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Influence of Inoculum Size on Activity of Cefoperazone,
Cefotaxime, Moxalactam, Piperacillin, and N-Formimidoyl
Thienamycin (MK0787) Against Pseudomonas aeruginosa
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Forty clinical isolates of Pseudomonas aeruginosa were tested for their sus-
ceptibility to cefoperazone, cefotaxime, moxalactam, piperacillin, N-formimidoyl
thienamycin (MK0787), and gentamicin at three different inocula. At an inoculum
of 5 x 103 colony-forming units (CFU) per ml, the mnimimnum inhibitory concen-
trations (in micrograms per milliliter) for 90% of isolates (MICOo) were as follows:
gentamicin, 1; N-formimidoyl thienamycin, 2; cefoperazone, 4; piperacillin, 8;
moxalactam, 16; and cefotaxime, 16. When the inoculum was increased to 5 x iO6
CFU/ml, the MICso for all drugs tested increased. Among the beta-lactam
antibiotics, N-formimidoyl thienamycin and cefoperazone had the lowest MIC90
(8 ,ug/ml) at this inoculum. When the inoculum was increased further to 5 x 107
CFU/ml, an MICO0 could be determined only for gentamicin and N-formimidoyl
thienamycin (4 and 8 jig/ml, respectively). Indeed, the MIC50 for moxalactam,
cefotaxime, cefoperazone, and piperacillin was 128 ,ig/ml or more at this inoculum.
The minimum bactericidal concentration for 90% of isolates (MBCs0) at an
inoculum of 5 x 105 CFU/ml ranged from 8 ,ig/ml for gentamicin and N-
formimidoyl thienamycin to 128 ,tg/ml for cefotaxime. At the highest inoculum,
however, whereas the MBCso for gentamicin and N-formimidoyl thienamycin
remained at 8 ,ug/ml, the MBC9o for each of the other drugs was >128 jig/ml. N-
Formimidoyl thienamycin was the only drug tested for which an MICloo and
MBCioo (MIC and MBC for 100% of isolates) could be determined, and these
were not significantly different from the MICs0 and MBCs0.

A number of recently developed beta-lactam
antibiotics, including piperacillin (2), cefopera-
zone (5), cefotaxime (9), moxalactam (1), and
the structurally novel N-formimidoyl thiena-
mycin (MK0787) (6), have displayed significant
activity against Pseudomonas aeruginosa in vi-
tro and in this respect are clearly different from
the currently available representatives or other
recently introduced members of this compound
class. Since the activities of beta-lactam antibi-
otic derivatives are usually impaired by large
inocula, it seemed important to determine
whether all of the agents that exhibited this
remarkable activity against P. aeruginosa share
this liability or whether some more closely re-
semble those aminoglycosides whose activity is
not influenced by large inocula. The results of
such a study are recorded in this report.

MATERIALS AND METHODS

Organism. Forty conventionally characterized (4)
isolates of P. aeruginosa from the blood or urine of
patients at the Kings County and Brooklyn Jewish
hospitals were used in this study. All isolates were

maintained on nutrient agar slants (Scott Laborato-
ries, Inc.) at 25°C until used.

Antibiotics. Stock solutions of gentamicin (Scher-
ing Corp.), cefotaxime (Hoechst-Roussel Pharmaceu-
ticals, Inc.), piperacillin (Lederle Laboratories), and
cefoperazone (Pfizer Inc.) in sterile water (6,400 ,Lg/
ml) and moxalactam (Eli Lilly & Co.) in 1M phosphate
buffer (pH 7; 2,560,ug/ml) were stored at -70°C until
used. Because of uncertainties as to the stability of the
compounds, stock solutions of N-formimidoyl thiena-
mycin in sterile water (2,560 ,tg/ml) were prepared
daily.

