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Resistance to piperacillin in several isolates of Citrobacter freundii and Enterobacter cloacae was investigated
and confirmed to occur at a frequency of 10~7 to 10~° Development of resistance to piperacillin was
significantly suppressed by tazobactam but not by clavulanic acid. To elucidate the mechanism by which
resistance suppression occurs, the effect of piperacillin plus tazobactam on the induction of AmpC -lactamase
was analyzed by monitoring the [-galactosidase activity of an inducible ampC-lacZ gene fusion in Escherichia
coli. The combination exerted no inhibitory effect on AmpC P-lactamase induction. Tazobactam also had no
effect on the accumulation of a key intermediate in the AmpC B-lactamase induction pathway, 1,6-anhydro-
murotripeptide, in an ampD mutant strain of E. coli. However, the addition of tazobactam to liquid cultures of
E. cloacae 40001 in the presence of piperacillin at four times the MIC caused a delay in the recovery of the
culture to piperacillin-induced stress. At 16 times the MIC, a complete suppression of regrowth occurred.
Analysis of culture viability on piperacillin plates showed that the culture recovery was due to growth by
moderately resistant mutants preexisting in the cell population, which at 16 times the MIC became susceptible
to the combination. Evidence from the kinetics of inhibition of the E. cloacae 40001 AmpC B-lactamase by
clavulanic acid, sulbactam, and tazobactam and from the effects of these drugs on the frequency of resistance
to piperacillin suggests that the suppressive effect of tazobactam on the appearance of resistance is primarily

mediated by the -lactamase inhibitory activity.

Bacterial antibiotic resistance continues to be of grave con-
cern to the control of infectious diseases (30). In the gram-
negative enteric bacteria Citrobacter freundii and Enterobacter
cloacae, the emergence of resistance to broad-spectrum peni-
cillins and B-lactamase-stable cephalosporins occurs at a fre-
quency of 10~7 to 1076 (18, 20). This high frequency of resis-
tance correlates with the presence of a chromosomal, inducible
B-lactamase encoded by the ampC gene (8). Induction involves
a transmembrane signaling pathway composed of the ampG,
ampD, and ampR gene products and 1,6-anhydro-N-acetylmu-
ramyl-L-alanyl-D-glutamyl-meso-diaminopimelic acid (1,6-an-
hydromurotripeptide) as the putative signal molecule (2, 12,
14, 31). Hyperproduction of AmpC B-lactamase is linked to
mutations which destroy the function of AmpD (13, 17, 31).

One strategy in controlling B-lactamase-mediated resistance
involves combination therapy with a B-lactam antibiotic and a
B-lactamase inhibitor (3). Piperacillin, an expanded-spectrum
penicillin, has been used in clinical practice since 1980 and is
known to be hydrolyzed by several B-lactamases. Clavulanic
acid, sulbactam, and tazobactam are (-lactamase inhibitors
currently in clinical use and are important adjuvants to B-
lactam chemotherapy. Tazobactam is a penicillanic acid sul-
fone with strong inhibitory activity against a wide range of
commonly encountered plasmid-mediated B-lactamases (4, 25,
28). In vitro studies have shown that tazobactam potentiates
the efficacy of piperacillin (1, 9, 25).

A recent study indicated that the combination of piperacillin
plus tazobactam suppresses the emergence of resistant mu-
tants in C. freundii, E. cloacae, and Proteus vulgaris in compar-
ison to the suppression of the emergence of resistant mutants
with elevated concentrations of piperacillin or ceftazidime
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alone (11). In this study we examined the mechanism of this
potentiation. We reasoned that the suppression of resistance
development by the combination of piperacillin plus tazobac-
tam was mediated by interference with the induction of AmpC
B-lactamase or by inhibition of the enzyme by tazobactam. Our
results suggest that this effect is mediated by the inhibition of
AmpC B-lactamase in moderately resistant mutants, present as
a small fraction of the cell culture.

MATERIALS AND METHODS

Strains and plasmids. The strains of E. cloacae and C. freundii used in this
work are listed in Table 1. Escherichia coli BNN103 (AlaclOPZYA)U169 proH™*
lon araD135 strA thi hflA150 cbr::Tnl0 (laboratory collection) harbored plasmids
pNU311 (ampR) and pNU330 (promoter region of ampC fused to a promoter-
less lacZ gene) (21) and was used to analyze the induction of ampC by B-lactam
compounds. E. coli JRG582 is a K-12 derivative strain with an ampDE deletion,
and E. coli JRG58201 is an ampDG double mutant constructed from the inser-
tion of the APH cassette into the ampG gene of JRG582 (22).

