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Extended-spectrum b-lactamases (ESBLs) are enzymes found in gram-negative bacilli that mediate resis-
tance to extended-spectrum cephalosporins and aztreonam. In 1999, the National Committee for Clinical
Laboratory Standards (NCCLS) published methods for screening and confirming the presence of ESBLs in
Klebsiella pneumoniae, Klebsiella oxytoca, and Escherichia coli. To evaluate the confirmation protocol, we tested
139 isolates of K. pneumoniae that were sent to Project ICARE (Intensive Care Antimicrobial Resistance
Epidemiology) from 19 hospitals in 11 U.S. states. Each isolate met the NCCLS screening criteria for potential
ESBL producers (ceftazidime [CAZ] or cefotaxime [CTX] MICs were >2 mg/ml for all isolates). Initially, 117
(84%) isolates demonstrated a clavulanic acid (CA) effect by disk diffusion (i.e., an increase in CAZ or CTX
zone diameters of >5 mm in the presence of CA), and 114 (82%) demonstrated a CA effect by broth
microdilution (reduction of CAZ or CTX MICs by >3 dilutions). For five isolates, a CA effect could not be
determined initially by broth microdilution because of off-scale CAZ results. However, a CA effect was observed
in two of these isolates by testing cefepime and cefepime plus CA. The cefoxitin MICs for 23 isolates that failed
to show a CA effect by broth microdilution were >32 mg/ml, suggesting either the presence of an AmpC-type
b-lactamase or porin changes that could mask a CA effect. By isoelectric focusing (IEF), 7 of the 23 isolates
contained a b-lactamase with a pI of >8.3 suggestive of an AmpC-type b-lactamase; 6 of the 7 isolates were
shown by PCR to contain both ampC-type and blaOXA genes. The IEF profiles of the remaining 16 isolates
showed a variety of b-lactamase bands, all of which had pIs of <7.5. All 16 isolates were negative by PCR with
multiple primer sets for ampC-type, blaOXA, and blaCTX-M genes. In summary, 83.5% of the K. pneumoniae
isolates that were identified initially as presumptive ESBL producers were positive for a CA effect, while 5.0%
contained b-lactamases that likely masked the CA effect. The remaining 11.5% of the isolates studied contained
b-lactamases that did not demonstrate a CA effect. An algorithm based on phenotypic analyses is suggested for
evaluation of such isolates.

Resistance to b-lactam antimicrobial agents in gram-nega-
tive bacilli is primarily mediated by b-lactamases. Although a
variety of b-lactamases have been described, the TEM and
SHV enzymes are those most frequently observed among
members of the family Enterobacteriaceae (7, 21). Mutations in
the genes encoding the TEM and SHV b-lactamases can ex-
tend the spectrum of enzyme activity to include penicillins, the
extended-spectrum cephalosporins (ESCs) (e.g., ceftazidime
[CAZ], cefotaxime [CTX], and ceftriaxone), and aztreonam.
Such enzymes are called extended-spectrum b-lactamases
(ESBLs). ESBLs are predominantly derivatives of TEM and
SHV enzymes (7); however, some oxacillin-hydrolyzing (OXA)
(http://www.lahey.org/studies/webt.htm) (26, 36) and CTX-M
b-lactamases (42) also show activity against these antimicrobial
agents. In addition, the AmpC-type b-lactamases, some of

which are encoded on plasmids (7, 10, 15, 20), can also mediate
high-level cephalosporin resistance.

Although the original definition of what constituted an
ESBL was primarily based on the substrates hydrolyzed by the
enzymes, more recently the term ESBL has been limited to
those b-lactamases that are inhibited by clavulanic acid (CA),
in addition to showing the enhanced spectrum of activity.
Although most ESBLs described to date are derived from
TEM-1, TEM-2, and SHV-1, CTX-M and some OXA b-lac-
tamases are also inhibited by CA (26, 35, 42). These latter
classes of b-lactamases are not mentioned in National Com-
mittee for Clinical Laboratory Standards (NCCLS) guidelines
M2-A7 and M7-A5 (29, 30). Thus, there continues to be some
confusion regarding which b-lactamases are correctly classified
as ESBLs.

Confirmation of ESBL production by CA inhibition can be
difficult in some strains, not only because the activity of the
b-lactamase varies with different substrates, but also because
organisms may contain additional resistance mechanisms that
can mask the presence of ESBL activity (L. S. Tzouvelekis,
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A. C. Vatopoulos, G. Katsanis, and E. Tzelepi, Letter, J. Clin.
Microbiol. 37:2388, 1999). These could include AmpC-type
enzymes (7, 31), porin changes (2, 23, 24), and TEM and SHV
b-lactamases that are no longer inhibited by CA due to muta-
tions in the coding sequences (4, 9, 37). Nonetheless, identifi-
cation of ESBLs is important, since the activity of the ESCs in
vivo may not be accurately predicted by susceptibility tests
using the traditional NCCLS breakpoints (29).

