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Clavulanic acid, a potent /3-lactamase inhibitor, reduced the minimum inhibi-
tory concentrations of carbenicillin for 13 of 15 clinical isolates of Serratia
marcescens by at least eightfold. The combination of clavulanic acid and carben-
icillin also exhibited synergistic activity with gentamicin against 11 of 15 isolates
tested, including 9 of 10 strains which were highly resistant to carbenicillin
(minimum inhibitory concentration - 8,000 jig/ml) and had previously been
found resistant to the synergistic activity between carbenicillin and gentamicin.

The prevalence of plasmids responsible for
resistance to aminoglycoside and ,B-lactam anti-
biotics and the selective pressure of these widely
used antibiotics suggest that infection with Ser-
ratia marcescens resistant to both groups may
become an increasingly frequent problem. This
situation and the low toxic-therapeutic ratio of
aminoglycoside antibiotics prompted the evalu-
ation in our laboratory of the synergistic activity
between carbenicillin and various aminoglyco-
side antibiotics against this organism (3). Of the
55 clinical isolates evaluated, 21 were highly
resistant to carbenicillin, with minimum bacte-
ricidal concentrations (MBCs) 2 8,000 ,ug/ml.
No synergistic activity between carbenicillin and
any of the three aminoglycoside antibiotics
tested was demonstrated against these 21 iso-
lates, in contrast to the synergistic effects of
carbenicillin with an aminoglycoside against iso-
lates more susceptible to carbenicillin. Clavu-
lanic acid, a potent irreversible fl-lactamase in-
hibitor, has been found to reduce markedly the
minimum inhibitory concentration (MIC) of f,-
lactam antibiotics, including carbeniciUlin, for a
wide spectrum of fi-lactamase-producing clinical
isolates (7, 8). This study was undertaken to
examine the effect of clavulanic acid on syner-
gism between carbenicillin and gentamicin
against clinical isolates of S. marcescens, espe-
cially those highly resistant to carbenicillin.
Stock solutions of gentamicin and of carbeni-

cillin in distilled water and of clavulanic acid in
0.1 M potassium phosphate buffer, pH 7.0, were
kept at -20°C. Carbenicillin and clavulanic acid
stock solutions were used within 1 week of prep-
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aration. All stock solutions were diluted in Tryp-
ticase soy broth (Baltimore Biological Labora-
tory) for use in susceptibility testing.
The effect of clavulanic acid on the synergistic

activity of carbenicillin and gentamicin against
S. marcescens was tested by the checkerboard
twofold dilution method (6). For each isolate
tested, two checkerboards, one with and one
without clavulanic acid, were set up in a single
experiment. The final titer of Serratia was ap-
proximately 106 bacteria per ml, and the final
concentration of clavulanic acid, when present,
was 5,ug/ml. The MIC and MBC were as defined
previously (3).

Beta-lactamase production of the isolates was
detected with a chromogenic cephalosporin, ni-
trocefm (2).

Fifteen clinical isolates of S. marcescens ob-
tained from the Clinical Microbiology Labora-
tory of the University of Chicago Hospitals and
Clinics were studied (Table 1). They were cho-
sen for resistance to both carbenicillin and gen-
tamicin from among isolates whose susceptibil-
ity to carbenicillin and gentamicin alone and in
combination had been studied previously (3).
The MBCs of carbenicillin and gentamicin for
all isolates were equal to or more than 250 and
12.5 ,ug/ml, respectively. To determine whether
these 15 isolates represented a diversified pop-
ulation of S. marcescens, they were grouped into
strains according to biotype and serotype (5).
There were at least 11 different strains by these
criteria. Nine strains had one isolate each. The
three isolates of strain R came from widely
different areas of the hospital. Furthermore, the
data on susceptibility to carbenicillin shown in
Table 1 suggest that isolate 83040-1 differs from
the other two isolates (88695 and 78854) of strain
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TABLE 1. Susceptibility of S. marcescens isolates to carbenicillin and gentamicin in the presence and
absence of clavulanic acid