B-Lactam compounds. The following B-lactam antibiotics and B-lactamase
inhibitors were used: cefoxitin, from Sigma (St. Louis, Mo.); nitrocefin, from
Microbiology Systems (Hunt Valley, Md.); and piperacillin, from Lederle Lab-
oratories (Pearl River, N.Y.). Clavulanic acid, sulbactam, and tazobactam were
kindly provided by Beecham Research Laboratories (Brentford, United King-
dom), Pfizer Inc. (Groton, Conn.), and SynPhar Laboratories Inc. (Edmonton,
Alberta, Canada), respectively. 1,6-Anhydromurotripeptide was chemically syn-
thesized by the Peptide Institute, (Osaka, Japan). All other chemicals were
reagent grade.

Media and growth conditions. Mueller-Hinton agar (MHA) and Mueller-
Hinton broth (MHB) (BBL Microbiology Systems, Cockeysville, Md.) were used
for all growth experiments. Cultures for the extraction of 1,6-anhydromurotrip-
eptide were grown in Luria-Bertani broth supplemented with vitamin B,
(0.001%).

In vitro susceptibility testing. The MICs of the B-lactam compounds were
determined by the agar dilution method. Plates were spotted with 10° CFU and
were incubated for 18 h at 37°C.

Mutation frequency analysis. The frequency of occurrence of resistant mu-
tants of E. cloacae and C. freundii was determined on solid medium supple-
mented with the appropriate concentrations of piperacillin, alone or in combi-
nation with a B-lactamase inhibitor (10 wg/ml). Plates were seeded with
approximately 10% CFU of a fully grown culture and were incubated for 18 h at
37°C. The mutation frequency was expressed as the ratio of the numbers of CFU
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TABLE 1. Piperacillin and tazobactam MICs for different
isolates of E. cloacae and C. freundii

MIC
b
Strain® (pg/mly Source
PIPC TAZ

C. freundii NI-1 4 128  MS Laboratory Collection®

E. cloacae NI-2 2 256  MS Laboratory Collection

E. cloacae S-65 1 64  SynPhar Laboratory

E. cloacae 40001 4 512 SynPhar Laboratory

C. freundii S-40 4 128  SynPhar Laboratory

E. cloacae R538 32 128  Alberta Provincial Laboratory
E. cloacae ATCC 13047 16 128  Alberta Provincial Laboratory
C. freundii U3122 4 256  Alberta Provincial Laboratory
C. freundii R1791 4 256  Alberta Provincial Laboratory
C. freundii R3033 4 256  Alberta Provincial Laboratory

@ C. freundii NI-1 and E. cloacae NI-2 were natural isolates, E. cloacae ATCC
13047 was from the American Type Culture Collection, and the other strains
were clinical isolates.

> PIPC, piperacillin; TAZ, tazobactam.

< MS Laboratory Collection, University of Alberta Microbiology Student Lab-
oratory Collection.

of resistant colonies formed per the total numbers of CFU plated on non-
antibiotic-containing medium.

Killing kinetics. The killing kinetics of the C. freundii and E. cloacae strains
treated with piperacillin alone or in combination with tazobactam were studied
in liquid media with E. cloacae 40001 as a typical sensitive strain. An overnight
culture of E. cloacae 40001 was subcultured to 1 X 107 to 5 X 107 CFU/ml into
15 ml of fresh MHB and was grown for 24 h under the following conditions:
MHB without piperacillin (OP), MHB supplemented with piperacillin at 16 or 64
wg/ml (16P or 64P, respectively), and MHB supplemented with piperacillin at 16
or 64 pg/ml plus tazobactam at 10 pg/ml (16PT or 64PT, respectively). At regular
intervals (typically, every 2 h) the turbidity of the cultures was measured with a
Klett-Summerson colorimeter. Simultaneously, 0.5-ml samples of the same cul-
tures were centrifuged at 8,000 rpm in a Costar minicentrifuge (Fisher, Edmon-
ton, Alberta, Canada) for 10 min at 10°C, and the cells were resuspended in an
equal volume of saline buffer plus MHB (4:1; vol/vol). This was repeated once,
and 50 pl of washed cells, appropriately diluted in the same buffer, was plated
onto solid medium under the five equivalent experimental conditions described
above. Except for the initial time points, 1.5-ml samples of the cultures were
washed as described above and were concentrated five times for the samples
collected at the 2-h time point or 15 times for the samples collected at the 3-h
time point, and then 50 pl of the cell suspension was plated onto B-lactam-
supplemented medium. Under these conditions, the total viable counts of the
cultures were determined on OP plates, and the counts of the resistant mutants
were determined on 16P, 16PT, 64P, and 64PT plates. The experiment was
repeated twice, and the datum points are the means of quadruplicate values.

