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Coagulase-negative staphylococci (CoNS) are the leading cause of late-onset sepsis (LOS) in neonates.
Increasing resistance of CoNS to beta-lactams and aminoglycosides has led to widespread use of vancomycin,
which in turn may lead to resistance to vancomycin. Thus, combination therapy of LOS has been advocated.
We aimed to determine the interaction of oxacillin and gentamicin against CoNS. In 2005, 34 isolates of oxa-
cillin- and gentamicin-resistant CoNS were obtained from blood samples of neonates with LOS. Combination
effect was tested using the checkerboard method, E-test with the other antibiotic incorporated in the medium
(E-test-1) and two E-test strips placed in a cross-formation (E-test-2). Of 34 isolates 61.8%, 53% and 73.5%
revealed synergy or an additive effect when tested by the checkerboard method, E-test-1 and E-test-2, respec-
tively. Results of all three tests were concordant for six (17.6%) isolates, four showing synergy, and two indif-
ference. Our in vitro results support that combination therapy with penicillinase-resistant penicillin and
aminoglycoside can be an alternative to vancomycin.
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Coagulase-negative staphylococci (CoNS) are
the main cause of late-onset sepsis (LOS) in
neonates (1, 2). Although only <1% of LOS
episodes have a fulminant course (3), the man-
agement of sepsis is complicated. Difficulties in
distinguishing between contamination and
invasive disease have led to widespread and
often unnecessary use of antibiotics resulting
in high-level resistance of CoNS to semisyn-
thetic penicillins and aminoglycosides (3–6).

The latter has prompted the use of vancomycin
as a first-line therapy of presumed LOS (7, 8).
However, in the light of emerging resistance

to vancomycin (9, 10) restriction of its use and
combining penicillinase-resistant penicillins
and aminoglycosides in empiric therapy of
LOS has been advocated (11). The rationale of
the idea is low mortality from CoNS sepsis
permitting initiation of vancomycin later in the
course if needed (3). In response to the pro-
posal, a few small retrospective studies con-
ducted in neonatal intensive care unit (NICU)Received 10 July 2012. Accepted 3 December 2012
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have demonstrated similar duration and mor-
tality of sepsis when penicillinase-resistant pen-
icillin plus aminoglycoside are used instead of
vancomycin in empirical treatment of LOS,
even if the majority of CoNS are resistant to
the antibiotics administered (3, 6, 12). The
effect could be partly explained by a synergis-
tic interaction of the antimicrobial agents sup-
ported by in vitro experiments demonstrating
synergy between oxacillin and fosfomycin or
dicloxacillin and amikacin (13, 14). However,
we are not aware of studies looking at the
potential combination effect of oxacillin and
gentamicin.
To determine whether there is any synergy

we aimed to investigate the in vitro activity of
oxacillin in combination with gentamicin
against CoNS isolates obtained from blood
cultures of neonates with LOS.

MATERIALS AND METHODS

Isolates

Altogether 34 clinical CoNS isolates resistant to
both oxacillin and gentamicin [MIC � 0.25 lg/mL
and MIC � 4 lg/mL, respectively, according to the
Clinical and Laboratory Standards Institute (CLSI)
guidelines (15)] collected in 2005 from blood sam-
ples of neonates with LOS and stored at �80 °C
were analyzed. Identification to species level was
performed by the API Staph system (bioM�erieux
S.A., Marcy-l’Etoile, France) according to the man-
ufacturer’s instructions. DNA was extracted with
QIAamp DNA Mini Kit (QIAGEN, Hilden, Ger-
many) according to the manufacturer’s instructions.

Antimicrobial susceptibility testing

MICs of oxacillin and gentamicin were determined
by E-test (AB BIODISK, Solna, Sweden) and broth
microdilution according to the CLSI guidelines (15).

Synergy testing

Interaction between oxacillin and gentamicin was
evaluated by three different methods. All assays
were performed in duplicate. The results are
reported as the mean of the two assays.

Checkerboard method – In a 96-well microtiter
plate 50 lL of both antibiotics in concentrations of
0.25, 0.5, 1.0, or 1.5 of MIC of each microorganism
was mixed and inoculated with 100 lL of bacterial

suspension (0.5 McFarland) (16). Microbial growth
was evaluated by visual inspection for cloudiness
after 18 h of incubation at 35 °C in ambient air. For
determination of the interaction, the fractional inhib-
itory concentration (FIC) index was calculated using
the following formula: FIC of drug A = MIC of drug
A in combination/MIC of drug A alone, FIC of drug
B = MIC of drug B in combination/MIC of drug B
alone, and FIC index = FIC of drug A + FIC of
drug B. Synergy was defined as a FIC index of � 0.5,
an additive effect as >0.5 but � 1, indifference as >1
but � 4, and antagonism as >4 (17).

