
ANTIMICROBIAL AGENTS AND CHEMOTHERAPY, Nov. 2008, p. 3905–3908 Vol. 52, No. 11
0066-4804/08/$08.00�0 doi:10.1128/AAC.00653-08
Copyright © 2008, American Society for Microbiology. All Rights Reserved.

In Vitro and In Vivo Evaluations of Oxacillin Efficiency against
mecA-Positive Oxacillin-Susceptible Staphylococcus aureus�

Alexandros Ikonomidis,1 George Michail,1 Afroditi Vasdeki,1 Maria Labrou,1 Vasilis Karavasilis,1
Constantinos Stathopoulos,2 Antonios N. Maniatis,1 and Spyros Pournaras1*

Department of Microbiology, School of Medicine,1 and Department of Biochemistry and Biotechnology, School of Health Sciences,2

University of Thessaly, Larissa, Greece

Received 17 May 2008/Returned for modification 21 June 2008/Accepted 5 August 2008

Community-type Staphylococcus aureus strains that are positive for mecA and PBP2a but appear phenotyp-
ically susceptible to oxacillin are increasingly reported worldwide. Four S. aureus clinical isolates carrying the
mecA gene with oxacillin MICs of <2 �g/ml were tested for oxacillin efficiency by population analyses and
experimental thigh infections. These isolates harbored staphylococcal cassette chromosome mec type IV and
belonged to two genotypes. Two of the four isolates were found by population analysis to be truly oxacillin
susceptible. All four isolates exhibited significant reductions in the numbers of colonies grown after diclox-
acillin treatment of experimental thigh infections, as also did a mecA-negative S. aureus control strain. These
observations indicate that some of the phenotypically oxacillin susceptible mecA-positive Staphylococcus aureus
isolates may be at least partially responsive to oxacillin.

Staphylococcus aureus isolates that either have oxacillin
MICs higher than 2 �g/ml or harbor the mecA gene are con-
sidered methicillin resistant (MRSA) by the Clinical and Lab-
oratory Standards Institute (CLSI; formerly NCCLS) (12). Ox-
acillin resistance in mecA-positive isolates is due to the
production of an altered form of penicillin-binding protein
(PBP), designated PBP2a, which shows low affinity for beta-
lactams (2). S. aureus strains that carry and express the mecA
gene may exhibit oxacillin MICs ranging from �2 to �1,000
�g/ml and resistance phenotypes ranging from extremely het-
erogeneous (frequencies of highly resistant colonies, 10�7 or
lower) to homogeneous (7, 13, 18).

It is generally believed that most mecA-positive, oxacillin-
susceptible S. aureus strains exhibit oxacillin heteroresistance,
even at a low frequency, and that the use of beta-lactams might
lead to treatment failure (14). However, it is believed that
chromosomal factors unrelated to the mecA gene, which confer
different levels of the oxacillin-heterogeneous phenotype,
should exist but remain unknown and are probably pleiotropic,
complex, and strain dependent (13). In this context, one could
anticipate that a proportion of nonheterogeneous, functionally
oxacillin susceptible, mecA-positive S. aureus (OS-MRSA)
strains also exist. The treatment alternatives for such isolates
would thus be broadened, possibly including penicillinase-re-
sistant beta-lactams. The aim of this study was to investigate by
in vitro and in vivo experiments the characteristics of OS-
MRSA strains and the possible efficiency of oxacillin against
them, in a region where the rate of mecA-positive S. aureus is
among the highest in Europe (4) and community-type OS-
MRSA strains are increasingly isolated.