1,6-Anhydromurotripeptide analysis. The effect of tazobactam on the accu-
mulation of 1,6-anhydromurotripeptide was analyzed by high-pressure liquid
chromatography (HPLC) by the procedure described by Jacobs and coworkers
(15), with slight modifications. Hot-water extracts of E. coli JRG582 cells (from
0.4 liter of culture) grown to the mid-logarithmic phase in Luria-Bertani broth
supplemented with vitamin B, (0.001%), in the presence and absence of tazobac-
tam, were prepared in a final volume of 0.5 ml and reduced with NaBH, as
described previously (5). HPLC analysis of reduced hot-water extracts (50 ul)
was performed with a Beckman gradient system on a Cosmosil 5C18 column (4.6
by 250 mm) with a linear gradient of from 0 to 30% solvent B (20% acetonitrile
in 0.035% trifluoroacetic acid) in solvent A (0.05% trifluoroacetic acid) over a
50-min run, with a flow rate of 1.0 ml/min and at a column temperature of 40°C.
Peaks were detected at 206 nm and integrated with Beckman Gold software.
Under these conditions the standard, 1,6-anhydromurotripeptide, eluted with a
retention time of 32.5 min. Quantitation of the amount of 1,6-anhydromurotri-
peptide produced by the cultures was derived from the peak area by using the
chemically synthesized 1,6-anhydromurotripeptide as a standard.

Enzyme assays. Cell-free enzyme samples were obtained by disrupting the
cells in a French press at 16,000 Ib/in.2. The kinetic parameters, the K;s of the
three B-lactamase inhibitors for the AmpC B-lactamase produced by E. cloacae
40001, were determined spectrophotometrically at 490 nm following the hydro-
lysis of nitrocefin in 50 mM phosphate buffer (pH 7.0) (32). The inhibitor was
preincubated with the enzyme at 37°C for 15 min. The 50% inhibitory concen-
tration (ICs,) was calculated from the plot of percent inhibition versus concen-
tration of inhibitor. B-Galactosidase activity was measured as described by Miller
(26), with o-nitrophenyl-B-p-galactopyranoside used as the substrate, and the
cells were preincubated with a B-lactam compound for 60 min.
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RESULTS

Effect of tazobactam on the resistance of E. cloacae and
C. freundii to piperacillin. To extend the earlier observations of
Higashitani and co-workers (11), we examined a number of
isolates of C. freundii and E. cloacae for resistance to pipera-
cillin. The strains were sensitive to piperacillin, with MICs
ranging from 1 to 32 pg/ml (Table 1). Incubation of approxi-
mately 10® CFU on plates containing increasing concentrations
of piperacillin (up to 16 times the MIC) resulted in the ap-
pearance of resistant mutants at a frequency of 107 to 10~°
for most strains (Fig. 1). The combination of piperacillin plus
tazobactam (10 wg/ml) resulted in the complete suppression of
resistance at four times the MIC of piperacillin for the strains
examined in this study. Sulbactam also showed a suppressive
effect on the appearance of resistance, although not to the
same extent as tazobactam. Clavulanic acid had little effect.

