced by suspending bacteria in buffer containing Triton X-100 (8). Titer
of teicoplanin in the growth medium was determined by a bioassay (22). Aggre-
gation of cells and the ultrastructure of bacteria were determined by phase-
contrast microscopy and electron microscopy by a procedure described previ-
ously (23).
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RESULTS

Summarized in Table 1 are the relevant properties of the 28
teicoplanin-resistant and MR-CNS isolates recovered between
25 September 1995 and 12 February 1996 in a hospital in New
York City. Of the 41 methicillin-resistant strains, 28 showed
low-level resistance to teicoplanin. Clinical isolates of CNS
with decreased levels of susceptibility to teicoplanin from sev-

eral countries have been described, and treatment failures
associated with the increased MICs have been reported (see
reference 25). The observations reported here point to the
high frequency of such isolates; close to 70% of all MR-CNS
recovered in a single hospital during a 5-month period exhib-
ited increased teicoplanin MICs. Most of these isolates were
suspected to be involved with infection. PFGE of SmaI digests

FIG. 1. PFGE patterns of 28 CNS isolates for which teicoplanin MICs are elevated. For identification of strains, see Table 1. Chromosomal DNA was prepared,
SmaI restricted, and separated by PFGE as described in reference 9. Low-molecular-weight (l.m.w.) standards were included.

TABLE 1. Some relevant properties of the 28 MR-CNS clinical isolates used in this studya

Isolate
no.

Staphylococcus
species

Year
isolated

Isolation
site

Infection or
colonization

MIC (mg/ml) of:b

Methicillinc Teicoplanind Vancomycind

CNS 2 S. epidermidis 1995 Wound Infection 3 4 (8) 2 (2)
CNS 3 S. haemolyticus 1995 Wound Infection 12 8 (8) 1 (1)
CNS 5 S. epidermidis 1995 Wound Infection 6 4 (8) 2 (2)
CNS 7 S. epidermidis 1995 Eye Infection 3 4 (8) 2 (2)
CNS 8 S. epidermidis 1995 Wound Infection 6 4 (8) 2 (2)
CNS 14 S. haemolyticus 1995 Wound Infection 100 8 (8) 4 (4)
CNS 15 S. haemolyticus 1995 Wound Infection 800 16 (32) 25 2 (2) 3
CNS 16 S. epidermidis 1995 Wound Infection 3 4 (8) 4 (4)
CNS 18 S. haemolyticus 1995 Wound Infection 50 8 (16) 25 4 (4) 3
CNS 20 S. haemolyticus Blood Infection 100 4 (8) 1 (1)
CNS 21 S. epidermidis 1995 Wound Infection 12 8 (16) 12 4 (4) 1.5
CNS 22 S. epidermidis 1995 Wound Infection 6 8 (8) 2 (2)
CNS 23 S. epidermidis 1995 Conjunctiva Infection 6 2 (8) 2 (2)
CNS 24 S. epidermidis 1995 Wound Infection 6 2 (8) 2 (2)
CNS 25 S. hominis 1995 Wound >800 8 (16) 25 4 (4) 3
CNS 26 S. epidermidis 1996 Wound Infection 3 8 (8) 4 (4)
CNS 27 S. haemolyticus Wound Colonization 100 8 (8) 2 (2)
CNS 28 S. epidermidis 1996 Eye Infection 400 4 (8) 4 (4)
CNS 29 S. epidermidis 1996 Wound Infection 6 8 (8) 4 (4)
CNS 30 S. epidermidis 1995 Wound Infection 12 4 (8) 4 (4)
CNS 31 S. epidermidis Wound Infection 3 4 (8) 4 (4)
CNS 33 S. epidermidis 1995 Wound Infection 1.5 8 (16) 6 4 (4) 1.5
CNS 35 S. epidermidis 1995 Wound Infection 6 4 (8) 4 (4)
CNS 36 S. epidermidis 1995 Wound Infection 3 4 (8) 4 (4)
CNS 38 S. epidermidis 1995 Wound Infection 3 4 (8) 4 (4)
CNS 39 S. epidermidis Wound Infection 3 8 (8) 4 (4)
CNS 40 S. epidermidis 1995 Infection 3 8 (8) 4 (4)
CNS 41 S. epidermidis Infection 12 8 (16) 12 2 (2) 1.5

