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ABSTRACT 

Aim Many extended-spectrum β-lactamases (ESBL) producing 
isolates of E. coli and K. pneumoniae are susceptible in vitro to 
amoxycillin-clavulanate (AMC), ceftazidime-clavulanate (CAZ/
cl), and piperacillin-tazobactam (TZP), but MICs increase substan-
tially when higher inoculum is applied. The aim of this study was 
to determine the effect of inoculum size on the susceptibility of E. 
coli and K. pneumoniae isolates with well characterized ESBLs, to 
amoxycillin (AMX),  AMC, ceftazidime (CAZ),  CAZ/cl, pipera-
cillin (PIP),  TZP, imipenem (IMI) and meropenem (MEM). 

Methods Minimum inhibitory concentrations (MIC) were deter-
mined by broth microdilution method using inocula that differed 
100 fold in density.

Results Inoculum effect for CAZ/cl was detected in 52% of SHV-2 
producing K. pneumoniae strains followed by AMC (43%) and 
TZP (38%). SHV-5 producing K. pneumoniae strains showed the 
most pronounced inoculum effect with CAZ/cl and AMC  and to 
lesser extent with TZP.  Inoculum effect was observed for AMC,  
CAZ/cl  and TZP  in 71% of  SHV-12 producers. E. coli produc-
ing SHV-5 β-lactamase showed  the most pronounced inoculum 
effect with AMC, followed by CAZ/cl and TZP. Strains producing 
CTX-M β-lactamases had a marked inoculum effect with CAZ/cl, 
AMC and TZP. Carbapenems did not show inoculum effect with 
any type of ESBLs.  

Conclusion According to the results of this study, carbapenems 
remain the antibiotics of choice for the treatment of infections 
caused by ESBL-producing Enterobacteriaceae. 
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INTRODUCTION

Extended-spectrum β-lactamases are en-
zymes capable of hydrolyzing oxyimino-cepha-
losporins and aztreonam. They are produced by 
a variety of Gram-negative bacilli (1).  A major 
problem with ESBLs is their capacity to cause 
therapeutic failures with cephalosporins and 
monobactams even when the causative agent 
appears susceptible in the laboratory tests (2-4). 
In response to this problem CLSI (Clinical and 
Laboratory Standard Institution, former NC-
CLS)  recommends that laboratories should 
report ESBL producing isolates of K. pneumo-
niae and E. coli as resistant to penicillins, ce-
phalosporins and monobactams regardless of 
the results of in vitro testing (5). There are also 
questions whether β-lactamase inhibitor combi-
nations should be used for the therapy of infec-
tions caused by ESBL pathogens. Many ESBL 
producing isolates of E. coli and K. pneumoniae 
are susceptible in vitro to amoxycillin-clavu-
lanate (AMC), ceftazidime-clavulanate (CAZ/
cl and piperacillin-tazobactam (TZP), but MICs 
increases substantially when higher inoculum is 
applied (6-7). Efficacy has been reported in ani-
mal models but clinical failures were reported in 
patients. Previous studies have shown moderate 
inoculum effect of β-lactamase/inhibitor combi-
nations against Enterobacteriaceae in general (6) 
but there are only few reports so far for ESBL 
positive enteric bacteria with well defined resist-
ance mechanisms (7-9) . 

 The aim of this study was to determine the 
effect of inoculum size on the susceptibility of E. 
coli and K. pneumoniae isolates with well char-
acterized ESBLs to amoxycillin (AMX), amoxy-
cillin/clavulanate (AMC), ceftazidime (CAZ), 
ceftazidime/clavulante (CAZ/cl), piperacillin 
(PIP), piperacillin/tazobactam (TZP) and  car-
bapenems in comparison with ESBL negative 
strains. Inoculum effect was determined accord-
ing to the type of ESBL in order  to determine 
if there are differences in its magnitude between 
different types of ESBLs. 

