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ABSTRACT
Background and Objectives: The antimicrobial combination with synergistic mechanism is recommended to provide
broad-spectrum coverage, and prevent the emergence of resistant mutants. In the present study, the synergistic activity of
lysostaphin with linezolid, oxacillin and vancomycin, against methicillin-resistant Staphylococcus aureus (MRSA) clinical
isolates was determined.
Materials and Methods: Seventy-three MRSA isolates collected from clinical specimens were tested, for in vitro synergistic
activity of lysostaphin with linezolid, vancomycin and oxacillin, by checkerboard assay.
Results: Lysostaphin showed synergistic activity with linezolid and oxacillin, against all MRSA isolates, tested in the present
study. Whereas, only 19.1% of the isolates showed synergistic activity with vancomycin and remaining 80.9% of the MRSA
isolates showed additive activity.
Conclusion: Lysostaphin causes rapid lysis of S. aureus. Combination therapies that include linezolid and lysostaphin could
be used in life-threatening infections, such as endocarditis to increase the early in vivo activity of the antibiotics, and to prevent the emergence of linezolid resistant mutants. Further, in vivo studies are warranted to confirm our results.
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INTRODUCTION
S. aureus is commonly found on the skin and anterior nares of healthy individuals. However, in case
of any defect in host immune system, they gain entry
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into the tissue and cause infections, ranging from the
localized abscess to invasive infections, such as skin
and soft tissue infections, endocarditis, osteomyelitis, bacteremia and pneumonia. This pathogenicity
reflects its ability to produce a variety of exotoxins,
and adherence to medical devices, by production of
biofilm (1, 2). The development of methicillin resistance, among S. aureus, reported in the late 1960s
(3). It posed a serious therapeutic challenge and still
continues to do so. Currently, MRSA is an important
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pathogen, associated with both hospital and community-acquired infections. Hospital-acquired MRSA
has been a serious problem in health care facilities,
worldwide, including India (4). The emergence of
multidrug-resistant S. aureus has spurred the need
for the development of new anti-microbial agents.
One such novel bactericidal agent is lysostaphin,
which lyses S. aureus, through cleaving pentaglycin
cross-bridge of the staphylococcal cell wall (5, 6).
Though there was a demonstration of the efficacy of
lysostaphin, in treating S. aureus infections in animal models, the lack of purified preparation of lysostaphin and wide availability of alternative antibiotics, terminated further development of lysostaphin,
as an anti-staphylococcal agent. The rapid increase in
resistance to available antibiotics and the availability
of recombinant lysostaphin, have rekindled the interest, in using lysostaphin as a therapeutic agent for
staphylococcal infections (7-9). The use of combinations of antibiotics are recommended, compared to
single antibiotic usage in the treatment of severe infections, such as endocarditis (10). The combinations
of antibiotics with synergistic mechanism is used to
provide broad-spectrum coverage, and to prevent the
emergence of resistant mutants (11). In this context,
investigations in regards to anti-microbial effects
of antibiotics in combination with lysostaphin, is
worthwhile. Hence, the aim of the present study was
to determine the combination effect of lysostaphin
with other anti-microbial agents, against MRSA clinical isolates.

Checkerboard assay. Synergistic activity of lysostaphin with antibiotics was tested by checkerboard
method, as described by Garcia (13). Combination of
lysostaphin (0.06 to 4 μg/ml) was tested with oxacillin (1 to 256 μg/ml), vancomycin (0.06 to 8 μg/ml)
and linezolid (0.03 to 8 μg/ml). Two-fold dilutions of
lysostaphin were prepared in MHB-CA, supplemented with 0.1% BSA, in order to minimize nonspecific binding of lysostaphin to the polystyrene plate.
Linezolid, oxacillin and vancomycin dilutions were
prepared without BSA. In order to determine the
minimum inhibitory concentration (MIC) of individual antibiotic, each concentration was added in the
first row and lysostaphin was dispensed in the first
column. Further, the combination of each concentration of antibiotic with lysostaphin was dispensed into
microtiter plate in a checkerboard style. Wells of the
microtiter plate were inoculated with ~1x105 CFU/ml
bacterial cells. The bacterial growth control without
the addition of antibiotic was also included. Microtiter plates were incubated at 37°C for 16 hours. The
fractional inhibitory concentrations (ΣFIC) indices
were calculated, by adding the FICs of drug A (drug
A MIC combined/drug A MIC alone) + drug B (drug
B MIC combined/drug B MIC alone). Results were
interpreted based on ΣFIC as follows: ≤0.5; synergistic, >0.5 and ≤4; additive, >4.0; antagonistic effect.
S. aureus sub sp. aureus ATCC 43300 and ATCC
29213, were used as controls.