MATERIALS AND METHODS

Bacterial strains and susceptibility testing. Four mecA gene-carrying S. aureus
clinical isolates (SA 1306, SA 1326, SA 1552, and SA 4666) that were pheno-
typically oxacillin susceptible (oxacillin MIC, �1 �g/ml) and were collected from
October to November 2006 were studied. A low-level (SA 6083; oxacillin MIC,
6 �g/ml; mecA positive) and a high-level (SA 2712; oxacillin MIC, 256 �g/ml;
mecA positive) MRSA clinical isolate from our laboratory collection, as well as
S. aureus ATCC strain 29213 (methicillin susceptible [MSSA], mecA negative),
were included for comparison. Species identification was performed with the
Vitek 2 system (bioMerieux, Marcy l’Etoile, France) using an ID-GP card, and
the initial antimicrobial susceptibility status was determined with a GPS-105
card. The oxacillin MIC was estimated by Etest (AB Biodisk, Solna, Sweden) in
Mueller-Hinton agar plates containing 2% NaCl and also by the agar dilution
method according to CLSI guidelines (12) using 2-�g/ml increments for concen-
trations of 2 to 16 �g/ml. Susceptibility to other beta-lactams (ampicillin, amoxi-
cillin-clavulanate, cefamandole, cephalexin, and imipenem) was tested by Etest.

Detection of PBP2a and the mecA gene, and typing assays. The Slidex MRSA
latex agglutination test (bioMerieux) was performed to detect PBP2a. A PCR
specific for the mecA gene, sequencing of mecA, and PCR typing of the staph-
ylococcal cassette chromosome mec (SCCmec) element were carried out with
previously described primers and amplification conditions (9, 11). Pulsed-field
gel electrophoresis (PFGE) of SmaI-digested genomic DNA was performed as
previously described (19), and bands were compared visually (17). Multilocus
sequence typing (MLST) was also performed (3). Sequences of both strands were
determined at Lark Technologies, Inc. (Takeley, United Kingdom) and analyzed
using DNAStar (Madison, WI) software (Lasergene, version 5.07); MLST types
were assigned through the MLST database (http://www.mlst.net).

Population analysis assays. Overnight broth cultures were diluted in cation-
adjusted Mueller-Hinton broth to a density equivalent to a 4 McFarland stan-
dard (approximately 109 CFU). From this starting suspension, 100 �l (approxi-
mately 108 CFU), 10 �l (approximately 107 CFU), and 1 �l (approximately 106

CFU) were spread onto Mueller-Hinton agar plates containing dicloxacillin
(sodium dicloxacillin monohydrate, Diclocil; Bristol-Myers Squibb) according to
the protocol originally described by Tomasz et al. (18). A lower inoculum of
approximately 104 CFU was spread for isolates that displayed confluent growth
with the starting inocula given above. Dicloxacillin was incorporated into the
plates in serial twofold dilutions for concentrations of 0.25 to 128 �g/ml, with
1-�g/ml increments from 1 to 6 �g/ml and 2-�g/ml increments from 6 to 16
�g/ml, in order to detect more precisely the changes in the susceptibilities of the
heteroresistant populations. Colonies were counted after 48 h of growth at 35°C.
The analysis was performed three times for all isolates, and the median CFU
grown in each concentration was counted and plotted on a semilogarithmic
graph. The population analysis protocol (18) was also performed after addition
of 2% NaCl to the medium. Population analyses of the tested isolates were
compared with those of the low- and high-level MRSA isolates and ATCC 29213.
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To determine the molecular stability of the mecA genotype, the colonies grown
in the highest dicloxacillin concentration were tested by PCR for the presence of
the mecA gene and also for PBP2a production, as described above. Because most
clinicians treating infections due to mecA-positive S. aureus will be utilizing
vancomycin, population analysis was also performed for vancomycin in parallel
with dicloxacillin.

Oxacillin bactericidal assays. Overnight Mueller-Hinton broth cultures were
diluted with cation-adjusted Mueller-Hinton broth, and approximately 106 to 107

CFU was inoculated into Mueller-Hinton broth containing 20 �g/ml dicloxacillin
(14). Viable cells were counted by spreading 0.1-ml aliquots of the broth cultures
at 0, 1, 3, 6, 9, 14, 24, 30, 42, and 48 h of incubation at 35�C. The analysis was
performed three times for all isolates, and the median CFU grown in each
concentration was counted and plotted on a semilogarithmic graph. A bacteri-
cidal assay was also performed for vancomycin at 10 �g/ml, as described previ-
ously (15).