Genami Gentamicin
Carbenicillin Gentacn Genta h MBCwith sub- Effec

Carbenicillin MB(MIBC) eta inhibitory level t of clavulancStrain Isolate subinhibitory ofcabnibhn acid (reduction ofMBC(=MIC)' with 5 Ag/ml of MBC level of car and 5eciofc cla-
clavulanic acid b agentamicinfMBC)'

beiihn vulanic acid/nil
CC 88894 -32,000 8,000 (4,000) 200 400 3.12 128
D 77294 232,000 1,000 (1,000) 400 400 50 8
EE 80904 -32,000 1,000 (1,000) 2800 -400 25 216
H 82006 232,000 500 (500) 2800 2800 100 -8
H 74710-1 -32,000 1,000 (1,000) 400 800 50 16
H 91157-1 232,000 4,000 (1,000) 400 -20050d' 24
P 73380 232,000 500 (500) 400 2400 6.25 264
Q US3N 232,000 1,000 (1,000) 400 .800 -C6.25 2128
A 72332 4,000 125 (125) 12.5 6.25 0.39 16
R 83040-1 8,000 125 (125) 25 12.5 225 No effecte
Z 83040-2 16,000 500 (500) 50 50 12.5 4
R 88695 250 31.2 (15.6) 12.5 6.25 3.12 2
R 78854 500 31.2 (31.2) 25 225 1.56 216
GG 82851 250 250 (250) 12.5 3.12 6.25 No effect
V 75259 250 250 (250) 25 1.56 3.12 No effect
a MBCs and MICs are in micrograms per milliliter.
b The subinhibitory level of carbenicillin equals one-fourth of the MIC of carbenicillin in the presence of

clavulanic acid (column 4), unless otherwise indicated.
'Ratio of MBC in column 6 divided by MBC in column 7.
d Carbenicillin concentration, 125 Yg/ml.
e _j

R. Two of the isolates of strain H (74710-1 and
91157-1) were from the same ward in the hospi-
tal. Thus, 14 of the 15 isolates were either of
different strains or from different hospital wards.
Of the 15 isolates studied (Table 1), 8 were

highly resistant to both carbenicillin and genta-
micin (MBC of carbenicillin, 232,000 ug/ml and
that of gentamicin, -200 jig/ml). The MBC of
carbenicillin was 4,000 to 16,000 ,ug/ml for three
other isolates which moreover were moderately
resistant to gentamicin (MBC, 12.5 to 50,tg/ml).
Four were moderately resistant to both carben-
icillin (MBC, 250 to 500 ,ug/ml) and gentamicin
(MBC, 12.5 to 25,g/ml).
The addition of clavulanic acid to carbenicillin

(column 4) reduced the MIC of carbenicillin at
least eightfold from the level with carbenicillin
alone (column 3) for all but two isolates. One of
these (75259) was the only isolate that lacked
demonstrable f?-lactamase, and therefore it
failed to respond to the fi-lactamase inhibitor.
The /3-lactamase of the other isolate (82851)
might be inhibited to a lesser degree by clavu-
lanic acid than the enzymes of more highly
protected strains (4, 7). Alternatively, this strain
might be less permeable to clavulanic acid (7).
Although clavulanic acid had a dramatic effect
on susceptibility to carbenicillin, the initial
MICs of carbenicillin for most isolates were so
high that they were lowered to clinically achiev-

able levels (<125 ,tg/ml) for only four isolates
(72332, 83040-1, 88695, and 78854). As expected,
the addition of clavulanic acid alone did not
alter by more than one dilution the MIC or
MBC of gentamicin for any of the isolates (data
not shown).
The addition of a subinhibitory concentration

of carbenicillin (one-fourth the MIC of carbeni-
cillin when in the presence of 5 iLg of clavulanic
acid per ml) (column 6) had no appreciable effect
on the MBC of gentamicin for all isolates but
82851 and 75259. Except for these two isolates
and 83040-1 and 88695, the further addition of
clavulanic acid to the carbenicillin and genta-
micin (column 7) lowered the MBC of gentami-
cin synergistically, 4- to 128-fold (column 8). For
five isolates this combination of clavulanic acid
and a subinhibitory level of carbenicillin reduced
the MBC of gentamicin to a clinically achievable
level (s6.25 ig/ml). For three of these (73380,
72332, and 78854), the subinhibitory concentra-
tion of carbenicillin used in synergistic killing
with clavulanic acid and gentamicin was also
clinically achievable (<125 ,tg/ml).
For 10 of the 15 isolates tested in this study,

