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To determine whether confirmatory tests for extended-spectrum �-lactamase (ESBL) production in Esche-
richia coli are necessary, we selected 131 E. coli isolates that met the National Committee for Clinical
Laboratory Standards (NCCLS) screening criteria for potential ESBL production from the Project ICARE
(Intensive Care Antimicrobial Resistance Epidemiology) strain collection. For all 131 isolates, the broth
microdilution (BMD) MIC of at least one extended-spectrum cephalosporin was >2 �g/ml. For 21 of 131 (16%)
isolates, the ESBL confirmatory test was positive; i.e., the BMD MICs of ceftazidime or cefotaxime decreased
by >3 doubling dilutions in the presence of clavulanic acid (CA) or the disk diffusion zone diameters increased
by >5 mm around ceftazidime or cefotaxime disks in the presence of CA. All 21 isolates were shown by PCR
to contain at least one of the genes blaTEM, blaSHV, and blaOXA, and in isoelectric focusing (IEF) tests, all
isolates demonstrated at least one �-lactamase band consistent with a TEM, SHV, or OXA enzyme. Of the 21
isolates, 3 showed a CA effect for cefotaxime by BMD but not by disk diffusion testing. A total of 59 (45%) of
the 131 isolates demonstrated decreased susceptibility to cefpodoxime alone (MIC � 2 to 4 �g/ml), and none
had a positive ESBL confirmatory test result. These were classified as false positives according to ESBL screen
test results. For the remaining 51 (39%) isolates, the cefpodoxime MICs ranged from 16 to >128 �g/ml and
the MICs for the other extended-spectrum cephalosporins were highly variable. All 51 isolates gave negative
ESBL confirmatory test results. Most showed IEF profiles consistent with production of both a TEM and an
AmpC �-lactamase, and representative isolates of several phenotypic groups showed changes in porin profiles;
these 51 isolates were considered true negatives. In all, only 16% of 131 E. coli isolates identified as potential
ESBL producers by the current NCCLS screening criteria were confirmed as ESBL producers. Thus, changing
the interpretation of extended-spectrum cephalosporins and aztreonam results from the susceptible to the
resistant category without confirming the presence of an ESBL phenotype would lead to a large percentage of
false resistance results and is not recommended. However, by increasing the cefpodoxime MIC screening
breakpoint to >8 �g/ml, 45% of the false-positive results could be eliminated. NCCLS has incorporated this
change in the cefpodoxime screening breakpoint in its recent documents.

Extended-spectrum �-lactamases (ESBLs) are enzymes pro-
duced by some gram-negative bacilli that mediate resistance to
extended-spectrum cephalosporins and aztreonam (4, 6, 14).
ESBLs are most commonly recognized in Klebsiella spp. and
Escherichia coli but have also been detected in a variety of
Enterobacteriaceae and Pseudomonas aeruginosa isolates (6;
G. A. Jacoby and K. Bush website [http://www.lahey.org/studies
/webt.htm]). Resistance mediated by ESBLs can be difficult to
detect, depending on the antimicrobial agents tested (4, 29,
31). The National Committee for Clinical Laboratory Stan-
dards (NCCLS) recommends using one or more of the anti-
microbial agents aztreonam, cefpodoxime, ceftazidime, cefo-
taxime, and ceftriaxone (20–22) to screen for ESBL activity.
The presence of ESBL activity in an isolate that is positive by
the screening test should be confirmed by testing the isolates

with cefotaxime and ceftazidime in the presence and absence
of clavulanic acid (CA) to determine whether enzymatic hy-
drolysis of the cephalosporin tested is inhibited in the presence
of CA (20, 21). While the term ESBL traditionally referred just
to TEM and SHV �-lactamases, there is a growing number of
�-lactamases, including OXA-type and CTX-M-type enzymes,
that can also hydrolyze extended-spectrum cephalosporins and
are inhibited by CA (4, 14, 19, 32).