Mouse thigh infection model. Male Wistar rats (body weight, 300 to 400 g)
were utilized for experimental thigh infections following a previously described
protocol (6). In brief, a starting inoculum of approximately 108 CFU/ml was
prepared in Mueller-Hinton broth, and 100 �l was injected into the left thigh of
the animal. Sterile water was injected into the right thigh. Two hours after the
bacterial inoculation and every 6 h thereafter, dicloxacillin at 200 mg/kg of body
weight was administered subcutaneously. The animal was sacrificed at 24 h; the
thigh muscle was homogenized; and the number of viable CFU was counted after
serial dilution of the homogenate. The infections were carried out in triplicate for
the four mecA-positive, oxacillin-susceptible isolates as well as for the control
strains ATCC 29213, SA 6083, and SA 2712. Also, triplicate control experiments
were performed with oxacillin-susceptible, mecA-positive isolates that were in-
jected in the left thigh but not treated with dicloxacillin. The colonies grown from
the infected thighs were tested for the presence of the mecA gene and for
production of PBP2a.

Statistical analysis. A t test of mean CFU values obtained in the mouse thigh
infection model was performed using GraphPad Prism software, version 4.00
(GraphPad Software, Inc.). Data for which the P value was �0.05 were consid-
ered statistically significant.

RESULTS

The oxacillin MICs of the four study isolates by both Etest
and agar dilution ranged from 0.25 to 1 �g/ml. Two of the four
isolates were also classified as susceptible to oxacillin by the
Vitek 2 system. All isolates were susceptible to vancomycin,
teicoplanin, linezolid, and quinupristin-dalfopristin. Two iso-
lates were also susceptible to clindamycin, erythromycin, and
fusidic acid, and one was also susceptible to tetracycline. All
four isolates were also found by Etest to be susceptible to
ampicillin, amoxicillin-clavulanate, cefamandole, cephalexin,

and imipenem. A PBP2a latex agglutination test was positive
for the four study isolates. PCR was positive for the mecA
gene, and its nucleotide sequence in the four isolates was
identical to that previously described for several MRSA
strains, including S. aureus COL (5; GenBank accession num-
ber CP000046). The four isolates belonged to two unrelated
genotypes, of which the more common strain pattern, which
also included the control strain SA 6083, exhibited three sub-
types differing from each other by one to two bands (Table 1).
It should be noted that PFGE profile I (Table 1) was similar to
the PFGE profile of a previously reported strain from south-
western Greece (type C, sequence type 80 [ST-80] [1]). MLST
results showed that the four isolates of PFGE type I belong to
ST-728 (allelic profile, 1-3-1-14-11-27-10), which is a single-
band variant of ST-80. All isolates carried SCCmec type IV, as
shown by PCR typing.

Population analysis showed that two of the isolates (SA 1326
and SA 4666) (Table 1) were phenotypically oxacillin suscep-
tible: the highest oxacillin concentrations at which cell growth
occurred were 0.5 and 1 �g/ml, respectively. The remaining
two isolates (SA 1306 and SA 1552) grew at oxacillin concen-
trations as high as 32 and 64 �g/ml, respectively. The low-level-
resistant isolate, SA 6083, grew at oxacillin concentrations as
high as 128 �g/ml, while the populations of the high-level-
resistant isolate, SA 2712, remained unaffected up to 128
�g/ml (Fig. 1A). After the addition of 2% NaCl to the medium,
the oxacillin-susceptible isolates SA 1326 and SA 4666 grew at
oxacillin concentrations as high as 1 and 2 �g/ml, respectively.
The colonies grown in the highest dicloxacillin concentration in
the population analysis still carried and expressed the mecA
gene in all isolates, including the nonheterogeneous isolates
SA 1326 and SA 4666, suggesting the stability of the mecA
genotype. Time-kill kinetics showed that at 24 h, oxacillin had
bactericidal activity for the oxacillin-susceptible isolates (SA
1306, SA 1326, SA 1552, SA 4666, and ATCC 29213) as well as
for the low-level-resistant control, SA 6083, while the high-
level oxacillin-resistant control, SA 2712, remained unaffected
(Fig. 2). All isolates were susceptible to narrow-spectrum van-
comycin in population analyses (Fig. 1B), and time-kill curves