E-test-1 – Gentamicin E-test strips (AB BIODISK)
were placed onto inoculated (0.5 McFarland) Muel-
ler-Hinton agar (Oxoid, Hampshire, UK) plates
supplemented with oxacillin at concentrations of
0.25, 0.5, 1.0, or 1.5 of MIC of each organism (18).
The agar plates were incubated at 35 °C in ambient
air for 24 h. Synergy was defined as a decrease in
MIC of gentamicin by >3 fold on the agar plates
containing oxacillin at concentration of 0.259 MIC,
an additive effect as a >2 but � 3 fold decrease, and
indifference as a � 2 fold decrease up to <3 fold
increase. Antagonism was defined as � 3 fold
increase in MIC.

E-test-2 – Oxacillin and gentamicin E-test strips
(AB BIODISK) were placed in cross-formation at
the intersection formed at MICs of oxacillin and
gentamicin onto inoculated (0.5 McFarland) Muel-
ler-Hinton agar plates and incubated at 35 °C for
18 h as described elsewhere (16). The MICs were
interpreted at the point of intersection between the
E-test strip and the bacterial growth inhibition zone.
For evaluation of the interaction, the FIC index
was calculated as described above.

Detection of penicillin binding protein

The phenotypic expression of the mecA gene, that
is, the presence of penicillin binding protein
(PBP2a), was detected by latex agglutination test
(Oxoid, Cambridge, UK) according to the manufac-
turer’s instructions.

Detection of the mecA gene

The presence of the mecA gene was detected by
PCR as described elsewhere (19).

Statistical analysis

For statistical analysis R software [version 2.15.1
(22.06.2012; accessed 26.06 2012)] and Statistica ver-
sion 8.0 (StatSoft Inc., Tulsa, OK, USA) were used.
Univariate logistic regression with binomial charac-
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teristics (synergy plus additive effect vs indifference
plus antagonism) was applied to test concordance
between different methods. Spearman rank order
correlation was applied to detect relationships
between FIC index and MIC change values.

RESULTS

Of 34 isolates 23 were Staphylococcus epide-
rmidis, three S. haemolyticus, and two S. ho-
minis. S. lentus, S. capitis, S. xylosus, and S.
saprophyticus accounted for one each. Two
isolates could not be identified at species level.
All CoNS isolates except one were mecA-posi-
tive, and PBP2a was detectable in 16 strains.
Of note, PBP2a was detected also in one
mecA-negative isolate.
According to the CLSI criteria (15) all

CoNS isolates were resistant to oxacillin and
gentamicin by E-test (Table 1). Two isolates
were deemed susceptible to gentamicin, but
none to oxacillin by broth microdilution. No
correlation between oxacillin and gentamicin
MICs or between oxacillin MICs and expres-
sion of PBP2a was observed.
Synergy was observed in 9/34, 16/34, and

22/34 isolates by checkerboard method, E-test-
1 and E-test-2, respectively (Table 2). The pro-
portion of isolates demonstrating indifferent
effect varied within a smaller range, from 9/34
isolates (E-test-2) to 13/34 (checkerboard) and
15/34 (E-test-1). Only E-test-1 revealed antago-
nism in one isolate that, however, exhibited
synergy in checkerboard method and E-test-2;
no antagonistic interaction was obtained in the
two other assays. The interaction between oxa-
cillin and gentamicin was dependent on
method – results were concordant in all three
tests for a total of 6/34 (17.6%) isolates, com-
prising four isolates showing synergy and two
isolates showing indifference.
Binomial logistic regression revealed no

association between the results of the three
interaction testing methods. However, there

was trend between the FIC index values, mea-
sured by checkerboard and E-test-2 method
(Spearman rank order correlation, R = 0.328;
p = 0.057), and a significant negative correla-
tion (R = �0.495; p = 0.003) between the FIC
index measured by E-test-2 and MIC change
measured by E-test-1, that is, the lower the
FIC index was in E-test-2, the larger decrease
in gentamicin MIC in E-test-1.
No correlation was observed between MIC

of oxacillin and interaction in any synergy test-
ing method. However, the MIC of gentamicin
was related to the MIC change measured by
E-test-1 (R = 0.465; p = 0.006), that is, the
higher the MIC of gentamicin, the larger
decrease in E-test-1.