Analysis of tazobactam plus piperacillin as a negative effec-
tor of ampC induction. The possibility that tazobactam medi-
ates its suppressive effect on resistance by interfering with the
induction of AmpC B-lactamase was investigated by using
an ampC-lacZ gene fusion in E. coli BNN103/pNU311 and
pNU330. This strain contains the ampR gene combined with an
ampC-lacZ transcriptional fusion. This allows the induction of
ampC to be monitored by measuring the activity of B-galacto-
sidase in B-lactam-treated cells. Figure 2 indicates the level of
induction caused by piperacillin, alone or in combination with
the B-lactamase inhibitors clavulanic acid, sulbactam, or ta-
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FIG. 1. Mutation frequencies of E. cloacae and C. freundii for resistance to
piperacillin. The mutation frequencies of E. cloacae NI-2 (EJ), E. cloacae S-65
(B), E. cloacae 40001 (£), C. freundii NI-1 (&), C. freundii S-40 (N), C. freundii
U3122 (1), C. freundii R1791 (&), and C. freundii R3033 (N) were determined in
the presence of piperacillin (PIPC) alone (A), piperacillin plus clavulanic acid
(10 pg/ml) (B), piperacillin plus tazobactam (10 pg/ml) (C), or piperacillin plus
sulbactam (10 wg/ml) (D). The piperacillin concentration on the plates was a
multiple of the MIC for each strain.
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FIG. 2. Effects of piperacillin and different B-lactam inhibitors on the induc-
tion of ampC-lacZ fusion. Cells of E. coli BNN103/pNU311 and pNU330 were
treated with different B-lactam compounds separately or in various combina-
tions, and the effects of the compounds on the induction of ampC B-lactamase
were monitored by measuring the B-galactosidase activity of the AmpC-p-galac-
tosidase fusion protein. Cells were incubated at 30°C with shaking for 60 min in
the presence of piperacillin (2 pg/ml) and/or a B-lactamase inhibitor (10 pg/ml)
and cefoxitin (2 wg/ml). Control, untreated cells; Cfx, cefoxitin; Cva, clavulanic
acid; Sbt, sulbactam; Taz, tazobactam; PIPC, piperacillin.

zobactam. Piperacillin and the B-lactamase inhibitors weakly
induced AmpC expression in comparison to the level of induc-
tion caused by cefoxitin, a known good inducer, consistent with
previous findings (35). The combination of piperacillin with
tazobactam did not reduce the level of AmpC B-lactamase
induced compared to the level of induction by either one of
these compounds alone; rather, the level of induced enzyme
was slightly increased. A similar effect was obtained with the
combination of piperacillin with clavulanic acid. None of the
combinations of piperacillin with the B-lactamase inhibitors
tested had a suppressive effect on AmpC B-lactamase induc-
tion. We also measured the amount of B-lactamase produced
directly by immunoelectrophoresis and found no evidence for
the inhibition of B-lactamase expression by tazobactam in
strains of E. cloacae or C. freundii (data not shown).
Tazobactam does not interfere with the accumulation of
1,6-anhydromurotripeptide. Hyperresistance has been corre-
lated with defects in the ampD gene product leading to the
accumulation of a peptidoglycan degradation product: 1,6-an-
hydromurotripeptide (13, 31, 33). This compound may be the
signal molecule that interacts with the AmpR transcriptional
regulator to activate ampC expression. To test if tazobactam
interferes with the induction signal, we analyzed its effect on
the intracellular accumulation of 1,6-anhydromurotripeptide
in cultures of E. coli JRG582, a well-characterized ampD mu-
tant (5, 15). HPLC analysis of hot-water extracts of cells incu-
bated with or without tazobactam showed the 1,6-anhydromu-
rotripeptide peak in both extracts. Estimation of the cellular
content of 1,6-anhydromurotripeptide indicated that 0.6 and
0.5 pmol of this molecule were produced from 1 liter of culture
in the absence and presence of tazobactam, respectively. These
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values were higher than that of 0.4 pwmol reported by Jacobs
and coworkers (14), presumably due to variations in the pro-
cedures for the isolation of the muropeptides. Within experi-
mental error, the results suggested that tazobactam has no
effect on the intracellular accumulation of this compound (Fig.
3). As expected, the 1,6-anhydromurotripeptide peak was un-
detectable from hot-water extracts of E. coli JRG58201, an
ampDG double mutant strain which lacks functional AmpG,
the permease for the transport of the ligand (14). The identity
of 1,6-anhydromurotripeptide from E. coli JRG582 was further
confirmed by electrospray mass spectrometry analysis of the
isolated peak, which had a mass of 648.6, corresponding to that
of a protonated form of 1,6-anhydromurotripeptide. It there-
fore appears that the suppressive effect of tazobactam on re-
sistance is not mediated by inhibition of or interference with
ampC induction.