the MBC of carbenicillin was -8,000 ,Lg/ml. In
a previous study (3), none of these ten isolates
was killed synergistically by a combination of
carbenicillin and gentamicin with concentrations
of each equal to one-fourth of the individual
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MBCs. The simple addition of clavulanic'acid to
an even lower concentration of carbenicillin in
this study resulted in a profound decrease in the
MBC of gentamicin from 4- to 128-fold in nine
of these isolates. In addition, two of the other
five isolates, which were killed synergistically by
carbenicillin and gentamicin (3), showed at least
fourfold reduction of the gentamicin MBC when
clavulanic acid was added to a subinhibitory
concentration of carbenicillin. Two of the re-
maining three isolates were unaffected by cla-
vulanic acid in their susceptibility to carbenicil-
lin. It is not surprising that clavulanic acid failed
to enhance the synergism in these cases.
Although clavulanic acid has a profound effect

on the synergistic potential of gentamicin with
fi-lactam antibiotics such as carbenicillin, with
only three isolates did it lower the synergistic
concentrations of both carbenicillin and genta-
micin to clinically attainable levels. With the
other eight isolates against which clavulanic acid
facilitated synergism, the initial levels of resist-
ance were so high that, even with the profound
enhancement of killing, the concentrations of
both carbenicillin and gentamicin that acted
synergistically were not clinically achievable. In-
crease of the concentration of clavulanic acid
above 5 ,tg/ml, use of more active aminoglyco-
sides or fl-lactam antibiotics (1), and/or devel-
opment of a f,-lactamase inhibitor which also
has significant antibacterial activity might per-
mit synergistic killing with clinically achievable
concentrations of the antibiotics.
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search, Ltd. for nitrocefin.

This work was supported by the Infectious Disease Re-
search Fund of the University of Chicago.

LITERATURE CITED
1. Neu, H. C., and K. P. Fu. 1978. Synergy of azlocillin and

mezlocillin combined with aminoglycoside antibiotics
and cephalosporins. Antimicrob. Agents Chemother.
13:813-819.

2. O'Callaghan, C. H., A. Morris, S. Kirby, and A. H.
Shingler. 1972. Novel method for detection of beta-
lactamases by using a chromogenic cephalosporin sub-
strate. Antimicrob. Agents Chemother. 1:283-288.

3. Pogwizd, S. M., and S. A. Lerner. 1976. In vitro activity
of gentamicin, amikacin, and netilmicin alone and in
combination with carbenicillin against Serratia mar-
cescens. Antimicrob. Agents Chemother. 10:878-884.

4. Reading, C., and M. Cole. 1977. Clavulanic acid: a beta-
lactam-inhibiting beta-lactam from Streptomyces cia-
vuligerus. Antimicrob. Agents Chemother. 11:852-867.

5. Roemisch, E., and F. E. Kocka. 1976. Comparison of
methods for differentiating among Serratia marcescens
isolated from clinical specimens. Am. J. Chin. Pathol.
66:96-100.

6. Sabath, L D., C. E. McCall, N. H. Steigbigel, and M.
Finland. 1967. Synergistic penicillin combinations for
treatment of human urinary tract infections. Antimicro-
bial Agents Chemother. 1966; p. 149-155.

7. Wise, R., J. M. Andrews, and K. A. Bedford. 1978. In
vitro study of clavulanic acid in combination with pen-
icillin, amoxycillin, and carbenicillin. Antimicrob.
Agents Chemother. 13:389-393.

8. Wust, J., and T. D. Wilkins. 1978. Effect of clavulanic
acid on anaerobic bacteria resistant to beta-lactam anti-
biotics. Antimicrob. Agents Chemother. 13:130-133.

632 NOTES