DISCUSSION

Our results demonstrate in vitro synergistic or
additive interaction between oxacillin and gen-
tamicin against more than half of the CoNS
isolates studied. Although agreement between
different methods was poor, there was a trend
between the FIC index values measured by
checkerboard and E-test-2 and correlation
between the gentamicin MIC decrease mea-
sured by E-test-1 and the FIC index measured
by E-test-2.
In vitro studies investigating the interaction

of penicillinase-resistant penicillins and am-
inoglycosides against CoNS are scarce, but
similarly to the present study they have dem-
onstrated strain-dependent synergistic or
additive effect. In time-kill assay oxacillin in
combination with fosfomycin demonstrated
synergistic interaction against 6 of 12 methi-
cillin-resistant S. epidermidis isolates (13). In
checkerboard method dicloxacillin and ami-
kacin exhibited synergy or additivity against
all the CoNS tested (14). Neither of these
studies including ours reported antagonistic
interaction. Although extrapolation of in vi-

Table 1. Antibiotic susceptibility of coagulase-negative staphylococci (n = 34)

E-test Broth microdilution

Susceptibility
(%)

MIC50

(mg/L)
MIC90

(mg/L)
MIC range
(mg/L)

Susceptibility
(%)

MIC50

(mg/L)
MIC90

(mg/L)
MIC range
(mg/L)

Oxacillin 0 128 >256 2 to >256 0 128 >256 4 to >256
Gentamicin 0 24 >256 6 to >256 5.9 64 >256 4 to >256
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tro results to in vivo is highly questionable, it
is interesting to note that no difference in
mortality was found in retrospective studies
of empiric treatment of LOS, half of which
caused by CoNS (1), with oxacillin or cloxa-
cillin plus gentamicin instead of vancomycin
(3, 6, 12).
It is well known that in vitro synergy tests

lack standardization for reproducibility and
interpretation, likely explaining the discrepan-
cies in concordance of the methods. Both lack
of agreement (20) as well as good correlation
(17) between E-test assays and checkerboard
have been reported. The latter technique has
been criticized for the cumulative error in the
FIC index score due to the variability in MIC
determination – true MIC may lay within a
three-dilution range (mode � 1 dilution) (21).
In our study, the two E-test methods corre-
lated with each other more closely than either
of these with checkerboard, possibly exempli-
fying this criticism. In addition to the lack of
standardization, the comparison of the correla-
tion of the methods used in our study with
results demonstrated by others is complicated
by the multitude of E-test methods (16–18,
22), possible inconsistencies between the

definitions of interactions measured by the
FIC index score (14, 16, 17, 23), multiple
approaches to interpret checkerboard results
(24), and the impact of antibiotics studied on
the correlation of tests (17, 23, 25). The evalu-
ation of the methods is further compounded
by the wide range of microorganisms studied
(14, 16, 17, 23, 25) and the uncertainty about
the agreement of tests in studies conducted on
small number of isolates (17, 26, 27). However,
in view of the potential role of combination
therapy as a treatment option against resistant
pathogens, standardization of the synergy
assays is warranted.
Some limitations of our study should be

noted. First, time-kill assay, which has been
used for validation of synergy testing by E-test
and checkerboard technique (17), was not per-
formed in our study. However, it should not
be a critical issue, as E-test and checkerboard
are widely used to assess synergy with the
advantage of ease, speed, and low cost. Sec-
ond, molecular typing of CoNS isolates was
not performed, and therefore related isolates
may have been tested which can be a source
of bias (14, 17). This may, however, not be of
major concern as correlation between antibio-
grams and molecular types is arguable (28).
Finally, although our study included 34 iso-
lates, conclusions about interaction between
antimicrobials have been drawn from a con-
siderably smaller number of tested microor-
ganisms (16, 27).
In conclusion, oxacillin in combination

with gentamicin exhibited synergy against
oxacillin- and gentamicin-resistant CoNS iso-
lates in vitro, but this effect was strain
dependent. Clinical studies, although retro-
spective, have obtained concordant results. A
combination of penicillinase-resistant penicil-
lin and aminoglycoside could be considered
as a potential alternative to vancomycin
against CoNS. However, further studies in
animal models and clinical settings are war-
ranted to demonstrate that the synergistic
activity demonstrated in vitro also exist
in vivo.