The family of AmpC �-lactamases includes the chromo-
somal enzymes of E. coli, Enterobacter spp., Citrobacter spp.,
Morganella spp., Proteus spp., P. aeruginosa, and other species
(5, 10, 12, 13, 24) in addition to a growing number of plasmid-
mediated �-lactamases related to the above enzymes (3, 6, 14,
27). These �-lactamases also mediate resistance to extended-
spectrum cephalosporins and aztreonam in addition to cepha-
mycins such as cefoxitin and cefotetan (6; Jacoby and Bush
[http://www.lahey.org/studies/webt.htm]). Unlike ESBLs, how-
ever, AmpC �-lactamases are not inhibited by CA (6, 14).
Thus, testing isolates in the presence of cefotaxime and cefta-
zidime with and without CA can usually differentiate ESBL-
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producing strains from AmpC-producing strains, provided that
ESBL-containing strains don’t harbor additional �-lactamases
or porin changes that mask the CA effect. Survey data from
laboratories participating in CDC’s Foodnet program, how-
ever, suggest that many laboratories do not perform the ESBL
confirmation tests (9). When the specificity of the NCCLS
ESBL screening breakpoints (i.e., �2 �g/ml for cefpodoxime,
ceftazidime, ceftriaxone, cefotaxime, or aztreonam) is high, as
has recently been shown for Klebsiella pneumoniae (29), omit-
ting confirmatory testing may be acceptable. However, to our
knowledge, such specificity data have not been reported for E.
coli. Thus, we selected 131 E. coli isolates from the Project
ICARE (Intensive Care Antimicrobial Resistance Epidemiol-
ogy) (1, 11) strain collection that met the NCCLS screening
criteria for potential ESBL production and characterized their
�-lactamases by isoelectric focusing (IEF) tests and their �-lac-
tamase gene profiles by PCR assays to determine the specificity
of the NCCLS ESBL screening breakpoints to ascertain
whether the CA tests were, indeed, necessary.

MATERIALS AND METHODS

Bacterial strains. E. coli isolates for which the MIC of at least one extended-
spectrum cephalosporin or aztreonam was �2 �g/ml were collected from 26
Project ICARE laboratories during a 4-year period. Organisms were identified
using standard biochemical reactions (2) or Vitek GNI or GNI� cards (bi-
oMérieux, Durham, N.C.).

Antimicrobial susceptibility testing. All isolates were stored at �70°C until
used. Each isolate was grown in subcultures on Trypticase soy agar containing
5% sheep blood (BD BioSciences, Sparks, Md.) two times prior to testing. Using
MIC trays made in house according to the NCCLS procedure (20), organisms
were tested by the NCCLS broth microdilution (BMD) reference method de-
scribed in document M7-A5 (20). MIC trays contained ceftazidime, cefotaxime,
ceftriaxone, cefpodoxime, and aztreonam, both alone and with 4 �g of CA/ml.
Organisms were also tested using the NCCLS disk diffusion reference method
M2-A7 (21), and the results were interpreted using the M100-S10 standard (22).
Confirmation of ESBL activity was undertaken by testing cefotaxime and cefta-
zidime in the presence and absence of CA as described previously by the NCCLS
(20, 21). Isolates for which MICs of cefotaxime or ceftazidime decreased by �3
twofold dilutions when tested in the presence of CA or zone diameters increased
by �5 mm in the presence of CA were considered positive for ESBLs. Quality-
control organisms included E. coli ATCC 25922, K. pneumoniae ATCC 700603,
Staphylococcus aureus ATCC 29213, and S. aureus ATCC 25923.

IEF. IEF tests were performed on cell extracts as previously described (7, 17).
�-Lactamase bands within the following isoelectric point (pI) ranges were cate-
gorized as consistent with the following enzymes (4, 12): pI 5.2 to 5.7, TEM; pI
7.4 to 8.2, SHV; pI 7.0 to 7.2, OXA; and pI 8.3 to 8.6, AmpC. As previously noted
(29), these ranges are not exclusive of other �-lactamases but served as a screen-
ing method for detection of ESBLs in conjunction with PCR results.

PCR assays. PCR assays to determine the presence of the blaTEM and blaSHV

�-lactamase genes were performed as described previously (15, 28). The PCR
assays used for blaOXA and blaCTX-M �-lactamase genes were those described by
Steward et al. (29).