MATERIAL AND METHODS

The experiments were performed on the set 
of K. pneumoniae and E. coli isolates with well 
defined resistance mehanisms: 52 K. pneumoniae 
strains producing SHV-5 β-lactamase, 21 K. pneu-
moniae with SHV-2 β-lactamase, seven K. pneu-
monia strains possessing SHV-12 β-lactamase, 
41 E. coli strains producing SHV-5 β-lactamase 
(10-12) and fourteen E. coli strains positive for 
CTX-M β-lactamases (nine CTX-M-3 and five-
CTX-M-15) (Bedenić B,  unpublished data). 
Twenty six ESBL negative isolates of K. pneu-
moniae were used as the control group. The 
β-lactamases were characterized by isoelectric 
focusing, PCR and sequencing of blaESBL genes.   
Minimum inhibitory concentrations (MIC) of 
amoxycillin (AMX), amoxycillin/clavulanate 
(AMC), ceftazidime (CAZ), ceftazidime/cla-
vulanic acid (CAZ/cl), piperacillin (PIP), pip-
eracillin/tazobactam (TZP), imipenem (IMI) and 
meropenem (MEM) were determined by broth 
microdilution method using inocula that differed 
100 fold in density according to CLSI (5). The 
inocula contained 105 CFU/ml  and 107CFU/
ml approximately in Mueller-Hinton broth. The 
MIC (minimum inhibitory concentration) was 
defined as the lowest antibiotic concentration 
that prevented the visible growth of bacteria after 
incubation at 37°C for 18 h. Inoculum effect was 
defined as at least eightfold increase in antibiotic 
MIC in the presence of high  inoculum compared 
to standard inoculum size (7). 

RESULTS

Inoculum effect for CAZ/cl was detected in 
52% of SHV-2 producing K. pneumoniae strains 
followed by AMC (43%) and TZP (38%). Two 
strains  showed inoculum effect with imipenem. 
SHV-5 producing K. pneumoniae strains showed 
the most pronounced inoculum effect with CAZ/
cl (57%) and AMC (55%) and to lesser extent 
with TZP (44%).  Two strains  showed inoculum 
effect with meropenem (Table 1).  
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Inoculum effect was observed for AMC,  
CAZ/cl  and TZP  in 71% of  SHV-12 producers. 
None of the strains showed inoculum effect for 
the carbapenems (Table 1).

E. coli producing SHV-5 β-lactamase showed  
the most pronounced inoculum effect with AMC 
(61%) followed by CAZ/cl (51%) (Table 1). TZP 
had the least inoculum effect (22%). Carbapen-
ems were not affected. 

Strains producing CTX-M β-lactamases had 
a marked inoculum effect with CAZ/cl (71%), 
AMC (57%) and TZP (50%). One strain exhib-
ited inoculum effect with meropenem (Table 1). 

The concentration necessary to inhibit 90% 
of the SHV-2 producing K. pneumoniae rose 
from 128 to ≥1024 mg/l for AMC and TZP, from 
256 to ≥1024 mg/L for CAZ,  and from 4 to 32 
for CAZ/cl when high inoculum was applied as 

Antibiotic*
Type of  β-lactamase AMC CAZ/cl TZP IMI MEM
K. pneumoniae
ESBL-negative 1/26 (3.8%) 0/26 (0%) 1/26 (3.8%) 0/26 (0%) 0/26 (0%)
SHV-2 9/21 (43%) 11/21 (52%) 8/21 (38%) 2/21 (9.5%) 0/21 (0%)
SHV-5 29/52 (55%) 30/52 (57%) 23/52 (44%) 0/52 (0 %) 2/52 (3.8 %)
SHV-12 5/7 (71%) 5/7 (71%) 5/7 (71%) 0/7 (0%) 0/7 (0%)
E. coli
SHV-5 25/41 (61%) 21/41 (51%) 9/41 (22%) 0/41 (0%) 0/41 (0%)
CTX-M 8/14 (57%) 10/14 (71%) 7/14 (50) 0/14 (0%) 1/14 (7.1%)

Table 1. Percentage of strains showing inoculum effect with ß-lactam/inhibitor combinations and carbapenems, according to the 
type of ESBL. 