In 1999, the NCCLS published methods for screening and
confirming the presence of ESBLs in Klebsiella pneumoniae,
Klebsiella oxytoca, and Escherichia coli (28). This study was
conducted to evaluate the NCCLS ESBL phenotypic confir-
matory tests that use CAZ and CTX with and without the
inhibitor CA to identify the presence of ESBLs in isolates of
K. pneumoniae and to assess the contributions of other b-lac-
tamases to the ESBL phenotype.

MATERIALS AND METHODS

Bacterial isolates. The bacterial isolates selected for this study included 139 K.
pneumoniae isolates from 139 patients from 19 of the hospital laboratories
participating in phases 1 and 2 of Project ICARE (Intensive Care Antimicrobial
Resistance Epidemiology) (1, 14). The laboratories were located in 11 different
U.S. states. The organisms were among those isolated between July 1994 and
January 1997 by participating laboratories. The number of isolates per submit-
ting laboratory ranged from 1 to 41 (median, 3). Isolates from two laboratories
made up 46.8% of the total isolates (24 and 41 isolates per laboratory, respec-
tively); the organisms demonstrated a variety of cephalosporin-resistant pheno-
types and isoelectric focusing (IEF) patterns. The study isolates were chosen
based on CAZ and CTX MICs from broth microdilution antimicrobial suscep-
tibility testing performed for Project ICARE at the Centers for Disease Control
and Prevention by using MIC plates prepared in house with cation-adjusted
Mueller-Hinton broth (Difco brand, BD BioSciences, Sparks, Md.) (27). Isolates
included in this study were those for which the CAZ or CTX MICs were $2
mg/ml, as per the NCCLS screening criteria for ESBL-producing organisms (28).
Cefoxitin MICs were also determined, since, for the purposes of this study,
resistance to cefoxitin was considered a surrogate marker for either porin loss or
the presence of an AmpC-type enzyme (2, 23, 24).

Antimicrobial susceptibility testing. The 139 isolates were subcultured from
270°C storage onto Trypticase soy agar plates containing 5% defibrinated sheep
blood (BD) and then subcultured again before testing. The NCCLS ESBL
phenotypic confirmatory tests with CAZ and CTX (28) were performed with
each organism with the same bacterial suspension for both broth microdilution
and disk diffusion methods. For broth microdilution, MIC plates containing CAZ
(Glaxo-Wellcome, Research Triangle Park, N.C.) and CTX (Sigma, St. Louis,
Mo.) with and without CA (Smith-Kline Beecham, Collegeville, Pa.) were pre-
pared in house with cation-adjusted Mueller-Hinton broth (Difco). CAZ and
CTX (in concentrations of 0.25 to 128 mg/ml) were tested alone and in combi-
nation with 4 mg of CA per ml. A subset of isolates were further tested by broth
microdilution against cefepime (in concentrations of 0.03 to 32 mg/ml) alone and
in combination with 4 mg of CA per ml.

For disk diffusion, Mueller-Hinton agar plates (BD) and disks containing 30
mg of CAZ or CTX (BD), with and without 10 mg of CA, were used for testing.
Disks containing CA were prepared by applying 10 ml of a 1,000-mg/ml CA stock
solution to each disk (28). The prepared disks were allowed to dry for 30 min
before use.

Susceptibility testing results were interpreted according to the criteria estab-
lished by the NCCLS (28). A $3 twofold-concentration decrease in a MIC for
either CAZ or CTX tested in combination with CA versus its MIC when tested
alone, or a $5-mm increase in zone diameter for CAZ or CTX tested in
combination with CA versus its zone when tested alone, was considered indica-
tive of ESBL production (i.e., the presence of a CA effect). Broth microdilution
and disk diffusion tests were repeated for strains showing discrepant results.

Quality control strains used in this study for antimicrobial susceptibility testing
included E. coli ATCC 25922, Pseudomonas aeruginosa ATCC 27853, Staphylo-
coccus aureus ATCC 29213, and the ESBL control strain, K. pneumoniae ATCC
700603. No ranges have been published for testing cefepime plus CA; however,
in-house data collected over 35 test days showed an average decrease of 2
dilutions between cefepime and cefepime plus CA when tested with K. pneu-
moniae ATCC 700603.