PCR amplification of ampC promoter and attenuator regions. Primers AB1
(5�-GATCGTTCTGCCGCTGTG-3�) and ampC2 (5�-GGGCAGCAAATGTG
GAGCAA-3�) were used to amplify the E. coli ampC promoter and attenuator
regions as previously described (8). The forward and reverse sequences of the
amplification products were determined using products from two independent
PCRs as templates.

OMP profile determination. Outer-membrane proteins (OMPs) were isolated
from selected strains as previously described (28). Briefly, cells were grown to
mid-log phase in nutrient broth and harvested by centrifugation. Cell pellets were
washed and resuspended in sodium phosphate buffer (pH 7.0), and the cell walls
were disrupted by treatment with lysozyme and sonication. Total membrane
proteins were separated from cell debris by differential centrifugation. Sarkosyl-
insoluble OMPs were resolved by sodium dodecyl sulfate-polyacrylamide gel
electrophoresis through 10% polyacrylamide–8 M urea gels. E. coli strains C600,
MH513 (OmpF�), and MH225 (OmpC�) (which were the generous gift of
Thomas Silhavy) were used as controls.

PFGE. Using the restriction enzyme BlnI, pulsed-field gel electrophoresis
(PFGE) was performed on subsets of isolates from the same institution as
previously described (29). The gels were run on a CHEF DR-III apparatus
(Bio-Rad Laboratories, Hercules, Calif.) under the following conditions: pulse
time, 2.5 to 60 s; run time, 21.5 h; temperature, 14°C; voltage, 6 V/cm. Banding
pattern interpretation was based on published criteria (30).

RESULTS

Screening for ESBLs. One hundred thirty-one isolates of E.
coli were tested by using the NCCLS ESBL confirmation pro-
cedures (20, 21). For each of the 131 isolates, the MICs of at
least one extended-spectrum cephalosporin or aztreonam were
�2 �g/ml (i.e., the isolates were ESBL screening test positive
by NCCLS criteria). A total of 21 (16%) isolates (with 18
different PFGE profiles) from 12 different hospitals showed a
more than threefold doubling dilution decrease in the BMD
MIC of either cefotaxime or ceftazidime or both when tested in
the presence of CA (i.e., a CA effect). Of the 21 isolates, 18
also showed a �5-mm increase in the diameter of the zone of
inhibition around the cefotaxime or ceftazidime disk. All 21
isolates were positive for blaTEM, blaSHV, or blaOXA or a com-
bination of those genes by PCR, and according to the results of
IEF testing, all demonstrated at least one �-lactamase band
consistent with the presence of a TEM, SHV, or OXA enzyme.
The patterns of the PCR and IEF results for these isolates are
shown in Table 1. According to IEF test results, a total of 11
isolates contained multiple �-lactamases.

Of 21 ESBL-producing isolates, 3 (of which demonstrated a
different PFGE profile) showed a CA effect for cefotaxime by
BMD but not by disk diffusion testing. For isolate EC1013, the
cefpodoxime, cefotaxime, ceftazidime, and ceftriaxone MICs
were 4, 2, 0.25, and 0.5 �g/ml, respectively (data not shown).
Although the ceftazidime MIC decreased by only a single di-
lution when tested with CA, the cefotaxime MIC decreased
from 2 to 0.25 �g/ml with CA, a threefold doubling dilution
change. However, there was no increase in the zone sizes
around ceftazidime and cefotaxime disks when tested in the
presence of CA. This isolate was positive by PCR for blaTEM

and showed a single �-lactamase band of pI 5.4 by IEF testing.
The other two isolates contained �-lactamases with pIs of 7.2
and 7.6 (EC3521) and 7.1 (EC3871), were positive only with
blaOXA primers, and demonstrated ceftazidime MICs of 1.0

TABLE 1. PCR and IEF profiles of isolates that demonstrate
a CA effect (ESBL producers)

No. of
isolates

(n � 21)
PCR result IEF profile(s)

(no. of isolates)

8 blaTEM � blaSHV positive 5.4, 5.6, 6.6, 8.1 (4)
5.4, 6.6, 8.1 (1)
5.3, 8.1 (2)
7.7 (1)

1 blaTEM � blaSHV � blaOXA
positive

5.3, 6.5, 8.0 (1)