a Bold-faced type indicates isolates examined in more detail.
b Underlined data are PAP results.
c Determined from PAPs, as described in reference 24.
d Determined by broth microdilution with readings after 48 and (72) h.
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of chromosomal DNA indicated a wide diversity of the strains
analyzed (24 different PFGE patterns in 28 isolates) (Fig. 1),
indicating that the high frequency of strains with reduced sus-
ceptibility was not due to the spread of a clone but rather, most
likely involved the frequent and independent acquisition of
resistance by individual bacteria.

The vast majority of the 28 isolates listed in Table 1 showed
heterogeneous resistance to methicillin, and the methicillin
MICs (in micrograms per milliliter) listed in Table 1 refer to
the resistance level of the majority of the bacteria in cultures of
these strains. It should be noted that teicoplanin MICs appear

to increase upon prolonged incubation of the microtiter plates
(Table 1). In order to examine this phenomenon more closely,
we chose six MR-CNS isolates (strains 15, 18, 21, 25, 33, and
41) for a more detailed study.

Figures 2A through C show antibiotic susceptibility profiles
of these six strains examined by the quantitative method of
population analysis (see Materials and Methods). Five of the
six strains expressed heterogeneous methicillin resistance (Fig.
2A), and all six strains also showed heterogeneous phenotypes
with respect to susceptibility to teicoplanin (Fig. 2B) and van-
comycin (Fig. 2C). While the vancomycin MICs for the major-
ity of the bacteria were within the range of susceptibility, each
one of the cultures also contained cells capable of growing at
elevated concentrations of vancomycin (for instance, strain 33
contained bacteria capable of forming colonies on agar con-
taining 12 mg of vancomycin per ml, and these cells were
present in the cultures at a frequency of approximately 1026).
Subpopulations of bacteria with similar increased vancomycin
MICs were also present in each of the rest of the five strains
examined (Fig. 2C). Such more substantially resistant bacteria
may not be detectable by the routine methods used in clinical
microbiology laboratories because of their low frequency. Nev-
ertheless, such highly resistant cells may grow out and take
over the bacterial population during prolonged incubation
and/or treatment. The stepwise increase in teicoplanin and
vancomycin MICs observed during extended incubation times
may represent such a phenomenon (see MICs after 48 and 72 h
incubation in Table 1). In order to test this possibility, we
examined conditions favoring the selection of subpopulations
with increased vancomycin MICs.

FIG. 2. Phenotypic expression of methicillin (A), teicoplanin (B), and van-
comycin (C) resistance of selected six isolates, determined by population analy-
sis. Strain numbers and symbols are identified in panel C.