IEF and PCR methods. IEF and PCR were used for preliminary character-
ization of the b-lactamases and b-lactamase genes present in the K. pneumoniae
isolates. IEF (8, 25) was performed to identify the number and isoelectric points
of b-lactamases present. Based on our previous experience, bands with pIs of 5.2
to 6.5 were suggestive of TEM, those with pIs of 7.0 to 8.2 were suggestive of
SHV, and those with pIs of $8.3 were suggestive of AmpC-type enzymes (7)
(http://www.lahey.org/studies/webt.htm). While it is recognized that the pIs of
other b-lactamases, such as the CTX-M type (pIs of 7.5 to 8.9) and OXA type
(pIs of 5.5 to 9.0), fall within the IEF ranges used in this study, and the pIs of
some TEM and AmpC-type enzymes fall outside the ranges (http://www.lahey
.org/studies/webt.htm) (5, 12, 16), the suggested IEF ranges, when used in con-
junction with the PCR results, proved to be very effective tools for ESBL char-
acterization.

PCR was used to determine the presence of blaTEM and blaSHV in each
organism as previously described (22, 38). Testing was repeated when there were
discrepancies between PCR and IEF results. A subset of isolates were further
evaluated by PCR for the presence of blaOXA, blaCTX-M, and ampC-type genes.
Oligonucleotide primers designed to amplify the genes encoding the most com-
mon subgroups within the family of OXA b-lactamases are shown in Table 1.
Primers OXA-1F and OXA-1R amplify the genes encoding OXA-1 and the
closely related OXA-4 and OXA-30 b-lactamases. Primers OXA-2F and
OXA-2R amplify the genes encoding OXA-2 and closely related OXA-3, OXA-
15, and OXA-21. Primers OXA-10F and OXA-10R amplify the genes encoding
OXA-10 and the closely related OXA-7, OXA-11, OXA-13, OXA-14, OXA-16,
OXA-17, OXA-19, and OXA-28 enzymes. Primers CTX-M-10F and CTX-M-
10R (Table 1) were selected to amplify a 534-bp blaCTX-M fragment (33). Primers
CTX-M-2F and CTX-M-2R amplify blaCTX-M-2 and related genes (M. Galas, A.
Petroni, R. Melana, A. Corso, M. Rodriguez, M. L. Cacace, A. M. Bru and A.
Rossi, Abstr. 38th Intersci. Conf. Antimicrob. Agents Chemother., abstr. C-174,
p. 119, 1998). Consensus primers used for the detection of ampC-type genes were
those previously described (6). Control organisms included strains of E. coli
containing either the blaTEM-1, blaTEM-9, blaSHV-1, blaSHV-3, blaOXA-3, blaOXA-4,
blaOXA-7, blaCTX-M-5, or blaCTX-M-9 gene. Additional controls included E. coli
C600 (negative control), Enterobacter cloacae P99 (ampC), and Citrobacter freun-
dii 1836 (ampC).

Cycling parameters with primer pairs OXA-1F and OXA-1R or OXA-10F and
OXA-10R included a 5-min denaturation at 96°C, followed by 35 cycles of
denaturation (96°C for 1 min), annealing (61°C for 1 min), and extension (72°C
for 2 min), ending in a final extension period of 72°C for 10 min. These param-
eters differed from amplification with the other oligonucleotide primers as fol-
lows. For OXA-2F plus OXA-2R, the annealing temperature was 65°C. For
CTX-M-2F plus CTX-M-2R, denaturation was at 94°C and the annealing tem-
perature was 58°C. For CTX-M-10F plus CTX-M-10R, the annealing tempera-
ture was 60°C and there was a cycling extension period of 1 min at 72°C. For
CF-A plus CF-B, EC-A plus EC-B, and COL-A plus COL-B, there was a cycling
extension period of 1 min at 72°C and there were annealing temperatures of 54,
64, and 61°C, respectively. The IEF and PCR data were used to predict the
potential resistance mechanisms in the isolates that did not produce a CA effect.

DNA sequence analysis of blaTEM and blaSHV genes was performed with a
subset of isolates. An 867-bp blaTEM amplification product (38) and a 1,017-bp
PCR product amplified with oligonucleotides located outside of the blaSHV

coding region (32) were sequenced following purification on QIAquick spin
columns (Qiagen, Chatsworth, Calif.). Cycle sequencing reactions were per-
formed in a GeneAmp PCR System 9600 thermal cycler with the ABI Prism
dRhodamine Terminator Cycle Sequencing Ready Reaction kit according to
instructions provided by the vendor (Perkin-Elmer, Applied Biosystems Division
[PE-ABI], Foster City, Calif.). Products from sequencing reactions were purified
on Centri-Sep spin columns (Princeton Separations, Adelphia, N.J.) before anal-
ysis on an ABI Prism 377 DNA Sequencer (PE-ABI). In order to eliminate
errors that may have been introduced during amplification, the DNA sequences
of leading and lagging strands were determined for independent PCR products.
DNA sequencing data were analyzed with DNASIS for Windows (Hitachi Soft-
ware Genetic Systems, San Francisco, Calif.).