*AMC, amoxycillin/clavulanate, CAZ/cl, ceftazidime/clavulanate; TZP, piperacillin/tazobactam; IMI, imipenem; MEM, meropenem;

Standard inoculum High inoculum

Antibiotic MIC range MIC50 MIC90 %R MIC range MIC50 MIC90 %R
K. pneumoniae SHV-2 (n=21)

amoxycillin ≥1024-≥1024 ≥1024 ≥1024 100 ≥1024-≥1024 ≥1024 ≥1024 100
amoxycillin/clavulanate 1->1024 16 128 42.8 8->1024 128 ≥1024 90.5
ceftazidime 4-512 32 256 76.2 16->1024 128 ≥1024 95.2
ceftazidime/clavulanate 0.25-4 1 4 0 0.5-64 8 32 9.5
piperacillin ≥1024-≥1024 ≥1024 ≥1024 100 ≥1024-≥1024 ≥1024 ≥1024 100
piperacillin/tazobactam 4-256 32 128 19 32-≥1024 128 ≥1024 57
imipenem ≤0.016-1 0.12 1 0 0.06-4 0.25 4 0
meropenem ≤0.016-0.25 0.06 0.25 0 0.03-1 0.12 0.5 0

K. pneumoniae SHV-5 (n=52)
amoxycillin ≥1024-≥1024 ≥1024 ≥1024 100 ≥1024-≥1024 ≥1024 ≥1024 100
amoxycillin/clavulanate 1-≥1024 64 128 80.7 8->1024 128 ≥1024 98
ceftazidime 1-≥1024 ≥1024 ≥1024 98 128->1024 ≥1024 ≥1024 100
ceftazidime/clavulanate 0.12-16 0.25 4 0 0.25-64 8 32 38.4
piperacillin ≥1024-≥1024 ≥1024 ≥1024 100 ≥1024-≥1024 ≥1024 ≥1024 100
piperacillin/tazobactam 16-256 16 256 38.4 32-≥1024 128 ≥1024 75
imipenem 0.06-1 0.25 0.5 0 0.06-4 0.25 1 0
meropenem 0.016-2 0.03 025 0.25 0.03-2 0.12 0.5 0

K. pneumoniae SHV-12 (n=7)
amoxycillin ≥1024-≥1024 ≥1024 ≥1024 100 ≥1024-≥1024 ≥1024 ≥1024 100
amoxycillin/clavulanate 32->1024 128 ≥1024 100 256-≥1024 512 ≥1024 100
ceftazidime 64-≥1024 128 ≥1024 100 256-≥1024 512 ≥1024 100
ceftazidime/clavulanate 0.25-4 1 4 0 1-32 8 32 14.1
piperacillin ≥1024-≥1024 ≥1024 ≥1024 100 ≥1024-≥1024 ≥1024 ≥1024 100
piperacillin/tazobactam 32-128 128 128 57.1 128-≥1024 128 ≥1024 100
imipenem 0.25-1 0.5 1 0 0.25-4 1 2 0

meropenem 0.06-0.25 0.12 0.25 0 0.12-2 0.12 1 0

Table 2. MIC range, cumulative MIC values and percentage of resistant strains at standard and high inoculum testing, for Kleb-
siella pneumoniae strains producing SHV-ESBLs
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compared to the standard. Meropenem and imi-
penem were not affected by inoculum size with 
MIC90 values of 0.25 and 1 mg/L respectively 
when standard inoculum was applied and MIC90 
of 0.5 and 4 mg/L in high inoculum testing.  With 
increased inoculum the percentage of SHV-2 pro-
ducers resistant to AMC rose from 43 to 90%, to 
CAZ from 76% to 95% and from TZP from 19% 
to 57%. At the standard inoculum testing none 
of the SHV-2 producers were resistant to CAZ/
cl whereas at high inoculum 9.5% of the strains  
became resistant (Table 2).   

With SHV-5 producing K. pneumoniae the 
highest increase in MIC90 due to inoculum effect 
was observed for CAZ/cl (4 to 32 mg/L) and AMC 
(128 to >1024 mg/L) followed by TZP (256 to 
≥1024 mg/L) whereas carbapenems showed only 
slight increase of the concentration necessary to 
inhibit 90% of the strains (0.5 to 1 mg/L for imi-
penem and 0.25 to 0.5 mg/L for meropenem).  At 
the standard inoculum testing none of the SHV-5 
producers was resistant to CAZ/cl while at high 
inoculum 38% of the strains showed resistance 
(Table 2). The percentage of resistant strains  was 
also significantly increased due to inoculum effect 
for TZP (38% to 75%) and AMC (81 to 98%). 