The study was supported by the Target Financing
of Estonian Ministry of Education and Research
(SF0182726s06).

Table 2. Interaction between oxacillin and
gentamicin assessed by three different synergy
testing methods

Checkerboard
method1,2

E-test-
11,3

E-test-
22,3

Synergy –
n (%)

9 (26.5) 16 (47.1) 22 (64.7)

Additivity –
n (%)

12 (35.3) 2 (5.9) 3 (8.8)

Indifference –
n (%)

13 (38.2) 15 (44.1) 9 (26.5)

Antagonism –
n (%)

0 1 (2.9) 0

Note. E-test-1, E-test with one antibiotic incorpo-
rated in the medium; E-test-2, two E-test strips
placed in a cross-formation (see text).
1OR (95% CI) for checkerboard vs E-test-1 results
0.57 (0.14–2.32), Spearman rank order correlation
coefficient R = �0.080 (p = 0.65).
2OR (95% CI) for checkerboard vs E-test-2 results
1.42 (0.30–6.69), Spearman rank order correlation
coefficient R = 0.33 (p = 0.057).
3OR (95% CI) for E-test-1 vs E-test-2 results 0.87
(0.19–4.01), Spearman rank order correlation coeffi-
cient R = �0.495 (p = 0.003).

862 © 2013 APMIS. Published by John Wiley & Sons Ltd

BRILENE et al.



REFERENCES

1. Stoll BJ, Hansen N, Fanaroff AA, Wright LL,
Carlo WA, Ehrenkranz RA, et al. Late-onset
sepsis in very low birth weight neonates: the
experience of the NICHD Neonatal Research
Network. Pediatrics 2002;110(2 Pt 1):285–91.

2. Vergnano S, Menson E, Kennea N, Embleton
N, Russell AB, Watts T, et al. Neonatal infec-
tions in England: the NeonIN surveillance net-
work. Arch Dis Child Fetal Neonatal Ed
2011;96:F9–14.

3. Karlowicz MG, Buescher ES, Surka AE. Ful-
minant late-onset sepsis in a neonatal intensive
care unit, 1988–1997, and the impact of avoid-
ing empiric vancomycin therapy. Pediatrics
2000;106:1387–90.

4. van den Hoogen A, Gerards LJ, Verboon-Maci-
olek MA, Fleer A, Krediet TG. Long-term
trends in the epidemiology of neonatal sepsis
and antibiotic susceptibility of causative agents.
Neonatology 2010;97:22–8.

5. Blayney MP, Al Madani M. Coagulase-negative
staphylococcal infections in a neonatal intensive
care unit: in vivo response to cloxacillin. Paedi-
atr Child Health 2006;11:659–63.

6. Lawrence SL, Roth V, Slinger R, Toye B,
Gaboury I, Lemyre B. Cloxacillin versus vanco-
mycin for presumed late-onset sepsis in the Neo-
natal Intensive Care Unit and the impact upon
outcome of coagulase negative staphylococcal
bacteremia: a retrospective cohort study. BMC
Pediatr 2005;5:49.

7. Rubin LG, S�anchez PJ, Siegel J, Levine G, Sai-
man L, Jarvis WR, et al. Evaluation and treat-
ment of neonates with suspected late-onset
sepsis: a survey of neonatologists’ practices.
Pediatrics 2002;110:e42.

8. Arnold C, Clark R, Bosco J, Shoemaker C,
Spitzer AR. Variability in vancomycin use in
newborn intensive care units determined from
data in an electronic medical record. Infect Con-
trol Hosp Epidemiol 2008;29:667–70.

9. Duchon J, Graham Iii P, Della-Latta P, Whit-
tier S, Carp D, Bateman D, et al. Epidemiology
of enterococci in a neonatal intensive care unit.
Infect Control Hosp Epidemiol 2008;29:374–6.

10. Rasigade JP, Raulin O, Picaud JC, Tellini C,
Bes M, Grando J, et al. Methicillin-resistant
Staphylococcus capitis with reduced vancomycin
susceptibility causes late-onset sepsis in intensive
care neonates. PLoS ONE 2012;7:e31548.

11. Isaacs D. Rationing antibiotic use in neonatal
units. Arch Dis Child Fetal Neonatal Ed
2000;82:F1–2.

12. Isaacs D, Infections ASGFN. A ten year, mul-
ticentre study of coagulase negative staphylo-
coccal infections in Australasian neonatal

units. Arch Dis Child Fetal Neonatal Ed
2003;88:F89–93.