Pulsed-field gel electrophoresis (PFGE) was performed in the Project ICARE
laboratory on subsets of isolates from the same institution. After overnight
incubation of cultures in Trypticase soy broth (Remel, Lenexa, Kans.), cells were
suspended in 1 mM Tris-EDTA (TE) buffer (10 mM Tris-HCl [Sigma], 1 mM
EDTA [Sigma]) at pH 7.5, centrifuged, and resuspended in 1 mM TE buffer
before the addition of melted 2% SeaPlaque agarose (BioWhittaker Molecular
Applications [BMA], Rockland, Maine) (final agarose concentration 5 1%).
Plugs were prepared in nondisposable plug molds (Bio-Rad Laboratories, Her-
cules, Calif.). Deproteination of the samples was performed by incubating the
plugs in a solution of 0.1 mg of proteinase K per ml (Life Technologies, Inc.,
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Rockville, Md.) in Sarkosyl-EDTA-Tris (SaET) buffer (10 mM Tris-HCI, 0.1 M
EDTA, 1% Sarkosyl [Sigma]) at pH 7.5 overnight in a 55°C water bath. After
deproteination, the plugs were washed for 15 min at least four times in 1 mM TE
buffer, and portions of the plugs were cut and incubated with the restriction
endonuclease XbaI (New England BioLabs, Inc., Beverly, Mass.) overnight in a
37°C water bath. The plugs were placed in a 1% SeaKem Gold agarose (BMA)
gel. The gel was run on a CHEF DR-III (Bio-Rad Laboratories) under the fol-
lowing conditions: pulse time, 5 to 40 s; run time, 16 h; temperature, 14°C; voltage,
6 V/cm. Banding pattern interpretation was based on published criteria (41).

RESULTS

The NCCLS ESBL phenotypic confirmatory tests were per-
formed by disk diffusion and broth microdilution with 139
clinical isolates of K. pneumoniae for which the CAZ or CTX
MICs were $2 mg/ml.

Disk diffusion results. On initial testing by disk diffusion, a
CA effect was observed for 117 (84.2%) isolates; i.e., the zone

diameters for CAZ plus CA or CTX plus CA were at least 5
mm larger than the zone diameters for CAZ or CTX alone
(Table 2). Of the 117 isolates, 104 (88.9%) showed a CA effect
with both CAZ and CTX, 11 (9.4%) showed a CA effect with
CAZ only, and 2 (1.7%) showed a CA effect with CTX only.
The 22 isolates that failed to demonstrate a CA effect by disk
diffusion testing had similar zone sizes for CAZ and CAZ plus
CA and for CTX and CTX plus CA (Table 3); for these 22
isolates, the cefoxitin MICs were .32 mg/ml. Therefore, by
disk diffusion testing, 117 isolates were classified as ESBL
producers (Fig. 1).

Broth microdilution results. By broth microdilution, a CA
effect was observed for 114 (82.0%) isolates (Fig. 2). For these
isolates, the MICs for CAZ plus CA or CTX plus CA were
decreased by $3 dilutions when compared to the MICs for
CAZ or CTX alone (Table 4). Of the 114 isolates, 108 (94.7%)

TABLE 1. Oligonucleotides used for PCR amplification

Primer Nucleotide sequence (59 to 39) Locationa Reference

blaoxa
OXA-1F ACA CAA TAC ATA TCA ACT TCG C 793 34
OXA-1R AGT GTG TTT AGA ATG GTG ATC 1606 34
OXA-2F TTC AAG CCA AAG GCA CGA TAG 234 11
OXA-2R TCC GAG TTG ACT GCC GGG TTG 936 11
OXA-10F CGT GCT TTG TAA AAG TAG CAG 253 17
OXA-10R CAT GAT TTT GGT GGG AAT GG 904 17

blaCTX-M
CTX-M-2F ATG ATG ACT CAG AGC ATT CG 6 3; Galas et al., 38th ICAAC
CTX-M-2R TTA TTG CAT CAG AAA CCG TG 889 3; Galas et al., 38th ICAAC
CTX-M-10F GCA GCA CCA GTA AAG TGA TGG 215 33
CTX-M-10R GCG ATA TCG TTG GTG GTA CC 749 33

ampC
CF-Ab ATT CCG GGT ATG GCC GT 175 6, 20
CF-Bb GGG TTT ACC TCA ACG GC 1010 6, 20
EC-Ac CCC TTT GCT GCG CCC TGC 57 6, 15
EC-Bc TGC CGC CTC AAC GCG TGC 1162 6, 15
COL-Ad ACG ACG CTC TGC GCC TTA 69 6, 18
COL-Bd AAG AAT CTG CCA GGC GGC 1178 6, 18

a Position number corresponds to the location of the first 59 base of the oligonucleotide within the b-lactamase gene cited.
b Consensus sequences of ampC genes of Citrobacter freundii.
c Consensus sequences of ampC genes of Enterobacter cloacae.
d Primers are specific for the ampC gene of E. coli K-12.