MATERIALS AND METHODS

RESULTS

Bacterial strains. A total of seventy-three clinical samples of MRSA, isolated from various clinical specimens (pus, burn wound swab, blood, urine,
sputum, endotracheal aspirate, catheters tips, skin
surfaces and nasal swabs), received from Kasturba
hospital, Manipal, India, were used for the present
study. Methicillin resistance was determined by using Kirby-Bauer disk diffusion method, according
to recommendation of the Clinical and Laboratory
Standards Institute (12).

In the present study, lysostaphin was tested for
synergistic activity with vancomycin, linezolid and
oxacillin. Lysostaphin showed MIC, against ATCC
29213, ATCC 43300 and ATCC 700699 (vancomycin intermediate sensitive S. aureus-VISA) at 0.125,
0.5 and 2 μg/ml, respectively. MIC of lysostaphin
against MRSA isolates, ranged from 0.25 μg/ml to 2
μg/ml. The MIC50 and MIC90 are defined, as the MIC
that inhibits 50% and 90% of the isolates tested, respectively. Isolates had MIC50 and MIC90 values of 1
μg/ml to lysostaphin. The range of MIC for oxacillin,
linezolid, vancomycin and lysostaphin are shown in
Table 1. Eighty-eight percent of isolates had MIC value between 8 to 64 μg/ml to oxacillin, and 12% were
highly resistant to oxacillin with MIC of >256 μg/

Antimicrobial agents tested. Recombinant lysostaphin (Sigma Aldrich L9043), vancomycin (Sigma
Aldrich 861987), linezolid (Sigma Aldrich PZ0014)
and oxacillin (Hi-Media CMS5372-5G), were used in
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Table 1. Anti-bacterial activity of lysostaphin, vancomycin, linezolid and oxacillin, tested against MRSA isolates
Antibacterial agents
Lysostaphin
Vancomycin
Linezolid
Oxacillin

MIC range (µg/ml)
0.25 to 2
0.25 to 2
0.25 to 2
4 to >256

MIC50 (µg/ml)
1
0.5
0.5
32

ml. None of the MRSA isolates were resistant to vancomycin and linezolid and their MIC values, ranged
from 0.25 μg/ml to 2 μg/ml. MIC50 and MIC90 were
0.5 and 2 μg/ml, respectively.
MRSA clinical isolates and ATCC 700699 were
tested for lysostaphin synergistic activity with the
individual combination of vancomycin, linezolid and
oxacillin. Lysostaphin combined with linezolid as
well as oxacillin, showed a synergistic effect, against
all the isolates tested in the present study; FIC values
ranged from 0.31 to 0.5 (Figs. 1, 2). Combination of
lysostaphin with vancomycin had a FIC values from
0.5 to 0.75 (Fig. 3). According to the FIC values, 0.25
µg/ml of linezolid, combined with 0.5 µg/ml lysostaphin showed synergistic activity against 79.5% of
the isolates tested. Remaining 20.5% of the isolates
had synergistic activity of the combination of 0.25
µg/ml of linezolid with 1 µg/ml lysostaphin. For oxacillin (16 µg/ml) with lysostaphin (1 µg/ml) combination, the effect was synergistic against 100% of
the isolates. Only 19.1% of the isolates showed synergistic activity, when 1 µg/ml lysostaphin combined
with 0.5 µg/ml of vancomycin. The combination of
0.5 µg/ml lysostaphin with 0.5 µg/ml of vancomycin found to have additive activity, against remaining 80.9% isolates tested. None of the combination
showed an antagonist effect.