13. Ferrara A, Dos Santos C, Cimbro M, Gialdroni
Grassi G. Effect of different combinations of
sparfloxacin, oxacillin, and fosfomycin against
methicillin-resistant staphylococci. Eur J Clin
Microbiol Infect Dis 1997;16:535–7.

14. Miranda-Novales G, Lea~nos-Miranda BE, Vil-
chis-P�erez M, Sol�orzano-Santos F. In vitro
activity effects of combinations of cephalothin,
dicloxacillin, imipenem, vancomycin and amika-
cin against methicillin-resistant Staphylococcus
spp. strains. Ann Clin Microbiol Antimicrob
2006;5:25.

15. CLSI. Performance standards for antimicrobial
susceptibility testing. 15th Informational Supple-
ment. Wayne, PA, 2005.

16. White RL, Burgess DS, Manduru M, Bosso JA.
Comparison of three different in vitro methods
of detecting synergy: time-kill, checkerboard,
and E test. Antimicrob Agents Chemother
1996;40:1914–8.

17. Sopirala MM, Mangino JE, Gebreyes WA,
Biller B, Bannerman T, Balada-Llasat JM, et al.
Synergy testing by Etest, microdilution checker-
board, and time-kill methods for pan-drug-resis-
tant Acinetobacter baumannii. Antimicrob
Agents Chemother 2010;54:4678–83.

18. Domaracki BE, Evans AM, Venezia RA.
Vancomycin and oxacillin synergy for methicil-
lin-resistant staphylococci. Antimicrob Agents
Chemother 2000;44:1394–6.

19. Murakami K, Minamide W, Wada K, Nakam-
ura E, Teraoka H, Watanabe S. Identification
of methicillin-resistant strains of staphylococci
by polymerase chain reaction. J Clin Microbiol
1991;29:2240–4.

20. Tan TY, Lim TP, Lee WH, Sasikala S, Hsu
LY, Kwa AL. In vitro antibiotic synergy in
extensively drug-resistant Acinetobacter bau-
mannii: the effect of testing by time-kill, check-
erboard, and Etest methods. Antimicrob Agents
Chemother 2011;55:436–8.

21. Odds FC. Synergy, antagonism, and what the
chequerboard puts between them. J Antimicrob
Chemother 2003;52:1.

22. Hellmark B, Unemo M, Nilsdotter-Augustins-
son A, S€oderquist B. In vitro antimicrobial syn-
ergy testing of coagulase-negative staphylococci
isolated from prosthetic joint infections using
Etest and with a focus on rifampicin and lin-
ezolid. Eur J Clin Microbiol Infect Dis
2010;29:591–5.

23. Orhan G, Bayram A, Zer Y, Balci I. Synergy
tests by E test and checkerboard methods of
antimicrobial combinations against Brucella me-
litensis. J Clin Microbiol 2005;43:140–3.

24. Bonapace CR, Bosso JA, Friedrich LV, White
RL. Comparison of methods of interpretation

© 2013 APMIS. Published by John Wiley & Sons Ltd 863

IN VITRO SYNERGY OF OXACILLIN AND GENTAMICIN



of checkerboard synergy testing. Diagn Micro-
biol Infect Dis 2002;44:363–6.

25. G€ulmez D, Cakar A, Sener B, Karakaya J,
Hasc�elik G. Comparison of different antimicro-
bial susceptibility testing methods for Steno-
trophomonas maltophilia and results of synergy
testing. J Infect Chemother 2010;16:322–8.

26. Wareham DW, Bean DC. In-vitro activity of
polymyxin B in combination with imipenem, rif-
ampicin and azithromycin versus multidrug
resistant strains of Acinetobacter baumannii

producing OXA-23 carbapenemases. Ann Clin
Microbiol Antimicrob 2006;5:10.

27. Pankey GA, Ashcraft DS. The detection of syn-
ergy between meropenem and polymyxin B
against meropenem-resistant Acinetobacter bau-
mannii using Etest and time-kill assay. Diagn
Microbiol Infect Dis 2009;63:228–32.

28. Villari P, Sarnataro C, Iacuzio L. Molecular
epidemiology of Staphylococcus epidermidis in
a neonatal intensive care unit over a three-year
period. J Clin Microbiol 2000;38:1740–6.

864 © 2013 APMIS. Published by John Wiley & Sons Ltd

BRILENE et al.