Inhibition of B-lactamase activity correlates with suppres-
sion of resistant mutants in E. cloacae and C. freundii. Since
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FIG. 3. HPLC analysis of the effect of tazobactam on the accumulation of
1,6-anhydromurotripeptide in E. coli JRG582. Hot-water extracts from E. coli
JRGS582 grown in the absence (A) and presence (B) of tazobactam at 10 pg/ml
and from E. coli JRG58201 (C) were tested. The arrow indicates the 1,6-anhy-
dromurotripeptide peak, with a retention time of 32.5 min. The other major peak
in panel B, with a retention time of 10.2 min, represents tazobactam.
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FIG. 4. Effect of tazobactam on the susceptibility kinetics of E. cloacae 40001
to piperacillin. Cultures of E. cloacae 40001 (1.3 X 107 CFU/ml) were incubated
in MHB for several hours at 37°C with shaking under the following conditions:
0P (V), 16P (O), 64P (O), 16PT (@), and 64PT (m). Growth was monitored by
measuring the turbidities of the cultures (A) and the total viable counts on
piperacillin-free MHA plates (B).

0 2

the suppression of resistance to piperacillin by tazobactam did
not involve a mechanism affecting the induction of B-lacta-
mase, we investigated its role as a B-lactamase inhibitor. Ta-
zobactam and sulbactam suppressed the appearance of resis-
tant mutants, whereas clavulanic acid lacked this effect. The
former compounds are penicillanic sulfones with activity pro-
files different from that of clavulanic acid. We examined the
kinetics of inhibition of the B-lactamase from E. cloacae 40001
by these three inhibitors. K; values of 302, 5.65, and 0.86 pM
were determined for clavulanic acid, sulbactam, and tazobac-
tam, respectively, indicating that tazobactam is a much better
inhibitor of AmpC B-lactamase from E. cloacae 40001 than the
other two compounds. The IC,ys of the three B-lactamase
inhibitors (206, 2.72, and 0.49 w.M for clavulanic acid, sulbac-
tam and tazobactam, respectively) supported the same conclu-
sion. Similar inhibition profiles were obtained with the enzyme
from C. freundii NI-1 (data not shown).

Effect of tazobactam on susceptibility of E. cloacae 40001 to
piperacillin. To examine the hypothesis that tazobactam acts
by extending the efficacy of piperacillin, we carried out a study
on the growth kinetics of E. cloacae 40001 in liquid culture in
the presence of piperacillin alone or in combination with ta-
zobactam. The MIC of piperacillin for this organism is 4 pg/ml.
An overnight liquid culture of E. cloacae 40001 was inoculated
into fresh MHB medium containing OP, 16P, 64P, 16PT, or
64PT. The cultures were incubated at 37°C with shaking, and
viable counts and turbidities were monitored over a 24-h pe-
riod. On the basis of turbidity measurements, all cultures
treated with piperacillin except those treated with 64PT recov-
ered from its growth inhibitory effect within the 24-h incuba-
tion (Fig. 4A). Figure 4B indicates the total viable counts
determined by the standard procedure of plating samples onto
antibiotic-free medium. The killing curves of piperacillin at
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concentrations of 4 or 16 times the MIC for E. cloacae 40001
were essentially identical. The addition of tazobactam delayed
by 3 h the recovery of the culture to stress induced by penicillin
at four times the MIC but completely suppressed recovery at
16 times the MIC. In fact, the viable counts continued to
decrease over the time course of the experiment, with approx-
imately 10* CFU/ml remaining after 14 h.