FIG. 3. Enrichment of CNS cultures for the subpopulations of bacteria for
which vancomycin MICs were elevated. S. epidermidis CNS 15 was plated for
population analysis on agar containing different concentrations of vancomycin, as
described in Materials and Methods. The PAP of the culture is shown by open
circles (a). A rare bacterial colony (frequency, about 1024) growing on the agar
containing 3 mg of vancomycin per ml was diluted in TSB and used as inoculum
for an overnight culture in TSB, which was subsequently plated for population
analysis (see PAP with solid triangle, b). A bacterial colony (frequency, about
1025) capable of growing on 6 mg of vancomycin per ml was used as inoculum for
a new overnight culture in drug-free medium and was plated for population
analysis (solid circles, c). The gradual increase in the MICs for the majority of the
cultures is illustrated in cultures a through c. A culture of CNS 15 was serially
diluted into TSB containing increasing concentrations of vancomycin (eventually
reaching 12 mg/ml), grown overnight to turbid cultures, and plated for population
analysis, shown by the solid squares and dashed line.
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Enrichment in the absence of selective pressure. Strain CNS
15 had a vancomycin MIC of 3.0 mg/ml (for the majority of the
cells) but also produced subpopulations capable of growing on
agar supplemented with 3 mg (frequency, 1024) and 6 mg (fre-
quency, 1025) of antibiotic per ml (Fig. 3). A colony from the
3-mg/ml-vancomycin plate was suspended in 1 ml of TSB and
diluted and used to inoculate 5 ml of TSB at an initial cell
concentration of about 20 to 30 CFU per ml. After overnight
growth at 37°C with aeration, the turbid culture, estimated to
have undergone at least 26 doublings in the nonselective me-
dium, was plated for population analysis on agar containing
different concentrations of vancomycin. The upward shift in
the vancomycin MIC from 3 to 6 mg/ml for the majority of the
bacteria is documented in Fig. 3. The enrichment procedure
was repeated by selecting a colony from the agar containing 6
mg of vancomycin per ml. Overnight growth from small inocula
in drug-free medium produced a culture in which the vanco-
mycin MIC for the majority of the bacteria shifted upward to
12 mg/ml (Fig. 3). A culture from the second cycle of enrich-
ment contained bacteria capable of growing on plates contain-
ing 25 mg of the antibiotic per ml at a frequency of 1023.

Enrichment in the presence of vancomycin selection. The
culture of strain CNS 15 was diluted 1,000-fold into 5 ml of
TSB containing 3 mg of vancomycin per ml and was grown
overnight. Next, this culture was backdiluted into 5 ml of TSB
containing 6 mg of drug per ml, and a culture of the latter was
then used as inoculum for a third TSB culture containing 12 mg
of antibiotic per ml. The PAP of this third serial culture is

shown in Fig. 3 (dashed line). Substantial enrichment in bac-
teria with higher vancomycin MICs (up to 50 mg/ml) is ap-
parent. Such bacteria, however, grew perceptibly slower than
the original strain CNS 15.

The original teicoplanin MIC for CNS 15 was 25 mg/ml.
After the third cycle of vancomycin selection, the teicoplanin
MIC had increased to over 100 mg/ml (data not shown).

Inhibition of autolysis and aggregation of cells. Resuspen-
sion of the six teicoplanin-resistant strains in autolysis buffer
containing 0.5 times the teicoplanin MIC caused a drastic
reduction in the rate of autolysis (Fig. 4). Most likely as a
consequence of this, bacteria grown under the same conditions
formed large aggregates of cells (Fig. 5B and E) visible even to
the naked eye, and examination of thin sections of such cells by
electron microscopy showed the production of large amounts
of extracellular material which had staining properties similar
to that of cell wall material (Fig. 6).

Removal of teicoplanin from the medium. The concentra-
tion of teicoplanin in the supernatant medium of cultures was
determined at intervals by a bioassay. No detectable amounts
of antibiotic could be found in cultures grown from small
inocula to stationary phase in the presence of half the MIC
equivalents of teicoplanin (8 to 16 mg/ml) (Fig. 7). About when
the teicoplanin was no longer detectable in the culture me-
dium, the aggregates of bacteria disintegrated into single cells
(Fig. 5C and F) with the same appearance of cells grown in
antibiotic-free medium (Fig. 5A and D).