TABLE 1. Characteristics of study isolates and data for experimental thigh infections

Isolate

Date of
isolation
(mo/day/

yr)

Warda Specimen
source

PFGE
type ST SCCmec

type

Oxacillin
agar dilution
MIC (�g/ml)

Highest
oxacillin

concn (�g/
ml) at

which cell
growth

occurredb

Avg log CFU � SD (%) per g thigh tissue
Susceptibility
status defined

by Vitek 2c

Untreated
controls

Treated
animals

P (treated vs
untreated
animals)

OXA VAN

1306 10/2/06 MED Sputum Ia 728 IV 0.5 32 6.55 (8.6) 4.71 (9.7) �0.001 R S
1326 10/2/06 DERM Urine Ib 728 IV 0.25 0.5 6.6 (6.5) 4.50 (4.3) �0.001 S S
1552 10/4/06 HAEM Pus II 728 IV 1 64 6.25 (10.3) 3.75 (9.1) �0.001 R S
4666 11/1/06 DERM Pus Ic 728 IV 1 1 6.53 (8.3) 3.72 (10.4) �0.001 S S
6083 11/14/06 OBST Skin Ic 728 IV 6 128 7.45 (11.2) 5.02 (6.2) �0.001 R S
2712 6/22/07 Surgery Blood III NDd ND 256 �128 6.32 (3.6) 6.25 (8.8) NSe R S
29213 NAf ATCC NA IV ND NA 0.125 0.5 6.70 (6.7) 1.18 (12.4) �0.001 S S

a MED, medicine; DERM, dermatology; HAEM, hematology.
b By population analysis.
c OXA, oxacillin; VAN, vancomycin; S, susceptible; R, resistant.
d ND, not determined.
e NS, not significant.
f NA, not applicable.
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showed vancomycin bactericidal activity at a level similar to
that reported previously for community-associated MRSA
(15).

Testing of oxacillin efficiency in the experimental mouse
thigh model showed no significant differences in the number of

colonies yielded 24 h after inoculation between the four mecA-
positive, oxacillin-susceptible isolates and the oxacillin-suscep-
tible, mecA-negative isolate (ATCC 29213) (Table 1). For all
four study isolates, statistically significantly fewer colonies
were obtained from the dicloxacillin-treated animals than from
their respective untreated controls (P � 0.001). The colonies
yielded from all infected thighs also carried and expressed the
mecA gene and had susceptibility profiles similar to those of
the respective clinical isolates.

DISCUSSION

S. aureus clinical isolates that carry the mecA gene but ap-
pear phenotypically oxacillin susceptible have been increas-
ingly reported recently (7, 14). It has been suggested that such
isolates could be classified as a new type of MRSA, designated
OS-MRSA, which may be misclassified as MSSA in the daily
routine if only susceptibility to antimicrobials is tested (7). It is
generally believed that when treating OS-MRSA infections, we
should take precautions, because treatment with beta-lactam
antibiotics may result in the emergence of highly resistant
MRSA, which is attributable to the presence of the mecA gene
(14). However, new types of hetero-MRSA strains that are
phenotypically susceptible to narrow-spectrum cephalosporins
and imipenem have recently been observed in hospitals (10). In
this study, we investigated S. aureus clinical isolates that were
mecA positive but exhibited oxacillin MICs of �1 �g/ml and
were susceptible to various beta-lactams. Two of the study
isolates were misclassified as MSSA by the very sensitive Vitek
2 system (14). During population analysis, these isolates grew
at low oxacillin concentrations.