TABLE 2. Distribution of zone diameters among 117 isolates demonstrating a CA effect

Zone
size

(mm)

CAZ CAZ plus CA Zone
size

(mm)

CTX CTX plus CA

No. of
isolates Cumulative % No. of

isolates Cumulative % No. of
isolates Cumulative % No. of

isolates Cumulative %

6–8 57a 48.7 6–8 3 2.6
9–11 21 66.7 9–11 6 7.7

12–14 22 85.5 5 4.3 12–14 33c 35.9
15–17 8 92.3 1 5.1 15–17 29 60.7 2 1.7
18–20 6 97.4 2 6.8 18–20 24 81.2 4 5.1
21–23 3 100 31 33.3 21–23 9 88.9 5.1
24–26 52b 77.8 24–26 8 95.7 8 12.0
27–29 25 99.1 27–29 3 98.3 42 47.9
30–32 1 100 30–32 2 100 55d 94.9
33–35 33–35 6 100

a Mode 5 6 mm.
b Mode 5 25 mm.
c Mode 5 12 mm.
d Mode 5 31 mm.
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demonstrated a CA effect with both CAZ and CTX; the other
6 (5.3%) isolates showed a CA effect for CAZ only. The results
for 5 of the 139 isolates were indeterminate, because the CAZ
MICs were above the highest dilution tested (.128 mg/ml) and
the CAZ plus CA MICs ranged from 64 (CAZ)/4 (CA) to
.128/4 mg/ml (Fig. 2). The data for the remaining 20 isolates
that failed to demonstrate a CA effect by broth microdilution
testing are shown in Table 5.

The five isolates yielding indeterminate results were retested
by broth microdilution with cefepime and cefepime plus CA in
an attempt to obtain on-scale results. A $3 twofold-dilution
decrease in cefepime MIC was demonstrated for two of the
five isolates, 1402 and 1551.1 (Table 6), which were also shown
by disk diffusion to demonstrate a CA effect. Therefore, by
broth microdilution testing, 116 (83.5%) isolates were classi-
fied as ESBL producers.

IEF and PCR testing. All 139 isolates were examined by IEF
to determine their b-lactamase profiles and by PCR to deter-
mine the presence of blaTEM and blaSHV. IEF analysis revealed
that 136 of 139 isolates contained b-lactamases consistent with
TEM or SHV as defined in this study. The three remaining
isolates each demonstrated a single IEF band with a pI of 6.7,
6.85, or 8.5. A blaSHV gene product was detected in all three
isolates by PCR, and each isolate demonstrated a CA effect.

One of the 136 isolates demonstrated four bands by IEF (pIs of
5.7, 6.6, 7.1, and 7.5), consistent with the presence of both
TEM and SHV b-lactamases; however, repeated PCR testing
produced a product consistent only with blaSHV. No blaOXA

gene was detected in this isolate by PCR, nor did it demon-
strate a CA effect.

When tested by PCR, 138 of 139 isolates contained either
blaSHV, blaTEM, or both. The single isolate that was negative
repeatedly for blaSHV and blaTEM nonetheless produced one
IEF band of pI 7.65 and demonstrated a CA effect with CAZ
and CTX. The identity of this b-lactamase is under investiga-
tion.

IEF bands with pIs of $8.3 were noted in 30 of the 139
isolates, 23 of which showed a CA effect by broth microdilu-
tion, including strain 1551.1 which showed a CA effect by
cefepime testing (Fig. 2). The cefoxitin MICs for these strains
ranged from 4 to .32 mg/ml, suggesting that b-lactamases
other than an AmpC type may be present. The seven isolates
that failed to show a CA effect (including strain 1805) demon-
strated cefoxitin MICs of .32 mg/ml (Fig. 2). Six of the seven
isolates were shown by PCR to contain both an ampC-type
gene and a blaOXA gene. The seventh isolate (strain 1805) was
positive only with blaTEM primers. No blaCTX-M genes were
identified in any of the seven isolates.

FIG. 1. Flowchart of disk diffusion and IEF test results.

TABLE 3. Distribution of zone diameters among 22 isolates failing to demonstrate a CA effect

Zone
size

(mm)

CAZ CAZ plus CA Zone
size

(mm)

CTX CTX plus CA

No. of
isolates Cumulative % No. of

isolates Cumulative % No. of
isolates Cumulative % No. of

isolates Cumulative %

6–8 3 13.6 1 4.5 6–8
9–11 5 36.4 5 27.3 9–11 1 4.5 1 4.5

12–14 7a 68.2 7 59.1 12–14 2 13.6 2 13.6
15–17 5 90.9 7b 90.9 15–17 4 31.8 4 31.8
18–20 90.9 90.9 18–20 9c 72.7 11d 81.8
21–23 1 95.5 1 95.5 21–23 4 90.9 2 90.9
24–26 1 100 95.5 24–26 1 95.5 1 95.5
27–28 1 100 27–28 1 100 1 100

a Mode 5 12 mm.
b Mode 5 16 mm.
c Mode 5 19 mm.
d Mode 5 19 mm.