Changes in cell population dynamics due to piperacillin re-
sistance were monitored by determining the viable counts on
plates containing piperacillin at 16 wg/ml. Under these condi-
tions, resistant colonies were detected earlier in the experi-
ment (at 2 h), and the counts of resistant cells paralleled the
growth profile thereafter (Fig. SA). The number of resistant
cells increased exponentially from less than 10> CFU/ml at 2 h
to 108 CFU/ml after 14 h of incubation in liquid medium
supplemented with piperacillin. In cultures subjected to stress
induced by piperacillin (four times the MIC) plus tazobactam,
resistant colonies were also detected as early as 2 h, and the
growth kinetics were similar to those in the absence of tazobac-
tam. Viable cell counts indicated that at this time, the number
of resistant mutants was approximately five times greater in
cultures treated with piperacillin alone (16P) than in those
treated with the combination (16PT). No recovery was ob-
served at 16 times the MIC in the presence of tazobactam
(64PT), although a few resistant mutants were detected at 2 h,
but they succumbed to prolonged incubation under these con-
ditions. The numbers of viable cells were also estimated on
plates supplemented with both piperacillin and tazobactam,
and the results indicated further delays in culture recovery
(Fig. 5B). Once viable cells were detected, the growth profile
paralleled that seen in the absence of tazobactam. This result
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FIG. 5. Effect of tazobactam on the growth kinetics of moderately resistant
mutants of E. cloacae 40001 in the presence of piperacillin. Cultures of E. cloacae
40001 were incubated as described in the legend to Fig. 4. Viable counts of
resistant mutants from cultures with 16P (O), 16PT (@), 64P (CJ), and 64PT (m)
were determined on MHA plates containing piperacillin at 16 pg/ml (A) or
piperacillin at 16 wg/ml plus tazobactam at 10 wg/ml (B). The total viable counts
of the culture with 16P (V) were determined on piperacillin-free MHA plates as
described for Fig. 4B, shown here for comparison purposes.
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TABLE 2. Susceptibility analysis of piperacillin-resistant
mutants of E. cloacae 40001

No. of resistant Growth medium” MIC (ug/ml)
colonies* Initial Final PIPC PIPC + TAZ
6 (6) ON 16P 64 16
2(2) 0P 16P 64 16
3(3) 16P 16P 64 16
3(3) 16PT 16P 64 16
2(2) 64P 16P 64 16
2(2) 64PT 16P 64 16
1(2) oP 16PT 64 16
1 0P 16PT 512 128
1(1) 16P 16PT 128 32
4(5) 16PT 16PT 64 16
1 16PT 16PT 256 64
1(3) 64P 16PT 64 16
2 64P 16PT 256 64
5(6) oP 64P 64 16
1 OP 64P 256 32
303 64P 64P 64 16

“ The numbers in parentheses refer to the total number of resistant colonies
tested under the described growth conditions.

® Initial growth medium refers to the growth conditions of liquid cultures in
MHB supplemented with piperacillin with or without tazobactam, from which
samples were removed at regular intervals and plated onto MHA plates supple-
mented with piperacillin with or without tazobactam as indicated in the column
describing final growth conditions. ON, overnight culture in MHB. The overnight
culture was subcultured at 1.3 X 107 CFU/ml into fresh MHB (OP) or 16P, 16PT,
64P, or 64PT.

©The MIC of piperacillin (PIPC) alone or in combination with tazobactam
(TAZ) at 10 pg/ml was determined by spotting 10° CFU of resistant mutants
isolated from the antibiotic-containing plates per 10 pl (see final growth condi-
tions).

indicates either that the combination was more bacteriostatic
or that there were fewer viable cells to initiate recovery.

To address this question, the susceptibilities of a number of
resistant colonies to piperacillin were analyzed. Attempts were
made to select resistant cells detected in the earlier phase of
the piperacillin killing curve to minimize the possibility of
testing the same resistant cells following multiple cell division
cycles. As indicated above, the majority of resistant mutants
detected at between 0 and 4 h of incubation in liquid medium
were isolated from samples cultured on 16P plates. Other
growth conditions, including growth on 16PT, 64P, and 64PT
plates, were more inhibitory. MIC analysis revealed that, re-
gardless of the incubation condition in liquid medium, the
resistant colonies from 16P plates were identically susceptible
to piperacillin (Table 2). For all of the 18 colonies tested the
piperacillin MIC was 64 pg/ml, and the colonies were 16 times
more resistant than the parent strain, E. cloacae 40001. The
addition of tazobactam (10 pg/ml) to piperacillin decreased
the MIC to 16 pg/ml. No such synergistic effect was observed
with the parent strain, E. cloacae 40001, as also reported pre-
viously (11). Resistant colonies obtained from the plating of
liquid culture samples on 16PT plates were also analyzed.
Noteworthy is that very few mutant colonies were detected at
between 0 and 4 h of incubation in liquid medium under these
conditions. As a result, resistant colonies that appeared in the
later phase of the piperacillin killing curve were also tested for
their resistance levels. The results indicated that this group of
resistant colonies was rather heterogeneous in its susceptibility
to piperacillin. Of the 11 colonies analyzed, for 5 the piper-
acillin MIC was greater than 64 pg/ml and went up to 512
pg/ml. Resistant colonies obtained from the plating of liquid
culture samples on 64P plates were analyzed as well, and these
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colonies were found to have a piperacillin susceptibility profile
that resembled more those of resistant cells from 16P plates
than those from 16PT plates, implying that a higher degree of
resistance was required to overcome the stress induced by
piperacillin plus tazobactam. On the basis of the killing curves,
tazobactam causes a decrease in the number of resistant mu-
tants in the cell population that are able to initiate growth in
the presence of piperacillin, and this effect increases with in-
creasing piperacillin concentration.