MIC90 for HV-12 producers at standard in-
oculum size was ≥1024 for AMX, for TZP 128 
mg/L, for CAZ/cl 4 mg/l,  for IMI 1 mg/L and for 
MEM 0.25 mg/L whereas at high inoculum size it 
reached  ≥1024 mg/l for AMX, AMC, CAZ, PIP 
and TZP, 32 mg/l for CAZ/cl, 2 mg/L for IMI and 

1 mg/L for MEM.  At the standard inoculum test-
ing all strains were resistant to AMX, AMC, PIP 
and CAZ, whereas 57% were resistant to TZP. 
No resistance to CAZ/cl, IMI and MEM was ob-
served. At high inoculum percentage of strains 
resistant to TZP rose to 100 % and to CAZ/cl to 
14.1% but the susceptibility IMI and MEM was 
maintained in spite of slightly higher MIC values 
for particular strains (Table 2).

The concentration necessary to inhibit 90% 
of the SHV-5 producing E. coli strains rose for 
two dilutions with increased inoculum for AMC 
(32 →128 mg/L), TZP (128→512 mg/L), imipen-
em (0.5→2 mg/L) and meropenem (0.03→0.12 
mg/L) and for three dilutions in case of CAZ/cl 
(4→32 mg/L). When the inoculum was increased 
100 fold, resistance increased from  14 to 90% 
for AMC,  from 10 to 53% for TZP and  from 0 to 
7% for CAZ/c (Table 3). 

The significant increase in the concentration 
that inhibited 90% of the CTX-M producers due 
to inoculum effect was obtained with AMC (64 
→512 mg/L), CAZ/cl (1→8 mg/L)   TZP  (128 
→≥1024 mg/L), where MICs of carbapenems did 
not have a marked increase in MIC90 at high in-
oculum testing (two dilutions). When the inocu-
lum was increased 100 fold resistance of  CTX-M 
positive E. coli strains was increased from 43 to 
93% for AMC,  from 35 to 57% for CAZ and from 
43 to 64% for TZP. All CTX-M producers main-
tained susceptibility to CAZ/cl and carbapenems 
even with high inoculum testing (Table 3).    

Standard inoculum High inoculum
Antibiotic MIC range MIC50 MIC90 %R MIC range MIC50 MIC90 %R

E. coli - SHV-5 (n=41)
amoxycillin 512≥1024 ≥1024 ≥1024 100 512≥1024 ≥1024 ≥1024 100
amoxycillin/clavulanate 4-64 8 32 14.6 16-128 >128 128 90
ceftazidime 16≥1024 256 ≥1024 95.1 32->1024 ≥1024 ≥1024 100
ceftazidime/clavulanate 0.06-8 0.5 4 0 0.06-64 4 32 7.3
piperacillin 512≥1024 ≥1024 ≥1024 100 512≥1024 ≥1024 ≥1024 100
piperacillin/tazobactam 8-128 32 128 9.7 32-512 128 512 53.6
imipenem 0.06-0.25 0.12 0.5 0 0.06-2 0.25 2 0
meropenem 0.016 0.03 0.03 0 0.016-0.12 0.03 0.12 0

E. coli - CTX-M (n=14)
amoxycillin 64-≥1024 ≥1024 ≥1024 100 ≥1024-≥1024 ≥1024 ≥1024 100
amoxycillin/clavulanate 1-64 16 64 42.8 8-512 128 512 92.8
ceftazidime 0.25-32 4 32 35.1 2-512 32 512 57.1
ceftazidime/clavulanate 0.06-2 0.5 1 0 1-16 4 8 0
piperacillin 64-≥1024 ≥1024 ≥1024 100 ≥1024-≥1024 ≥1024 ≥1024 100
piperacillin/tazobactam 2-128 15 128 42.8 16-≥1024 256 ≥1024 64.2
imipenem 0.06-1 0.25 1 0 0.12-4 0.5 4 0
meropenem 0.03-0.25 0.12 0.25 0 0.06-2 0.25 1 0

Table 3. MIC range, cumulative MIC values and percentage of resistant strains at standard and high inoculum testing, for          
Escherihia coli strains producing SHV and CTX-M-ESBLs.
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 ESBL negative strains did not display in-
oculum effect with any antibiotic tested. MIC90 
of AMX, AMC, CAZ, CAZ/cl, PIP, TZP, IMI, 
and MEM was 8, 2, 0.5, 0.25, 8, 4, 0.12 and 0.06 
mg/L respectively  in the presence of the standard 
inoculum while the values in the presence of high 
inoculum were 32, 8, 2, 1, 16, 8, 0.5 and 0.12 
mg/L respectively (Table 4). All ESBL negative 
strains were susceptible to all tested antibiotics at 
the standard inoculum testing. When testing was 
performed with high inoculum 19% of the ESBL 
negative strains were resistant to AMX, but no 
resistance to any other antibiotic was observed 
(Table 4). 