VOL. 39, 2001 K. PNEUMONIAE CHARACTERIZATION BY NCCLS ESBL METHODS 2867



Sixteen of the 23 isolates that failed to demonstrate a CA
effect by broth microdilution had b-lactamases with pIs of #7.5
and gave negative results by PCR for blaOXA, blaCTX-M, and
ampC-type genes. The reasons for the lack of a CA effect in
these isolates are unclear. Thirteen of the 16 isolates were from
one laboratory; 11 contained both blaSHV and blaTEM, and 2
contained only blaSHV. PFGE analysis of the 13 isolates
showed (i) one cluster of three related isolates (all with similar
MICs and IEF profiles), (ii) another cluster of four related
isolates (with different numbers of b-lactamases and various
MICs), and (iii) six isolates with unique PFGE patterns (data
not shown). Thus, the 13 isolates did not represent dissemina-
tion of a single clone. However, 12 of the 13 isolates contained
an IEF band with a pI between 6.8 and 7.1, possibly indicating
the presence of either a plasmid-borne b-lactamase gene other

than blaTEM or blaSHV or a blaOXA or ampC variant that was
undetected by the oligonucleotide primers used. The other
three isolates that failed to show a CA effect were from three
different laboratories. Although these isolates all contained
blaSHV and blaTEM, they differed in the number and pIs of
b-lactamases present in their IEF profiles.

DNA sequence analysis of b-lactamase genes from 5 of the
16 isolates (chosen on the basis of their unique patterns) failed
to reveal the presence of a blaTEM or blaSHV with mutations
known to confer resistance to b-lactamase inhibitors, such as
CA or sulbactam (4, 9, 37) (http://www.lahey.org/studies/webt
.htm), nor did the genes examined appear to encode mutations
associated with ESBL phenotypes.

Discrepancies between broth microdilution and disk diffu-
sion results. Discrepant results were noted with three isolates,

FIG. 2. Flowchart of broth microdilution and IEF test results. Only isolates that did not demonstrate a CA effect were tested by PCR for the
presence of ampC-type genes.

TABLE 4. Distribution of MICs among 114 isolates demonstrating a CA effect

CAZ CAZ plus CA CTX CTX plus CA

CAZ
MIC

(mg/ml)

No. of
isolates Cumulative %

CAZ/CA
MIC

(mg/ml)

No. of
isolates Cumulative %

CTX
MIC

(mg/ml)

No. of
isolates Cumulative %

CTX/CA
MIC

(mg/ml)

No. of
isolates Cumulative %

#0.25 #0.25/4 41a 36.0 #0.25 1 0.9 #0.25/4 107a 93.0
0.5 0.5/4 34 65.8 0.5 1 1.8 0.5/4 4 97.4
1 1/4 31 93.0 1 4 5.3 1/4 97.4
2 1 0.9 2/4 5 97.4 2 7 11.4 2/4 97.4
4 2 2.6 4/4 97.4 4 8 18.4 4/4 1 98.2
8 4 6.1 8/4 97.4 8 13 29.8 8/4 1 99.1

16 4 9.7 16/4 97.4 16 13 41.2 16/4 1 100
32 4 13.2 32/4 3 100 32 26 64.0 32/4
64 16 27.2 64/4 64 27a 87.7 64/4

128 17 42.1 128/4 128 10 96.5 128/4
.128 66a 100 .128/4 .128 4 100 .128/4

a Mode.
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all of which produced borderline CA effects. Broth microdilu-
tion, but not disk diffusion, indicated a CA effect in isolate 976;
however, the CAZ result was off-scale. On repeat testing, the
CA effect was not observed (Table 7). By PCR, this isolate
contained a blaTEM gene. Similarly, a CA effect was observed
initially for isolate 1824 by disk diffusion, but not broth mi-
crodilution. However, the CA effect was not reproducible. The
final isolate, 9632.1, gave borderline positive results by both
broth microdilution and disk testing, but never simultaneously.
The disk results decreased from 5 mm on initial testing (pos-
itive CA effect) to 3 to 4 mm on repeat testing (Table 7), while
broth microdilution testing initially showed a 2-dilution differ-
ence, but gave a 3-dilution difference on repeat testing. Both
isolates 1824 and 9632.1 contained blaTEM, blaSHV, blaOXA,
and ampC-type genes by PCR.