DISCUSSION

B-Lactamase production is a major determinant of bacterial
resistance to (-lactam antibiotics (3, 16, 19). Gram-negative
bacilli producing chromosomal AmpC B-lactamases (C. freun-
dii, E. cloacae, Pseudomonas aeruginosa, and Serratia marc-
escens) are responsible for a significant proportion of cases of
nosocomial pneumonia and bacteremia (10). In these bacteria,
chromosomal AmpC B-lactamase is inducible in wild-type
strains, but constitutive hyperproduction of the enzyme occurs
in resistant strains that develop at a high frequency. The anal-
ysis of clinical strains of Citrobacter spp. indicated that the high
frequency of resistance to cephalosporins occurred only in
strains possessing a B-lactamase that can be induced (8). One
of the approaches used to overcome the problem of B-lacta-
mase-mediated resistance has relied on combination therapy
of a B-lactam antibiotic and a B-lactamase inhibitor (1, 25).
Tazobactam, a recently introduced B-lactamase inhibitor, is
used in combination with piperacillin or other antibiotics to
which B-lactamase-producing bacteria are susceptible (9).

In this study, several piperacillin-sensitive isolates of E. clo-
acae and C. freundii were analyzed for resistance and were
found to mutate at a frequency of 10~7 to 10~°, consistent with
previous findings (8, 18, 20). A combination of tazobactam
with piperacillin at concentrations 16 times the MIC proved to
be effective in reducing the frequency of resistant mutants. A
similar effect was reported by Higashitani and coworkers (11).
We investigated whether tazobactam in combination with pi-
peracillin affected the induction of B-lactamase or whether the
lower frequency of resistant mutants resulted from increased
efficacy of the antibiotic as a result of the presence of the
inhibitor.

The AmpC B-lactamase can be induced to various levels by
a number of B-lactam compounds (24, 27, 35). Studies inves-
tigating the mechanism of induction have shown that the -
lactam compounds do not enter the cytoplasm to induce ampC
expression; rather, they mediate their effect through muropep-
tides derived from the degradation of peptidoglycan (12, 14,
31). As a first possibility, we reasoned that tazobactam may
exert its effect by interfering with the induction of AmpC
B-lactamase. This hypothesis was tested by monitoring the
promoter activity of an inducible ampC gene in an ampC-lacZ
gene fusion system in E. coli and by analyzing the B-lactamase
activity and protein levels in C. freundii and E. cloacae under
inducing and noninducing conditions. Our results indicate that
both tazobactam and piperacillin are individually weak induc-
ers of AmpC and that use of the two drugs in combination
resulted in additive induction. Recent characterization of the
putative signal molecule as 1,6-anhydromurotripeptide has
made it possible to analyze the effect of tazobactam on the
induction signal transduction pathway. ampD mutants of E.
coli transport the precursor muropeptides from the periplasm
via AmpG and accumulate 1,6-anhydromurotripeptide intra-
cellularly (14). Loss of functional AmpG blocks signal trans-
duction, with a consequent lack of accumulation of 1,6-anhy-
dromurotripeptide. Since tazobactam, like other B-lactam
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compounds, remains in the periplasm, a possible influence of
tazobactam on induction could be monitored by the uptake or
the intracellular accumulation of 1,6-anhydromurotripeptide
in ampD strains. No evidence of interference with the accu-
mulation of this molecule by tazobactam was obtained. These
studies suggest that tazobactam does not exhibit an induction
inhibitory activity on AmpC B-lactamase in piperacillin-stressed
cells.