The observations of the present study raise the need for
identification of additional putative genetic factors that could
play an important role in this degree of heteroresistance. It is
evident that any factor playing a role in cell wall synthesis and
assembly could represent such a putative factor. For example,
the profound disturbance of cell wall metabolism associated

FIG. 1. Population analysis profiles of the study isolates for dicloxacillin (A) and vancomycin (B). Each symbol represents the mean for three
replicates.

FIG. 2. Oxacillin bactericidal assay of the study isolates in Mueller-
Hinton broth with 20 �g/ml dicloxacillin. Each symbol represents the
mean for three replicates.
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with vancomycin resistance has been correlated previously with
suppression of the methicillin resistance level in those bacteria
(“seesaw” effect) (16). Furthermore, since oxacillin resistance
levels depend strongly on environmental conditions, specific
global regulatory networks should exist and play a role in
heterogeneous resistance, and their activation or suppression
would lead to the pleiotropic effects that allow for “suscepti-
ble” or highly resistant subclones (13). Also, alterations in the
activity of autolysins, which have been shown to affect the level
of methicillin resistance, should be investigated more closely
(13). A recent report (8) showed that deletion of the important
(but not essential for viability) FemA and FemB factors, which
are involved in cell wall synthesis, could lead to a global tran-
scriptional rearrangement in S. aureus involving oxacillin re-
sponsiveness. In this context, DNA array analysis showed that
specific genes whose expression was down- or upregulated in
FemA-FemB deletion mutant strains represent major meta-
bolic pathways that have, so far, been considered uncoupled.
Finally, it is possible that random gene rearrangements
through transposons or insertion sequences could lead to sta-
ble genetic alterations that could contribute to heterogeneous
expression of oxacillin resistance.

Whatever the underlying reasons, it is evident from our
report that although mecA detection and expression are pre-
requisites for methicillin resistance, such a genotype does not
guarantee phenotypic methicillin resistance. The effort to elu-
cidate the causes of heteroresistance should be expanded to
the detection and characterization of new molecular targets
that could be associated with the atypical susceptibility that
many nosocomial S. aureus strains already exhibit. Elucidation
of the origins of heteroresistance to methicillin may also con-
tribute to the discovery of new targets for antibiotics (13).

From the results of the present study, the response of the
study isolates to oxacillin apparently lies between that of a fully
susceptible strain (ATCC 29213) and that of a highly resistant
MRSA strain. Since more “susceptible” MRSA clones are
gradually emerging worldwide, investigation of the origins of
heteroresistance and of a putative degree of activity for oxacil-
lin, compared with vancomycin, against OS-MRSA strains,
may provide some insights on possible therapeutic alternatives.
However, based on the current knowledge that some strains
become more homogeneously oxacillin resistant when exposed
to oxacillin in vitro and in vivo, additional animal models are
clearly needed in order for similar assumptions to be substan-
tiated. In this context, experiments involving larger collections
of isolates and direct comparisons of oxacillin versus vancomy-
cin efficiency are currently in progress.

When we compared previously reported OS-MRSA appear-
ances in other regions (7, 14), we noticed that such isolates are
quite common in our region. Particularly, during the 1-year
period from August 2006 to July 2007, 26 of 167 (15.5%)
mecA-positive strains were OS-MRSA (oxacillin Etest MICs in
2% NaCl, �2 �g/ml), while from August 2007 to April 2008,
the respective proportion dropped to 11.8% (22 of 187). In this
context, we are currently screening all S. aureus isolates with
oxacillin MICs ranging from 0.25 to 16 �g/ml for PBP2a pro-
duction, in order to annotate OS-MRSA strains correctly. In
addition, we are currently investigating genetic factors that

could affect the expression of the oxacillin resistance pheno-
type in such strains.
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an imperfect cell wall: compensation of femAB inactivation in Staphylococcus
aureus. BMC Genomics 8:307.