MIC90 (µg/ml)
1
2
2
64

MBC range (µg/ml)
0.125 to 4
0.5 to 2
0.25 to 2
8 to 512

cillin showed synergistic activity, against both MRSA
and VISA; however, with vancomycin only 19.1%
of the isolates showed synergistic activity. 80.9% of
the MRSA isolates showed additive activity. Lysostaphin combined with linezolid is more active against

Fig. 1. Checkerboard microtiter plate assay: linezolid with
lysostaphin combination. The white arrow shows the MIC
of drug alone. The black arrow indicates the antibiotic combination that resulted in a synergistic effect; FIC 0.375. CC
– cell control, MC – medial control

DISCUSSION
The emergence of multidrug-resistant MRSA strains
frequently causes treatment failure. The synergistic
activity of anti-microbial agents provide broad-spectrum coverage, prevent the development of resistant
mutants, and it is considered to be a novel approach
for the treatment of systemic life-threatening infections (11, 14). In the present study, synergistic activity
of lysostaphin was tested with linezolid, vancomycin
and oxacillin against MRSA isolates and VISA (ATCC
700699). Lysostaphin combined with linezolid/ oxa-
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Fig. 2. Checkerboard microtiter plate assay: oxacillin with
lysostaphin combination. The white arrow shows the MIC
of drug alone. The black arrow indicates the antibiotic combination that resulted in a synergistic effect; FIC 0.375. CC
– cell control, MC – medial control
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Fig. 3. Checkerboard microtiter plate assay: vancomycin
with lysostaphin combination. The white arrow shows the
MIC of drug alone. The black arrow indicates the antibiotic
combination that resulted in a synergistic effect; FIC 0.625.
CC- cell control, MC- media control

MRSA/VISA strains, linezolid MIC was found to reduce by sixteen fold with the combination, compared
to linezolid alone. As lysostaphin causes rapid lysis
of bacterial cells, combination therapies that include
linezolid and lysostaphin could be used in life-threatening infections such an endocarditis, to increase the
early in vivo activity of the drugs and to prevent the
emergence of linezolid/vancomycin resistant mutants.
In the present study, all the MRSA isolates showed
synergistic activity with oxacillin, when combined
with lysostaphin. Earlier studies have reported that
lysostaphin-resistant staphylococcal variants become
more susceptible to β-lactam antibiotics, compared to
their parental strains. Resistance to lysostaphin among
S. aureus is due to changes in the muropeptide crossbridge. Mutations in femA, which controls the addition
of the second and third glycines of the forming crossbridge, result in the formation of a new cross-bridge
structure, composed of a single glycine. Strains with
monoglycine cross-bridge are found to be lysostaphin
resistant, but also become hyper-susceptible to β-lactam antibiotics. This mechanism of resistance gives
partial explanation, regarding the observed synergism,
among S. aureus strains treated with combinations of
lysostaphin and β-lactams (15, 16). In order to suppress the emergence of lysostaphin resistant mutants,
the combination of β-lactam drug could be a better
choice. Previous reports showed bactericidal synergy
of lysostaphin with bacitracin, polymixin B, daptomycin and additive effect with gentamycin, tetracycline and erythromycin (17, 18). Kiri et al. reported, in
vivo synergistic activity of lysostaphin with nafcillin,
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reduced the dose of lysostaphin to 1 mg/kg to treat
systemic infection caused by S. aureus in mouse (19).
The additive effect of lysostaphin and vancomycin
was demonstrated in S. aureus infective endocarditis
model (20, 21). Climo et al. reported that intravenous
administration of lysostaphin (weekly; 15mg/kg) for
nine weeks had excellent bactericidal activity irrespective of the formation of neutralizing antibodies.
They also observed that lysostaphin was well tolerated
during long-term dosing, without any hypersensitivity reactions (20). Sei et al. observed that lysostaphin
able to prevent S. aureus induced systemic shock
by blunting the inflammatory cytokine mediated response, which results in reduced expression of TNF
and IL-6 (22). These findings are supported with Ip et
al. demonstrated that lysostaphin rapidly lyses all free
bacteria, thus preventing their uptake in phagosomes,
as whole bacteria need to be engulfed by phagosomes
to induce TLR-dependent cytokine production (23). In
the present study, lysostaphin combined with linezolid
was able to kill VISA strain and this synergistic effect
could be used, as an alternative therapeutic choice to
treat infection, caused by vancomycin resistant S. aureus. Lysostaphin showed promising activity, against
MRSA and VISA isolates; no resistance was found
among them. Further study, on in vivo synergistic activity is recommended, before taking up clinical studies.
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