8 blaTEM positive only 5.6 (3)
5.3–5.4 (5)

1 blaTEM � blaOXA positive 5.2, 5.5, 8.4 (1)
1 blaSHV � blaOXA positive 7.1, 8.1 (1)
2 blaOXA positive only 7.2, 7.6 (1)

7.1 (1)
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and 0.5 �g/ml, ceftriaxone MICs of 0.5 and 1.0 �g/ml, and
cefotaxime MICs of 2 and 8 �g/ml, respectively. A CA effect
was noted only for cefotaxime for both strains; in each case, the
cefotaxime MICs decreased by 3 dilutions in the presence of
CA. This demonstrates that CA confirmation test results can
show inconsistencies among both the drugs and methods used.
However, regardless of the method, NCCLS requires only one
of the ESBL tests to be positive for an organism to be desig-
nated an ESBL producer. Since 18 of 21 (86%) ESBL-positive
isolates also demonstrated nonsusceptible results for cefoxitin
(i.e., MICs � 16 �g/ml), cefoxitin MIC results could not be
used to differentiate between those isolates harboring ESBLs
and those harboring AmpC �-lactamases or other mechanisms
of cephalosporin resistance.

Isolates for which cefpodoxime alone showed an increased
MIC that do not show a CA effect. For fifty-nine (45%) isolates
showing a wide variety of PFGE profiles, the cefpodoxime
MICs were elevated just enough to make them ESBL screen
test positive (at 2 to 4 �g/ml), while the ceftazidime and cefo-
taxime MICs remained low or unchanged (�1 �g/ml) from
levels typically observed for susceptible E. coli strains (25). No
CA effect was observed with cefotaxime or ceftazidime for any
of these isolates. A total of 33 isolates were positive by PCR for
blaTEM only; one of those isolates showed three �-lactamase
bands by IEF testing. Six isolates were positive by PCR for
blaOXA, but none of the 59 isolates was positive for blaSHV. The
PCR and IEF patterns of the isolates are shown in Table 2.
One of the 20 isolates that were negative for blaTEM, blaOXA,
and blaSHV by PCR also failed to demonstrate the presence of
a �-lactamase by IEF testing and appeared to lack changes in
its OMPs (26). Thus, the mechanism of decreased susceptibil-
ity to cephalosporins remains unclear.

Isolates for which cefotaxime and ceftazidime showed in-
creased MICs that do not show a CA effect. The remaining 51
(39%) isolates, which also failed to show a CA effect by BMD
testing with cefotaxime and ceftazidime, constituted a very
heterogeneous group of isolates with widely divergent PFGE
profiles. The cefpodoxime MICs ranged from 16 to �128 �g/
ml, and ceftazidime MICs ranged from 4 to 128 �g/ml. The
�-lactamase profiles of these isolates were similar to those of
isolates showing decreased susceptibility to cefpodoxime alone
(Table 3). A total of 31 of the isolates produced both a TEM
�-lactamase (pI 5.3 to 5.5) and the E. coli AmpC chromosomal
�-lactamase (pI � 8.3); all 31 were positive by PCR for blaTEM.
Of those isolates, 10 were negative by PCR for blaTEM, blaSHV,

and blaOXA, although one showed an IEF profile consistent
with the presence of enzymes other than an AmpC �-lacta-
mase. Five isolates had IEF and PCR results consistent with
the presence of OXA-type �-lactamases.