9. Jarraud, S., C. Mougel, J. Thioulouse, G. Lina, H. Meugnier, F. Forey, X.
Nesme, J. Etienne, and F. Vandenesch. 2002. Relationships between Staph-
ylococcus aureus genetic background, virulence factors, agr groups (alleles),
and human disease. Infect. Immun. 70:631–641.

10. Kishii, K., T. Ito, S. Watanabe, K. Okuzumi, and K. Hiramatsu. 7 May 2008.
Recurrence of heterogeneous methicillin-resistant Staphylococcus aureus
(MRSA) among the MRSA clinical isolates in a Japanese university hospital.
J. Antimicrob. Chemother. doi:10.1093/jac/dkn186.

11. Milheiriço, C., D. C. Oliveira, and H. de Lencastre. 2007. Update to the
multiplex PCR strategy for assignment of mec element types in Staphylococ-
cus aureus. Antimicrob. Agents Chemother. 51:3374–3377.

12. NCCLS. 2003. Methods for dilution antimicrobial susceptibility tests for
bacteria that grow aerobically, 6th ed. Approved standard. NCCLS publica-
tion M7–A6. NCCLS, Wayne, PA.

13. Rohrer, S., H. Maki, and B. Berger-Bächi. 2003. What makes resistance to
methicillin heterogeneous? J. Med. Microbiol. 52:605–607.

14. Sakoulas, G., H. S. Gold, L. Venkataraman, P. C. DeGirolami, G. M.
Eliopoulos, and Q. Qian. 2001. Methicillin-resistant Staphylococcus aureus:
comparison of susceptibility testing methods and analysis of mecA-positive
susceptible strains. J. Clin. Microbiol. 39:3946–3951.

15. Shelburne, S. A., D. M. Musher, K. Hulten, H. Ceasar, M. Y. Lu, I. Bhaila,
and R. J. Hamill. 2004. In vitro killing of community-associated methicillin
resistant Staphylococcus aureus with drug combinations. Antimicrob. Agents
Chemother. 48:4016–4019.

16. Sieradzki, K., and A. Tomasz. 1997. Inhibition of cell wall turnover and
autolysis by vancomycin in a highly vancomycin-resistant mutant of Staphy-
lococcus aureus. J. Bacteriol. 179:2557–2566.

17. Tenover, F. C., R. D. Arbeit, R. V. Goering, P. A. Mickelsen, B. E. Murray,
D. H. Persing, and B. Swaminathan. 1995. Interpreting chromosomal DNA
restriction patterns produced by pulsed-field gel electrophoresis: criteria for
bacterial strain typing. J. Clin. Microbiol. 33:2233–2239.

18. Tomasz, A., S. Nachman, and H. Leaf. 1991. Stable classes of phenotypic
expression in methicillin-resistant clinical isolates of staphylococci. Antimi-
crob. Agents Chemother. 35:124–129.

19. van Belkum, A., W. van Leeuwen, M. E. Kaufmann, B. Cookson, F. Forey, J.
Etienne, R. V. Goering, F. Tenover, C. Steward, F. O’Brien, W. Grubb, P.
Tassios, N. Legakis, A. Morvan, N. El Solh, R. de Ryck, M. Struelens, S.
Salmenlinna, J. Vuopio-Varkila, M. Kooistra, A. Talens, W. Witte, and H.
Verbrugh. 1998. Assessment of resolution and intercenter reproducibility of
results of genotyping Staphylococcus aureus by pulsed-field gel electrophore-
sis of SmaI macrorestriction fragments: a multicenter study. J. Clin. Micro-
biol. 36:1653–1659.

3908 IKONOMIDIS ET AL. ANTIMICROB. AGENTS CHEMOTHER.