Susceptibility testing. Susceptibility testing by
both broth dilution and microtiter broth dilution pro-
cedures was carried out in Mueller-Hinton broth
(MHB; BBL Microbiology Systems) which was sup-
plemented with 5 mg of Ca2" per dl and 2.5 mg of Mg2e
per dl for tests with gentamicin. Each isolate was
grown at 37°C in MHB for 6 h. Culture populations
were adequate to approximately 10' colony-forming
units (CFU) per ml by comparison with a 0.5 Mc-
Farland standard. Serial 200-fold dilutions in MHB
were prepared to give suspensions containing 106 and
104 CFU/ml. Final inocula for microtiter broth dilution
tests were prepared by adding 50 pi of the above
suspensions to each well of a microtiter plate that
contained serial twofold dilutions of the appropriate
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antibiotic in 50 pl of MHB. The final volume of each
well was 100 pl. Final inocula for susceptibility testing
were therefore 5 x 107, 5 x 105, and 5 x 103 CFU/ml.
To verify these numbers, total counts were performed
on each set of inocula by subculture on Mueller-Hin-
ton agar (MHA; BBL). The minimum inhibitory con-

centration (MIC) was defined as the lowest concentra-
tion of antibiotic which prevented visible growth after
overnight culture at 37°C. The minimum bactericidal
concentration (MBC) was determined by using the
Dynatech MIC 2000 inoculator by transferring 1.5 pi
of inoculum from each well to an MHA surface. The
MBC for the microtiter system was defined as the
lowest concentration of antibiotic which upon subcul-
ture failed to yield growth from wells which received
an inoculum of 5 x 107 CFU/ml. For wells which
received inocula of 5 x 103 and 5 x 105 CFU/ml, the
MBC was determined by subculturing the entire con-
tents of each well containing no visible growth onto
MHA. The MBC was defined for an inoculum of 5 x
105 CFU/ml as the lowest concentration of antibiotic
which produced a 99.9% reduction in CFU per milliliter
when compared with growth controls for each inocu-
lum used. Since a 99.9% killing could not be deter-
mined for an inoculum of 5 x 103 CFU/ml, the MBC
was arbitrarily defined as the lowest concentration of
antibiotic which upon subculture of the contents of
the well onto MHA yielded no more than one colony.

In the macrotiter broth dilution tests, performed to
confirm the results of the microtiter tests, growth
suspensions were prepared as described above with a

0.5 McFarland standard. To each tube containing 0.5
ml of twofold serially diluted antibiotic, 0.5 ml of each
suspension of organisms was added. The final volume
in each tube was therefore 1.0 ml, and the final inocula
were 5 x 107, 5 x 105, and 5 x 103 CFU/ml. The MIC
was defined as the lowest concentration of antibiotic
which failed to yield visible growth after overnight
incubation at 37°C. The MBC for the broth dilution
method was determined for each inoculum by subcul-
turing 100 1l from each tube which failed to support
visible growth onto MHA. The MBC for this system
was defined as the lowest concentration of antibiotic

which yielded a 99.9% reduction in CFU when com-
pared with growth controls for each inoculum.

RESULTS

The MICs and MBCs obtained by both the
broth microtiter and macrotiter systems were

usually identical or no more than twofold differ-
ent, in which case the microtiter system typically
gave the lower MIC or MBC. Since the MICs
and MBCs obtained by the microtiter system
did not differ by more than twofold from those
obtained by the macrotiter system, only results
obtained with the microtiter method will be
referred to here. At an inoculum of 5 x 103 N-
formimidoyl thienamycin was the most active of
the beta-lactam antibiotics, with 90% of isolates
requiring an MIC (MICso) of 2 ,ug/ml or less as

compared with 4 ,ug/ml for cefoperazone, 8 ,ug/
ml for piperacillin, and 16 ,ug/ml for cefotaxime
and moxalactam (Table 1). The MIC9o of all five
beta-lactam antibiotics increased as the inocu-
lum was increased from 5 x 103 to 5 x 107 CFU/
ml. This increase, however, was least with N-
formnimidoyl thienamycin (MIC9o, 8.0 ,ug/ml
[Table 1]). The MIC9o of gentamicin was vir-
tually the same at inocula of 5 x 103 and 5 x 105
CFU/ml. With an increase in the MICs for pi-
peracillin, moxalactam, cefotaxime, and cefo-
perazone, only an occasional isolate required an
MIC of less than 128 ,ug/ml (Table 1). With 33
of the 40 isolates, there was an almost fourfold
increase in the MIC of N-fonnimidoyl thiena-
mycin as the inoculum was increased from 5 x
103 to 5 x 107 CFU/ml. The MICs for the re-

maining seven strains, however, did not exceed
8 ,ug/ml.
The MBCs of all six drugs were either identi-

cal to or only twofold higher than the MICs at
an inoculum of 5 x 103 CFU/ml (Tables 1 and