FIG. 4. Effect of teicoplanin on autolysis rate. Cultures of selected CNSs were suspended in lysis buffer to an initial optical density (OD) of >1.0, and the rates of
autolysis were monitored, as described in reference 8, in lysis buffer without teicoplanin (E) or in buffer containing teicoplanin at 8 (except for CNS 15, for which the
concentration was 16) mg/ml ( ) and 50 mg/ml (F).
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Teicoplanin and vancomycin susceptibility of “historic” iso-
lates of Staphylococcus epidermidis and Staphylococcus haemo-
lyticus. Five isolates of S. epidermidis and one isolate of
S. haemolyticus were obtained from the American Type Cul-
ture Collection. The corresponding ATCC numbers (and
isolation dates) are as follows: S. epidermidis 146 (1925),
9491 (1944), 12228 (1955), 13518 (1959), and 14852 (1962)
and S. haemolyticus 15796 (1964). Vancomycin was ap-
proved for clinical use by the Food and Drug Administration
in 1958 (6); teicoplanin is not used routinely in the United
States. Population analysis of overnight cultures indicated
homogeneous susceptibility of all six historic strains to van-
comycin (MICs were between 0.4 and 1.5 mg/ml) (Fig. 8A),
but heterogeneous susceptibility profiles for teicoplanin

(MICs for the majority of strains were between 0.2 and 6.0
mg/ml) in all but one (13518) of the strains (Fig. 8B). The
hetero-resistant strains included isolates 146 and 9491, col-
lected in 1925 and 1944, respectively, i.e., long before the
introduction of glycopeptide antibiotics. Cultures of most of
these strains contained cells capable of growing on agar con-
taining 12 to 25 mg of teicoplanin per ml at frequencies of 1025

to 1026 (Fig. 8B).
Strains 146, 9491, 12228, 14852, and 15796 were grown from

small inocula in TSB containing half the respective MIC equiv-
alents of teicoplanin. When the optical density reached 1.0,
bacteria were removed by centrifugation and sterile filtration
and the supernatants were tested for the concentration of
teicoplanin with the highly sensitive strain 13518 (teicoplanin

FIG. 5. Appearance of teicoplanin-resistant staphylococci under optical microscope. Bacteria (CNS 15) were observed when grown in TSB (A and D) and when
grown in the presence of 8 mg of teicoplanin per ml (B and E) and in the presence of teicoplanin after having reached stationary phase (C and F). (A, B, and C)
Gram-stained bacteria. (D, E, and F) Cells observed by phase-contrast microscopy.
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MIC, 0.2 mg/ml) for bioassay. No teicoplanin was detectable in
any of the spent media.

DISCUSSION

The recent report on clinical failures during vancomycin
therapy of MRSA disease in Japanese hospitals (10) and re-
ports from the United States on clinical isolates of methicillin-
resistant staphylococci for which vancomycin MICs are re-
duced (4, 5) has renewed concern about the appearance of
glycopeptide resistance among methicillin-resistant and multi-
drug-resistant strains of S. aureus against which this generic
class of antibiotics is often the only available chemotherapeutic
regimen. The observations described in this study suggest that
decreased susceptibility to teicoplanin and vancomycin may be
frequent among current methicillin-resistant clinical isolates of
CNS.

Our data with the preantibiotic era isolates suggest that
heterogeneous teicoplanin phenotypes, including bacteria with
reduced susceptibility to this antibiotic, are intrinsic to the
species. On the other hand, data in the literature (2, 7, 19, 22)
and experiments described in this report clearly show that