DISCUSSION

The NCCLS disk diffusion and broth microdilution ESBL
confirmatory tests worked well for the 139 K. pneumoniae study
isolates identified as potential ESBL producers by NCCLS
screening criteria. By disk diffusion and broth microdilution
testing, 117 (84.2%) and 114 (82.0%) of isolates tested, respec-
tively, were confirmed as ESBL producers. Broth microdilu-
tion tests with cefepime and cefepime plus CA demonstrated a
CA effect in two additional isolates, bringing the total to 116
confirmed ESBL producers by broth microdilution.

Broth microdilution testing failed to demonstrate a CA ef-
fect in 23 isolates even though they contained blaTEM and
blaSHV genes. Seven of the 23 isolates demonstrated IEF bands

with pIs of $8.3. Six of the seven also contained both AmpC
and OXA b-lactamases (confirmed by ampC- and blaOXA-
specific PCR assays), which, if not directly responsible for the
ESC-resistant phenotype, likely masked any CA effect that may
have been present. The remaining 16 isolates that failed to show
a CA effect were negative by PCR for ampC-type, blaOXA, and
blaCTX-M genes and contained b-lactamases with pIs outside
the ranges observed for TEM and SHV in this study. This
collection of isolates from four different hospitals probably
represents multiple mechanisms of cephalosporin resistance
that are not subject to CA inhibition. These may include genes
encoding OXA enzymes (7, 21, 26) or AmpC-type enzymes (7,
31; Tzouvelekis et al., Letter) not covered by our primer sets,
hyper b-lactamase production (13, 39, 43), porin changes (23),
or novel inhibitor-resistant b-lactamases.

For most of the ESBL-producing isolates for which a CA
effect was observed, the confirmatory test results comparing
CAZ to CAZ plus CA and CTX to CTX plus CA were easily
interpreted. Broth microdilution tests typically demonstrated
MIC differences of $5 twofold dilutions, and disk diffusion
tests showed zone diameter differences of $10 mm between
the antimicrobial agent and its inhibitor combination. Rela-
tively few of the results differed by only 3 to 4 dilutions or 5 to
7 mm, which made interpretation more difficult. One strain
gave borderline results by both methods even on repeat testing.

Interpretation of NCCLS confirmatory test results produced
by broth microdilution was not possible when the CAZ MICs
were off-scale (.128 mg/ml). This occurred with five isolates
for which CTX results were on-scale but did not show a CA

TABLE 5. Distribution of MICs among 20 isolates failing to demonstrate a CA effect

CAZ CAZ plus CA CTX CTX plus CA

CAZ
MIC

(mg/ml)

No. of
isolates Cumulative %

CAZ/CA
MIC

(mg/ml)

No. of
isolates Cumulative %

CTX
MIC

(mg/ml)

No. of
isolates Cumulative %

CTX/CA
MIC

(mg/ml)

No. of
isolates Cumulative %

#0.25 #0.25/4 #0.25 #0.25/4
0.5 0.5/4 1 5.0 0.5 1 5.0 0.5/4 1 5.0
1 1/4 5.0 1 1 10.0 1/4 5.0
2 1 5.0 2/4 5.0 2 10.0 2/4 1 10.0
4 1 10.0 4/4 1 10.0 4 1 15.0 4/4 2 20.0
8 10.0 8/4 10.0 8 3 30.0 8/4 8a 60.0

16 4 30.0 16/4 2 20.0 16 9a 75.0 16/4 7 95.0
32 4 50.0 32/4 8a 60.0 32 4 95.0 32/4 95.0
64 3 65.0 64/4 4 80.0 64 95.0 64/4 95.0

128 7a 100 128/4 4 100 128 1 100 128/4 1 100
.128 .128/4 .128 .128/4

a Mode.

TABLE 6. Cefepime and cefepime plus CA results for isolates in which a $3-dilution difference between CAZ and CAZ plus CA
could not be calculated

Isolate
Broth microdilution MIC (mg/ml)a Disk diffusion zone size (mm)a

CAZ CAZ/CA CTX CTX/CA Cefepime Cefepime/CA CAZ CAZ plus CA CTX CTX plus CA

919 .128 128/4 32 16/4 1 1/4 7 9 16 16
1400 .128 .128/4 64 32/4 2 1/4 6 8 14 14
1402 .128 128/4 32 8/4 4 0.5/4 6 12 15 19
1551.1 .128 64/4 64 32/4 8 0.25/4 6 14 14 16
1805 .128 128/4 32 32/4 1 1/4 8 11 13 14

a Boldface values indicate CA effect.
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effect. In these isolates, the results of testing cefepime and
cefepime plus CA, a test not specified in NCCLS guidelines,
were used to demonstrate a CA effect in two of the isolates.
While both of these isolates, 1551.1 and 1402, were thought to

produce an AmpC-type enzyme based on their IEF profile, an
ampC fragment was amplified by PCR only from the former.
However, there are additional ampC genes that are not de-
tected by our three PCR primer sets, and isolate 1402 may

FIG. 3. Algorithm for ESBL testing by phenotypic methods.