The ampC promoter and attenuator regions of 35 isolates
that had an antibiogram result consistent with enhanced
AmpC expression (i.e., cefpodoxime MICs � 64 �g/ml, cefta-
zidime MICs � 8 �g/ml, cefotaxime MICs � 8 �g/ml, and
cefoxitin MICs � 32 �g/ml) and produced a �-lactamase band
with a pI of �8.3 in IEF testing were sequenced to determine
whether mutations in these regions were responsible for en-
hanced resistance to cephalosporins (8). The DNA sequence
results fell into five groups: (i) 7 isolates showed a previously
observed 2-bp insertion between the �35 and �10 regions and
five base changes in the attenuator loop, including several that
have been associated with enhanced expression of ampC; (ii)
10 isolates displayed novel as well as previously reported mod-
ifications in both the promoter and attenuator loops; (iii) 3
isolates showed no modifications in the attenuator loop but
displayed either five or six base changes in the promoter which
are thought to increase transcription of ampC; (iv) 6 isolates
displayed several novel modifications in the promoter region
but none in the attenuator loop; and (v) 9 isolates showed no
changes in the promoter or attenuator loop when compared to
those harboring the wild-type E. coli sequence. The MIC pro-
files of the extended-spectrum cephalosporins were not con-
sistent within the groups showing the same mutational profiles.
This suggested that changes in OMPs may have contributed to
or been responsible directly for the elevated extended-spec-
trum cephalosporin MICs in these isolates. Thus, eight isolates
representing the various promoter and attenuator sequence
groups were examined for changes in porin profiles. All eight
isolates showed alterations in the porin profiles compared to E.
coli C600 (Fig. 1), suggesting that alteration in OmpF and
OmpC contributed to the enhanced resistance of these isolates
to extended-spectrum cephalosporins.

DISCUSSION

In this study of 131 E. coli that gave positive ESBL screen
test results according to NCCLS criteria, only 21 (16%) of the
isolates actually contained an ESBL, as shown by performing
the NCCLS confirmation tests by BMD and disk diffusion with

TABLE 2. PCR and IEF profiles of isolates that do not
demonstrate a CA effect but show decreased susceptibility to

cefpodoxime only

No. of isolates
(n � 59) PCR result IEF profile(s)

(no. of isolates)

33 blaTEM positive only 5.4, 5.7, 6.8 (1)
5.3–5.5 (32)

20 Negative for blaTEM, blaSHV,
and blaOXA

8.4–8.6 (18)
5.6 (1)
No �-lactamase

detected (1)
6 blaOXA positive only 7.1–7.2 (6)

TABLE 3. PCR and IEF profiles of isolates that do not
demonstrate a CA effect but show resistance to multiple

extended-spectrum cephalosporins

No. of
isolates

(n � 51)
PCR result

IEF profile(s);
p1 result(s)

(no. of isolates)

36 blaTEM positive only 5.3–5.5; 8.3–8.6 (31)
5.4, 5.7, 7.0 (1)
5.5, 5.7, 7.1 (1)
5.3–5.4 (3)

10 Negative for blaTEM, blaSHV,
and blaOXA

8.3, 8.5 (1)
8.5 (4)
8.3 (3)
5.4, 8.4 (1)
5.6, 6.5, 6.9 (1)

5 blaOXA positive only 7.1–7.2; 8.4 (5)
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and without CA. Of these 21 isolates, 5 produced an OXA
�-lactamase, either alone or in addition to a TEM or SHV
enzyme, which did not mask the CA effect (6, 14). Three of the
isolates produced conflicting ESBL confirmation test results by
BMD and disk diffusion testing. For these three, the BMD
tests showed a CA effect with cefotaxime only; neither of the
disk tests with cefotaxime or ceftazidime was positive. For all
three isolates, the cefotaxime MICs were �8 �g/ml and the
ceftazidime and ceftriaxone MICs were �1 �g/ml. Based on
NCCLS guidelines, these isolates were considered to be ESBL
producers, since at least one ESBL confirmatory test result
with CA was positive (20).

The poor specificity of the ESBL screening test for E. coli is
in contrast to the previous findings of Steward et al. with K.
pneumoniae, which showed that approximately 84% of isolates
that gave positive ESBL screen test results showed a CA effect
by either BMD or disk diffusion testing and contained an
identifiable ESBL (29). In that study, the 16% of isolates that
were not confirmed to be ESBL producers appeared to contain
a variety of novel �-lactamases.