AMC and CAZ/cl were associated with inoc-
ulum effect against all type of ESBL producers: 
SHV-2, SHV-5, SHV-12 and CTX-M.  TZP was 
less affected by the inoculum size then AMC, 
and CAZ/cl particularly with CTX-M produc-
ers.  It was not possible to determine inoculum 
effect for AMX, PIP and CAZ alone because of 
the predominantly off- scale  MIC values which 
exceeded 1024 mg/l even when tested with the 
standard inoculum size.

DISCUSSION

Clinicians rely on the results of in vitro 
susceptibility testing to choose appropriate an-
timicrobial agent for the therapy. Results of in 
vitro testing depend on many factors including 
inoculum effect (6). Inoculum effect was previ-
ously described for ceftazidime, cefotaxime, 
cefepime and other cephalosporins (13-15), but 
there are only few reports of inoculum effect 
with β-lactam/inhibitor combinations (6). Previ-
ous studies have shown small inoculum effect of 

β-lactamase/inhibitor combinations on Entero-
bacteriaceae in general (6), but in this research we 
studied the inoculum effect of these compounds 
in enteric bacteria with well defined resistance 
mechanisms. The studies on animal models have 
shown failures of ceftriaxone/sulbactam combi-
nation in experimental rabbit endocarditis due 
to the high density of K. pneumoniae producing 
TEM-3 β-lactamase (8) and E. coli producing 
SHV-2 β-lactamase in the cardiac vegetations (9). 
According to the results of this study, inoculum 
effect for all tested compounds was more pro-
nounced for ESBL positive strains in comparison 
with ESBL negative. This is in concordance with 
previous reports which found the inoculum effect 
to be more significant if the antibiotic is suscepti-
ble to hydrolysis by a certain β-lactamase (7,13-
14). It can lead to therapeutic failures if infections 
caused by ESBL producing microorganisms are 
treated with expanded-spectrum cephalosporins. 
Inoculum effect occurs when a bacterium pro-
duces enzyme capable of hydrolyzing an antibi-
otic (7). There are two explanations for the inocu-
lum effect: antibiotic destruction by β-lactamases 
and filamentous transformations with continued 
growth (6).  Susceptibility to AMC and CAZ/cl 
was more affected by inoculum size than TZP.  
There were slight differences observed in the 
magnitude of the inoculum effect with different 
types of ESBLs. The activity of TZP was mostly 
compromised in the presence of high density of 
SHV-5 producing K. pneumoniae.  The fact that 
SHV-5 and SHV-12 producers showed the higher 
increase in the percentage of resistant strains for 
CAZ/cl  in comparison with SHV-2 and CTX-M 
producers due to inoculum effect could be ex-
plained with higher hydrolysis rate of ceftazi-
dime by SHV-5 and SHV-12 β-lactamase.  Car-

ESBL negative K. pneumoniae (n=26)
Standard inoculum High inoculum

Antibiotic MIC range MIC50 MIC90 %R MIC range MIC50 MIC90 %R
amoxycillin 0.5-16 2 8 0 0.5-64 4 32 19.2
amoxycillin/clavulanate 0.5-4 2 2 0 1-16 2 8 0
ceftazidime 0.03-0.5 0.12 0.5 0 0.06-4 0.25 2 0
ceftazidime/clavulanate 0.03-0.5 0.12 0.25 0 0.06-1 0.25 1 0
piperacillin 0.5-8 4 8 0 1-32 4 16 0
piperacillin/tazobactam 0.5-4 2 4 0 1-16 2 8 0
imipenem <0.016-025 0.06 0.12 0 0.03-0.5 0.12 0.5 0
meropenem <0.016-0.06 <0.016 0.06 0 0.03-0.25 0.06 0.12 0

Table 4. MIC range, cumulative MIC values and percentage of resistant strains at standard and high inoculum testing, for ESBL 
negative Klebsiella pneumoniae strains.
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