under laboratory conditions, vancomycin can select for bacte-
ria with increased teicoplanin MICs and that the reverse is also
true (1, 11, 20). Enrichment of heterogeneous CNS cultures for
the more resistant subpopulations of bacteria was surprisingly
easy; when drug-free growth medium was inoculated with as
few as 20 to 30 cells derived from colonies that grew on agar
with 3 to 6 mg of vancomycin per ml, the overnight cultures
produced bacteria in which the MICs for the vast majority of
the cells were 6 and 12 mg/ml, respectively (Fig. 3), and the
increased MICs for these bacteria were retained during mul-
tiple passages in antibiotic-free medium. Similar and even
more rapid selection of the more resistant subpopulation was
achieved by directly diluting a heterogeneous culture into an-
tibiotic-containing growth medium (Fig. 3). These experiments
clearly show that under laboratory conditions, CNS for which
glycopeptide MICs are increased could originate from the sub-
populations of bacteria present in heterogeneous cultures. To
what degree the decreased glycopeptide susceptibility and het-
erogeneous phenotypes of clinical isolates described in this
study emerged through a similar mechanism, i.e., selection by
the clinical use of vancomycin, is not clear. However, in con-
trast to the relatively homogeneous vancomycin susceptibility
of preantibiotic-era isolates, the cultures of clinical isolates of
CNS examined were clearly heterogeneous and included sub-
populations of bacteria for which vancomycin MICs were ele-
vated.

The surprisingly high frequency of decreased teicoplanin
susceptibility among MR-CNS as documented in this study,
together with the extensive use of vancomycin in hospitals, may
lead to further selection for the subpopulations of bacteria for
which vancomycin MICs are elevated, which appear to be
present already in the form of hetero resistance among MR-
CNS strains. The same factors may also increase the probabil-
ity that this type of glycopeptide resistance mechanism will
emerge in clinical strains of MRSA. Clearly, such an increase
in the MICs of glycopeptide antibiotics may then begin to
jeopardize chemotherapy.

The ease with which isolates for which vancomycin MICs are
increased can be selected under laboratory conditions makes
one wonder why more highly glycopeptide-resistant CNS have
not yet been identified among clinical isolates. The conditions
under which the enrichment of cultures for such resistant
subpopulations occurs in vitro suggest that the critical fac-

FIG. 6. Morphology of teicoplanin-resistant staphylococci grown in the pres-
ence of teicoplanin. Bacteria (CNS 18) were grown in the presence of 8 mg of
teicoplanin per ml. The culture was harvested at the mid-exponential (top panel)
or stationary (bottom panel) phase of growth and then prepared for transmission
electron microscopy, as described in reference 23. Magnification, 325,000; bar,
1 mm.

FIG. 7. Removal of teicoplanin from the growth medium of selected CNS
isolates. Bacteria were grown in TSB containing 8 mg of teicoplanin per ml
except for CNS 15, for which the concentration was 16 mg per ml. After the
cultures reached stationary phase, sterile filtrates of the cultures were col-
lected and used to determine the titers of teicoplanin in the medium super-
natants by the bioassay described in reference 22. Numbers represent strains;
A, initial concentration of antibiotic in the growth medium; B, final concen-
tration found in medium supernatants collected from stationary-stage cul-
tures.
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tors defining selective conditions in vivo are the pharmaco-
kinetics of vancomycin and the dosing regimen used in ther-
apy.

While several different mechanisms have been considered
(3, 12, 13, 21, 22), the basis of staphylococcal glycopeptide
resistance remains unknown. The addition of teicoplanin at
half the respective MICs for CNS strains caused the appear-
ance of cellular aggregates, the inhibition of autolysis, and the
removal of the antibiotic from the growth medium. Regarding
these features, the properties of the CNS strains resemble

those of a recently described highly vancomycin-resistant lab-
oratory mutant of MRSA (22). The formation of aggregates,
morphological abnormalities, and the disappearance of glyco-
peptide antibiotic from the growth medium have also been
described in several reports in the clinical microbiology liter-
ature (16–18). As already concluded in the studies with the
highly vancomycin-resistant MRSA strain, the capacity of bac-
teria to sequester antibiotic molecules from the medium may
contribute to their antibiotic resistance but cannot be the sole
mechanistic basis for the increased MICs (22). A better un-
derstanding of the nature of the glycopeptide resistance mech-
anism(s) in MR-CNS and S. aureus (22) is important, since
most of the current attention and drug development is limited
to the glycopeptide resistance of enterococci, which seems to
be completely different from the mechanism(s) presented by
staphylococci.
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