TABLE 1. Influence of inoculum size on concentrations of gentamicin, N-formimidoyl thienamycin, moxa-
lactam, cefotaxime, and piperacillin required to inhibit growth of 40 isolates of P. aeruginosa by a broth

microtiter system
MIC (ig/ml of medium)

For % of isolates
Range 50 90

Compound
5x 10a 5x 105 5x 107 5x 103 5x 105 5x 107 5x 103 5x 105 X107

Gentamicinb 0.06-64 0.125-64 0.5-128 0.25 0.5 1 1 2 4
N-Formimidoyl 0.06-8 0.25-16 0.5-16 0.5 1 4 2 8 8
thienamycin

Moxalactam 0.5-32 0.5-64 16->128 4 8 128 16 32 >128
Cefotaxime 1-64 4-128 16->128 4 8 >128 16 32 >128
Cefoperazone 0.5-16 1-32 16->128 2 4 >128 4 8 >128
Piperacilhin 0.5-16 2-64 32->128 2 4 >128 8 16 >128

a Inoculum size expressed as CFU per milliliter.
b Based on 38 susceptible isolates.
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TABLE 2. Influence of inoculum size on concentrations of gentamicin, N-formimidoyl thienamycin, moxa-
lactam, cefotaxime, cefoperazone, and piperacillin required for bactericidal activity for 40 isolates of P.

aeruginosa by a broth microtiter system
MBC (ug/ml of medium)

For % of isolates:
Range 50

Compound
5 x 10a 5 x 105 5 x 107 5 x 103 5 x 105 5 x 107 5 x 103 5 x 105 5 x 107

Gentamicinb 0.06-128 0.25-128 0.5-128 0.5 1 2 1 8 8
N-Formimidoyl 0.25-8 0.5-16 1.0-16 1 2 4 4 8 8
thienamycin

Moxalactam 0.5-64 4-64 16->128 8 16 >128 32 32 >128
Cefotaxime 1-128 8->128 64->128 8 16 >128 32 128 >128
Cefoperazone 0.5-32 1->128 32->128 2 4 >128 8 64 >128
Piperacillin 1-16 2->128 64->128 2 4 >128 16 32 >128

a Inoculum size expressed as CFU per milliliter.
b Based on 38 susceptible isolates.

2). This close relationship between the MIC and
MBC for N-formimidoyl thienamycin remained
constant throughout the ranges of inocula
tested. There were fourfold and eightfold
spreads between the MICs and MBCs of cefo-
taxime and cefoperazone at an inoculum of 5 x
105 CFU/ml, respectively (Tables 1 and 2). The
dimensions of the divergence of the MBC and
MIC at an inoculum of 5 x 107 could not be
determined for piperacillin, cefotaxime, cefo-
perazone, and moxalactam since neither MIC
nor MBC endpoints were obtained with most
isolates.

It was interesting to note that only N-formim-
idoyl thienamycin exhibited an MIC,oo or
MBC,oo at a concentration of 16 ,ig/ml at an
inoculum of 5 x 107 CFU/ml. The MIC,oo of all
other drugs, including gentamicin, was 64 yg/ml
or more, even at an inoculum of 5 x 105 CFU/
ml.