In the present study, 45% of the E. coli isolates showed de-
creased susceptibility to cefpodoxime only and none gave a pos-
itive ESBL confirmatory test result. The low MICs of the other
extended-spectrum cephalosporins (�1 �g/ml) suggested that a
2- �g/ml breakpoint for cefpodoxime is too nonspecific to be used
as an indicator for potential ESBL activity in E. coli. Recent
results demonstrated that several mechanisms of resistance con-
tribute to this phenotype, including changes in OMP profiles
(such as loss of OmpF and OmpC), the presence of �-lactamases
not inhibited by CA (such as OXA-type enzymes), and low-level
expression of the E. coli AmpC chromosomal �-lactamase (26).
Given the low levels of cephalosporin resistance seen in these
isolates and the lack of clinical data suggesting that patients fail
therapy when their infections are treated with these drugs, NC-
CLS recently raised the cefpodoxime ESBL screening breakpoint

from 2 to 8 �g/ml to increase the specificity of this test and reduce
the number of false-positive results (23). This also reaffirms that
the use of ESBL confirmation tests for E. coli is critically impor-
tant to prevent reporting false resistance results.

A total of 31 of the isolates that were positive by ESBL
screen testing but did not show a CA effect harbored both
TEM and AmpC �-lactamases and demonstrated a resis-
tance profile consistent with enhanced production of the E.
coli AmpC �-lactamase (6, 14, 24; Jacoby and Bush [http:
//www.lahey.org/studies/webt.htm]). While this resistance
phenotype has often been attributed to mutations in the
ampC promoter and attenuator regions that enhance ampC
expression (8, 14, 18, 24), our sequence analysis of these
regions from 35 isolates suggests that the presence of such
mutations alone does not explain the enhanced resistance
profiles of many of the E. coli isolates examined. Rather, it
is probable that changes in porin profiles (such as loss of
OmpF) in conjunction with the promoter and attenuator
mutations and expression of blaTEM together result in ceph-
alosporin MICs that can be either in the moderate range (8
to 32 �g/ml) or high (�64 �g/ml). While efflux pumps such
as AcrAB may play a role in cephalosporin resistance (16,
18), we did not examine this possibility in our study.

Of the E. coli isolates in this study, 16 contained blaOXA

genes. Although 14 isolates had IEF profiles that included
bands of pI 7.0 to 7.2, the other isolates demonstrated bands
with pIs of 8.0 to 8.4. This reaffirms that IEF testing serves only
as an indicator of potential �-lactamase activity and is not a
definitive test for specific �-lactamase production (29). Other
isolates in the study that were negative with our three blaOXA

primer sets demonstrated IEF bands of pI 7.0 to 7.2. While
these may yet turn out to be OXA-type �-lactamases, it serves
to remind us that there are a variety of �-lactamases and
�-lactamase genes yet to be discovered.

In summary, confirmation of ESBL production in E. coli

FIG. 1. Polyacrylamide gel showing OMP preparations of three E. coli control strains (lanes 1 to 3) and eight E. coli clinical isolates (lanes 4
to 11), the latter of which show decreased susceptibility to cephalosporins that is not reversed by CA. The ampC promoter and attenuator sequence
group (see text) for each isolate is indicated. Lane 1, E. coli C600 (wild type); lane 2, E. coli MH225 (OmpC�); lane 3, E. coli MH513 (OmpF�);
lane 4, isolate 578 (group 5); lane 5, 792 (group 1); lane 6, 1340 (group 3); lane 7, 3100 (group 1); lane 8, 3283 (group 4); lane 9, 3331 (group 3);
lane 10, 3516-2 (group 5); lane 11, 3977 (group 2).
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isolates that give positive results with the NCCLS ESBL
screening tests is critical if the laboratory is to avoid inappro-
priately changing the classification of results from penicillin
and cephalosporin testing of isolates we believe to be suscep-
tible from the susceptible to the resistant category. Whether to
change the interpretations for isolates showing other mecha-
nisms of resistance remains an open question. In this study, the
55 isolates with high cephalosporin MICs that did not show a
CA effect were considered as true negatives, i.e., they did not
contain ESBLs. This study also raises the issue of whether
NCCLS should establish further criteria, such as having at least
one indicator extended-spectrum cephalosporin in the nonsus-
ceptible range, before interpretations are changed to the re-
sistant category. This may prevent laboratories from errone-
ously changing penicillin and cephalosporin interpretations
from the susceptible to the resistant category for isolates that
(due simply to TEM-1 production and minor changes in outer-
membrane proteins) appear to be ESBL producers but remain
clinically susceptible to �-lactam compounds. No doubt the
reporting of ESBLs, AmpCs, and other �-lactamases should
continue to challenge microbiologists for years to come.
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