TABLE 7. Disk diffusion versus broth microdilution discrepancies

Isolate Band suggestive of
AmpC on IEF

Broth microdilution MIC (mg/ml)a Disk diffusion zone size (mm)a

CAZ CAZ/CA CTX CTX/CA CAZ CAZ plus CA CTX CTX plus CA

976 Yes (pI 8.5) .128 32/4 16 16/4 11 15 19 19
Repeat 128 64/4 8 16/4 10 14 19 16
Repeat 128 64/4 8 16/4 10 14 19 16

1824 Yes (pI 8.4) 128 32/4 16 16/4 11 16 16 17
Repeat 128 32/4 16 16/4 12 16 17 17
Repeat 128 64/4 32 32/4 12 16 17 16

9632.1 Yes (pI 8.6) 128 32/4 16 8/4 8 13 18 18
Repeat .128b 64/4 16 16/4 8 11 14 15
Repeat .128 32/4 16 16/4 7 11 15 14

a Boldface values indicate CA Effect.
b Cefepime MIC 5 1 mg/ml; cefepime/CA MIC 5 0.25/4 mg/ml.
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contain such a gene. The MICs of cefepime, a cephalosporin
with activity against Enterobacter, Serratia, and Pseudomonas
species containing AmpC chromosomal b-lactamases, are of-
ten lower than those of CAZ and CTX for ESBL-producing
Klebsiella species (19, 24, 40). Therefore, testing this antimi-
crobial agent in conjunction with CA can serve as a secondary
indicator of ESBL production, particularly in organisms con-
taining AmpC-type b-lactamases. Alternatively, the range of
concentrations for CAZ could be extended beyond 128 mg/ml
to improve performance of the broth microdilution test among
isolates with higher MICs.

Difficulty in interpretation of CTX MICs also occurred due
to off-scale results, but these were because the MICs were
below the range tested rather than above it. For six ESBL
producers, a $3-dilution difference between the CTX and
CTX plus CA MICs could not be calculated because the CTX
MIC range was #0.25 to 1.0 mg/ml and the CTX plus CA MICs
were below the test range (#0.25 mg/ml). However, in these
cases, the CAZ and CAZ plus CA results were on-scale and
confirmed ESBL production.

Most isolates contained either blaSHV, blaTEM, or both by
PCR (138 of 139 [99%]) and contained bands suggestive of
either TEM, SHV, or both by IEF testing (136 of 139 [98%]).
Together, IEF and PCR make excellent screening tools for
studying ESBL-containing strains of K. pneumoniae. The single
isolate that was negative for blaSHV and blaTEM contains a
b-lactamase that has yet to be identified. Three isolates were
positive for blaSHV by PCR but contained only IEF bands
outside the range defined for SHV enzymes (with pIs of 6.7,
6.85, and 8.5). This suggests that our IEF range for SHV
enzymes may require adjustment for future screening studies.
Given the ever increasing number of PCR primer sets required
to identify b-lactamase genes (10 sets were used in this study,
and several genes still remain unidentified), IEF remains a key
tool for characterizing b-lactamase-producing isolates.

For this study, we chose K. pneumoniae isolates that were
potential ESBL-producing organisms based on the NCCLS
ESBL MIC screening criteria of $2 mg/ml for CAZ or CTX.
Laboratories that screen for ESBL production by using the
traditional intermediate or resistant breakpoints for CAZ and
CTX may fail to detect potential ESBL producers. In this
study, if a CTX MIC of .8 mg/ml had been used for screening
for potential ESBL-producing strains, 34 confirmed ESBL pro-
ducers would have been missed (Table 4). Similarly, if a CAZ
MIC of .8 mg/ml had been used for screening, seven con-
firmed ESBL producers would have been missed. For disk
diffusion, the traditional breakpoints of $22 mm for CTX and
$17 mm for CAZ would have missed 13 and 9 ESBL-produc-
ing isolates, respectively (Table 2). In addition, disk diffusion
testing of both CAZ and CTX with and without CA, as per
NCCLS recommendations, confirmed more isolates as ESBL
producers than did testing only CAZ and CAZ plus CA or
CTX and CTX plus CA, alone.

Similar to results published by Coudron et al. (10), we found
cefoxitin resistance was a nonspecific indicator of AmpC b-lac-
tamase production. Among the 23 isolates that failed to show
a CA effect by broth microdilution, cefoxitin failed to differ-
entiate among those with proven ampC resistance versus iso-
lates with other mechanisms of resistance. Thus, cefoxitin did
not prove useful in our study. To help guide laboratories in

ESBL detection, we have developed an algorithm for ESBL
testing based on phenotypic analysis. It is shown in Fig. 3.
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