The second possibility is that tazobactam increases the effi-
cacy of piperacillin by inhibiting B-lactamase. The B-lactamase
inhibitors clavulanic acid, sulbactam, and tazobactam are strong
inhibitors of extended-spectrum B-lactamases, with only weak
or no activity against cephalosporinases (9, 28). Generally,
these compounds inactivate the enzyme irreversibly by forming
covalent complexes which resist hydrolysis (23). Of the three
inhibitors tested, tazobactam exhibited the highest activity
against the cephalosporinase from E. cloacae 40001. Similar
inhibition profiles were observed for the chromosomal B-lac-
tamase from Morganella morganii 985 and E. cloacae 772 (28).
Although the inhibitory activity of tazobactam may be small in
comparison to that shown against penicillinases (4), it is never-
theless significant and is responsible for the delay in the ap-
pearance of resistant cells. Unlike tazobactam, clavulanic acid
was by far the poorest inhibitor of the E. cloacae 40001 enzyme
and was also unable to suppress the piperacillin resistance of
this strain or the other strains studied. The structural differ-
ence between clavulanic acid and the penicillanic sulfones,
tazobactam and sulbactam, accounts for the observed effects.

The susceptibility of bacteria producing inducible AmpC
B-lactamase is influenced by several factors, including the mag-
nitude of enzyme production, the rate of penetration of the
drug to its target, and the stability of the drug to B-lactamase
(31). The combination of these factors partly accounts for the
different frequencies of resistant mutants observed among the
various isolates of C. freundii and E. cloacae analyzed in this
study. The analysis of denser liquid cultures of E. cloacae 40001
indicated that the response of this organism to piperacillin was
typical of that of gram-negative bacteria, with an initial killing
phase followed by regrowth. The cell density used in this study
was evidently much higher than that recommended for MIC
determinations by conventional tests, but it arguably repre-
sents the in vivo situation when the bacteria are exposed to the
drug in the course of the infection. In addition, it facilitates the
detection of resistant mutants that emerge at a frequency of
1077 to 1075, thus allowing the resistance suppressive effect of
tazobactam to be monitored.

The regrowth by members of the family Enterobacteriaceae
at large inoculum size has previously been reported to be due
to either drug destruction by B-lactamases or filamentous
transformation with continuous growth (6, 7). We found that
neither of these factors contributed significantly to the recov-
ery of the culture, which results from the spectrum of resis-
tance of the bacteria in the culture. While most cells are sen-
sitive to the antibiotic, a small fraction will have a range of
resistance. Plating on antibiotic-containing medium indicated
that, indeed, the regrowth was primarily due to resistant cells.
Cultures incubated with piperacillin alone (4 or 16 times the
MIC) selected cells with moderate levels of resistance. Hi-
gashitani and coworkers (11) analyzed the levels of B-lacta-
mase produced by resistant cells of E. cloacae 40001 isolated
from cultures treated with piperacillin alone or in combination
with tazobactam. Resistant cells isolated from a mouse intra-
peritoneal infection model were -lactamase-derepressed mu-
tants, and all of them were obtained following treatment with
piperacillin alone and not with the combination of piperacillin
with tazobactam. The levels of enzyme produced ranged from
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4.9 to 8.8 U/mg of protein, which corresponded to an increase
of up to 1,000 times that of the parent strain. The few resistant
mutants isolated from cultures treated with both piperacillin
and tazobactam in vitro produced 2,800 times more B-lacta-
mase than the parent strain, which supports our finding that
the combination selects for highly resistant cells. Enhancement
of the efficacy of piperacillin by combining it with tazobactam
resulted in the killing of the moderately resistant cells at rel-
atively low levels of piperacillin (four times the MIC), while
highly resistant cells survived. The highest level of piperacillin
tested (16 times the MIC plus 10 pg of tazobactam per ml) was
sufficient to kill even the most resistant cells in this culture.
Our results suggest that nosocomial infections caused by -
lactam-resistant bacteria can be prevented by using increased
concentrations of piperacillin in combination with tazobactam,
thus minimizing the problem of the development of resistance
associated with the use of B-lactam antibiotics alone (29, 34).
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