DISCUSSION
Carbenicillin was the first of the beta-lactam

antibiotics to exhibit significant activity against
P. aeruginosa. The activity of carbenicillin
against some isolates of this organism was mar-
ginal and was regularly reduced by inocula of
106 CFU/ml or greater (1).
The newer, broad-spectrum beta-lactam anti-

biotics cefotaxime, cefoperazone, moxalactam,
and piperacillin offer a wide spectrum and are
more active than carbenicillin against P. aerugi-
nosa (1, 2, 5, 7, 9). However, like carbenicillin,
the activities of piperacillin (2, 8), cefotaxime
(1), and moxalactam (1), as well as of azlocillin
and mezlocillin (3), two other new beta-lactam
antibiotics, are reduced with increases in inocu-
lum size. Our data confirm these findings for
piperacillin, moxalactam, and cefotaxime and

also show that such an effect exists for cefoper-
azone. At an inoculum of 5 x 107 CFU/ml,
virtually all isolates tested had an MIC well
above the therapeutic range of these four drugs
(Table 1).
N-Formimidoyl thienamycin was as active or

more active than the other beta-lactam antibi-
otics at an inoculum of 5 x 103 CFU/ml. This
compound differed significantly, however, from
the other beta-lactam antibiotics in that its ac-
tivity against P. aeruginosa was not affected by
increases in inoculum size. For the few isolates
which exhibited more than a fourfold rise in
MICs when the inoculum was increased, N-for-
mimidoyl thienamycin was still effective at 8 ,ug/
ml or less at an inoculum of 5 x 107 CFU/ml, a
concentration which is attainable in the serum
(Merck Sharp & Dohme, unpublished data). At
no inoculum was there a great difference be-
tween the MIC and MBC of N-formimidoyl
thienamycin. In this respect, this thienamycin
derivative resembled gentamicin more than it
resembled other beta-lactam antibiotics.

ACKNOWLEDGMENTS
We thank Michael Shulman, Yassim Mohamed, Mahara-

nee Jhagroo, Andrea Gruarin, and Marinella Cummings for
their technical help. We also thank Marie Torlone for her
assistance in the preparation of the manuscript.

LITERATURE CMD
1. Barza, M., F. P. Tally, N. V. Jacobus, and S. L.

Gorbach. 1979. In vitro activity of LY 127935. Anti-
microb. Agents Chemother. 16:287-291.

2. Fu, K. P., and H. C. Neu. 1978. Piperacillin, a new
penicillin active against many bacteria resistant to other
penicillins. Antimicrob. Agents Chemother. 13:358-367.

3. Fu, K. P., and H. C. Neu. 1978. Azlocillin and mezlocillin:
new ureido penicillins. Antimicrob. Agents Chemother.
13:930-938.

4. Hugh, R. 1970. Pseudomonas and aeromonas, p. 175-190.
In J. E. Blair, E. H. Lennette, and J. P. Truant (ed.),

VOL. 18, 1980



896 CORRADO, LANDESMAN, AND CHERUBI

Manual of clinical microbiology. American Society for
Microbiology, Bethesda, Md.

5. Matsubara, N., S. Minami, T. Muraoka, I. Saikawa,
and S. Mitsuhashi. In vitro antibacterial activity of
cefoperazone (T-1551), a new semisynthetic cephalo-
sporin. Antimicrob. Agents Chemother. 16:731-735.

6. Tally, F. P., N. V. Jacobus, and S. L Gorbach. 1978.
In vitro activity of thienamycin. Antimicrob. Agents
Chemother. 14:436-438.

7. Tsuchiya, K., M. Kondo, and I. Nagatomo. 1978. SCE-
129, antipseudomonal cephalosporin: in vitro and in

ANTIMICROB. AGENTS CHEMOTHER.

vivo antibacterial activities. Antimicrob. Agents Che-
mother. 13:137-145.

8. Verbist, L. 1978. In vitro activity of piperacillin, a new
semisynthetic penicillin with an unusually broad spec-
trum of activity. Antimicrob. Agents Chemother. 13:
349-357.

9. Wise, R., T. Rollason, M. Logan, J. M. Andrews, and
K. A. Bedord. 1978. HR 756, a highly active cephalo-
sporin: comparison with cefazolin and carbenicillin.
Antimicrob. Agents Chemother. 14:807-811.


